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ABSTRACT: A metal−organic gel (metallogel) based on the new tetracarboxyl
ligand N1,N4-(diterephthalic acid)terephthalamide in combination with chromium-
(III) has been converted into its xero- and aerogel and demonstrated to have excellent
specific sorption properties for dyes in its metallogel state, where fuchsine is adsorbed
faster than the two other dyes, calcein and disulfine blue, and for water, sulfur dioxide
and carbon dioxide in its xero- and aerogel state. The metallogel showed very good
shape retention and could be extruded from molds in designed shapes. In a rheology
experiment, the storage modulus was determined to be 1440 Pa, and the metallogel is
elastic up to 3 Hz, breaking at strains higher than 0.3%. Additional metallogels
utilizing the same ligand with a wide range of metal ions (Al(III), Fe(III), Co(III),
In(III), and Hg(II)) have also been synthesized, and the aluminum and mixed
aluminum−chromium derivative were also converted into its aerogel. The highly porous Cr, Al, and AlCr metal−organic
aerogels proved stable against water vapor in a physisorption experiment and were used to model breakthrough curves for SO2/
CO2 gas mixtures with the idealized adsorbed solution theory from their physisorption isotherms. The breakthrough simulation
utilized SO2/CO2 equivalencies from a real world application and showed effective retention of SO2 from the gas mixture.
Furthermore, the materials in this work exhibit the highest SO2 uptake values for metal−organic aerogels so far (up to 116.8
cm3 g−1, or 23.4 wt %).

KEYWORDS: metallogel, metal−organic aerogel, xerogel, amide-functionalized linker, sulfur dioxide sorption, gas sorption,
dye sorption

■ INTRODUCTION

Porous metal−organic frameworks (MOFs) with high surface
areas and potential applications in gas storage and purification,
catalysis, drug delivery, and pollutant sequestration1 are a
current field of high interest.2−7 The properties of MOFs can
be tuned toward their respective applications, through various
modifications of the organic linker or the metal nodes.8−10 As
MOFs are most commonly available as crystalline powders,
shaping with retention of porosity is a critical issue. By
embedding MOFs into different types of polymers to yield
xerogels and aerogels, it is possible to tailor these composite
systems into shapes suitable to the application without losing
much of the physisorption properties.11−14

Aerogels are amorphous solids with low density, which,
when properly dried, can possess high accessible surface areas.
On their way to becoming an aerogel, the material usually
starts out as a solution, or sol, which is then processed to form
a gel. Within the gel, a solid-like network immobilizes the
liquid-like phase, typically the solvent, through capillary forces
and solvent−gelator interactions.15 Removal of all swelling
agents without suppressing the capillary forces within the gel

produces a xerogel, often accompanied by a collapse of the
micropores in the solid-like network. The xerogels may
sometimes retain their mesopores, and surface areas can even
be comparable to those of the subsequent aerogels.16 If the
swelling agent is removed under supercritical conditions, the
capillary forces are suppressed, preventing pore collapse and
leading to a highly porous solid with low density and high
surface area called aerogel. Aerogels can also be formed if the
network in the gel is strengthened enough to withstand
evaporation of the solvent.17,18 Common types of aerogels are
of organic nature, either as polymers or as pure carbon
aerogels, with the precursor to the carbon aerogels often being
an organic aerogel, or of metal-oxide nature, including silica
and metal oxide aerogels.19 Their applications also include gas
storage and separation as well as catalysis, but also thermal or
acoustic insulation.20−22
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In 2009, Kaskel et al. bridged the gap between MOFs and
aerogels by synthesizing a metal−organic aerogel (MOAG)
based on Fe-1,3,5-benzene tricarboxylate with a surface area
above 1600 m2 g−1.23 As a first step, a metallogel based on
coordination chemistry is formed. These metallogels readily
exhibit interesting properties in applications and have been
shown to respond to a variety of thermal and chemical
stimuli.24 The easy processability of these gels allows them to
be used in many industrial fields, including drug delivery, gas
storage, and optoelectronics, omitting the embedding often
required for metal−organic frameworks.25 Afterward, the
aerogel is formed by supercritical drying of the metallogel,
and the coordination bonds between the linker and the metal
nodes can be observed by infrared (IR) spectra. In recent
times, the interest in MOAGs has grown. MOAGs have been
used for dye uptake, microcystin removal from water, solid-
phase microextraction, and electrocatalytic reduction.26−29 The
use of porous metal−organic compounds for flue-gas
desulfurization is currently investigated and discussed as a
highly interesting class of materials.30,31 As a minor constituent
of flue gas, up to 95% of sulfur dioxide can be removed using
limestone as chemical absorbent.32,33 The remaining 5% of
SO2 is the major contributor to the 80 Mt of worldwide SO2
emissions from energy-related sources in 2015, which
represents a significant effect on the health of humans and
on the environment.34−36

In this work, we present a bisamide tetracarboxyl ligand
(Scheme 1), which readily forms metallogels with a variety of

metal ions. The resulting metallogels have been converted to
xero- and aerogels, by exchanging the solvent and vacuum
drying for the xerogels or supercritical removal of the solvent
for the aerogels, and have been characterized in terms of their
porosity using N2, CO2, and Ar physisorption and gas uptake
capacity. The analyzed gases include CO2, H2O, and SO2, as
they should show enhanced interaction with the functional
amide groups present in the linker of the MOAGs.
Furthermore, the metallogel based on chromium showed
selective uptake of dyes from aqueous solution. To the best of

our knowledge, there were, so far, no reports on chromium- or
aluminum-based MOAGs for SO2 sorption.

■ RESULTS AND DISCUSSION
Ligand and Gel Synthesis. The ligand N1,N4-(ditereph-

thalic acid)terephthalamide, H4L1, was synthesized from 2-
aminoterephthalic acid and terephthaloyl chloride in water
with the addition of excess potassium carbonate in good yields.
A single crystal X-ray structure analysis of H4L1 after
recrystallization from dimethylformamide (DMF) confirmed
the ligand configuration (Figure 1).

The chromium(III), aluminum(III), iron(III), mercury(II),
and indium(III) metallogels were synthesized from their
nitrate salts, with the exception of mercury, where the acetate
salt was used, and H4L1 in a solvothermal reaction in DMF.
Because of poor solubility of the ligand, the reaction mixture
had to be heated to 80 °C to dissolve the ligand. An attempt
was made to dissolve the ligand in DMF at 80 °C first, but the
ligand stayed mostly insoluble without the addition of a metal
salt. Adding various bases or acids to help dissolve the ligand in
DMF usually prevented the metallogels from forming. The red
iron and white indium metallogels were not homogeneous, as
the gels already started to form while the ligand had not
completely dissolved yet. Processing of Fe-L1 and In-L1
proved to be impossible, and these irregular metallogels were
not investigated further. The white metallogel of mercury was
formed by separately heating suspensions of H4L1 in DMF and
solutions of mercury acetate in DMF to 80 °C and mixing the
two. The mercury metallogel formed instantly and stays stable
for a while before turning back into a liquid. Reheating the
liquid did not reform the mercury metallogel. The same mixing
procedure was also unsuccessfully tried on the iron and indium
gel. The mercury metallogel has not been processed further
due to the potential toxicity. The cobalt(III) metallogel was
synthesized by dissolving H4L1 and hexaamminecobalt
chloride in 25% ammonia water before mixing the two
solutions and letting the ammonia evaporate (see Supporting
Information and Table S4 for synthetic details). The orange
metallogel of cobalt could not be handled outside of its
reaction vessel, as it did not prove to be stable enough to
withstand the transfer to another vessel. This was most likely
due to the inert nature and stability of the [Co(NH3)6]

3+ ion

Scheme 1. Bisamide Tetracarboxyl Linker Used in Metal−
Organic Gel Synthesis and Overview on the Syntheses and
Gel Products

Figure 1. Molecular structure of H4L1 with two of the four hydrogen-
bonded DMF molecules in H4L1·4DMF (70% thermal ellipsoids, H
atoms with arbitrary radii). The resolved DMF disorder is not shown
for clarity. For further crystallographic details and information on
hydrogen-bonding, see Tables S1, S2 and Figure S1, Supporting
Information. The structural data have been deposited with the
Cambridge Crystallographic Data Center (CCDC no. 1889949).
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(as indicated by the retention of its original orange color),
which prevents formation of Co-L1 carboxylate linkages but
instead gives a supramolecular [Co(NH3)6]

3+-H4−nL1
n− hydro-

gen-bonded gel structure. Altogether this left only the
handleable chromium and aluminum metallogels and a
mixed AlCr metallogel for further investigations. The different
metallogels were repeatedly synthesized to ensure reproduci-
bility. The gel constitution was qualitatively shown by the
inversion test (Figure 2).

The dark-green chromium metallogel showed excellent
stability and were easily removed from their reaction vessels
while retaining their shape (Figure 8). The white aluminum
metallogels remained stable enough for further processing;
however, handling them outside of moving them to the next
reaction vessel usually resulted in the destruction of the
metallogel.
From the metallogels the xerogels of chromium and

aluminum were formed by removing the solvent in vacuo
after exchanging DMF with ethanol while the aerogels were
formed by first exchanging the DMF with ethanol followed by
supercritical drying with CO2. The mixed chromium−
aluminum metallogel AlCr-L1 was processed in the same
way (see Experimental Section for details on solvent exchange
and supercritical drying procedure). The successful DMF-to-
ethanol solvent exchange was followed using IR techniques
(Figure 3).
The infrared spectra of the aerogels of Cr-L1, AlCr-L1, and

Al-L1 exhibited the disappearance of the major peaks caused
by the carboxylic acid group at around 1650−1700 and 1190
cm−1. The appearance of new peaks at around 1425 and 1567
cm−1 indicate successful formation of the carboxylate (Figure
4). The characteristic absorption bands for the coordinated
ligand at 1567 cm−1 correspond to the asymmetric stretching
vibration (νas) and the band at 1425 cm−1 to the symmetric
stretching vibration (νs) of the carboxylate group. The
frequency gap (Δν) between these bands Δν = νas(COO

−)
− νs(COO

−) of 142 cm−1 reveals that the carboxylate ligation
is in the bidentate bridging mode (μ1,3- or η

1:η1:μ2-M−O−C−
O−M).37,38

In common aerogel literature, the powder X-ray diffrac-
tometry (PXRD) patterns of gels derived from their respective
metal−organic frameworks often show similar peaks. The
reason given for this occurrence is due to the formation of
metal−organic framework nanoparticles, where further coor-
dination is perturbed, which then results in the formation of a
gel.26 In the materials of this work, no discrete peaks were
visible in the PXRD patterns, suggesting that there might have
been no such formation of nanostructures (Figure S10).
The IR spectra showed a bidentate bridging of the ligand

and the PXRD patterns lacked discrete peaks and only
suggested a certain long-range order through the broad bands.

Figure 2. From left to right: Metallogel Cr-L1, AlCr-L1, Al-L1, Fe-
L1, In-L1, Co-L1. All vessels are presented in an upturned state. A
picture of Hg-L1 can be found in the Supporting Information (Figure
S2).

Figure 3. Exemplary infrared spectra of the metallogel Cr-L1. The
solvent spectra dominate, as even the gels with the lowest amount of
solvent are still made up of over 96 wt % solvent (for Cr-L1 as
synthesized, a.s.). Top: Spectrum of Cr-L1 as synthesized super-
imposed with the spectrum of pure DMF. Bottom: Spectrum of Cr-L1
after solvent exchange with ethanol superimposed with the spectrum
of neat ethanol.

Figure 4. IR spectra from L1 and the respective aerogels. The
carboxylic acid bands at 1650−1700 cm−1 and at 1191 cm−1 in the
spectrum of L1 vanish in the aerogel spectra, and new bands, which
can be attributed to carboxylate vibrations, appear instead.
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In the metal−organic gel literature, one-dimensional infinite
metallogelators are often reported.39−41 Here, the ligand H4L1
allows for coordination of four metal ions.
For the microstructure of the Cr- and Al-organic gels, we

assume the metal atoms with their typical octahedral
coordination environment. Irrespective if the metal building
units are monometallic or form a polynuclear hydroxido-
bridged metals chains as in MIL-53(Cr, Al)42,43 and most Al-
MOFs (CAU-10-H,44 Al-fumarate45), the tetratopic flexible
ligand can then link these metal units to an up to three-
dimensional structure. The metal and linker groups can readily
incorporate solvent molecules in a second-sphere coordination
through coordination and hydrogen bonding. Further solvent
molecules then fill the voids. Because of the flexible nature of
the linker, the metal−ligand structure is unlikely to be
crystalline but forms an amorphous metal−organic gel (Figure
5). In the current metal−organic gel literature, the micro-
structures are often based on “educated guesses”, especially
when the structure is not derived from a known metal−organic
framework.46,47

Where possible, the morphology of the xero- and aerogels
has been analyzed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Fibrous net-
works with pore-like voids could be observed for the aerogels
of Cr-L1, Al-L1, and AlCr-L1. The xerogel of Cr-L1 showed a
rough surface with potential porosity (Figure 6). The xerogel
of Fe-L1 appeared as smooth and without distinctive surface
features at all magnifications. The xerogels of Co-L1 and In-L1
had no directly visible pores and appeared to be consisting of
unconnected fibers (Figure S10). SEM−energy dispersive X-
ray spectroscopy (SEM−EDX) analyses reveal through the
metal element mapping a homogenous distribution of metal
atoms throughout the metal−organic gel materials (Figures
S5−S8, Supporting Information).
Rheological Experiments. Rheological measurements

have been performed in order to investigate the mechanical
properties of Cr-L1. The metallogels are preformed in a round-
shaped mold of stainless steel by heating at 100 °C for 24 h
(Figure 7a). After gelation, the metallogels are carefully moved
to the rheometer plate (Figure 7b). In the case of Al-L1 and
AlCr-L1, the metallogels were too fragile for transfer to the
rheometer. Both amplitude and frequency sweeps were
performed, revealing a storage modulus of 1440 ± 139 Pa
for the Cr-L1 gel. The metallogel is elastic up to 3 Hz and
starts to break at strains higher than 0.3% (Figure 7c,d).
Shaping. The rheological behavior of the metallogels also

influenced their shapeability. The metallogels can be casted
into various forms, but without additional support only the Cr-

L1 metallogel was able to maintain its shape outside of its
reaction vessel (Figure 8). It was possible to cast Cr-L1 into
complex shapes, which were stable as long as solvent
evaporation was prevented.

Figure 5. Schematic synthesis procedure of metal−organic gel formation. For the metal unit (green), an octahedral coordination sphere is assumed
where at least two carboxylate groups of the tetratopic linker (red) are cis- or trans-coordinated. The resulting coordination polymer chains can be
interlinked in three dimensions and are randomly oriented. The gel is formed through supramolecular interactions of the solvent with the
coordination polymer chains. The resulting fibrous network randomly propagates in multiple directions.

Figure 6. TEM and SEM micrographs of the aerogels of Cr-L1 (a/b),
Al-L1 (c/d), and AlCr-L1 (e/f) and the xerogel of Cr-L1 (g/h).
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Dye Uptake. The stable metallogels of Cr-L1 and AlCr-L1
show potential applications in wastewater treatment. Dye
uptake studies from aqueous solution have been carried out
with fuchsine, a red cationic dye which is listed as an IARC
Group 2B carcinogen (“possibly carcinogenic to humans”),
calcein, a yellow and fluorescent neutral dye, and disulfine blue
VN 150 (or Acid Blue 1), a blue anionic dye.48 The Cr-L1
metallogel shows high uptakes for all three dyes. Upon
reaching adsorption equilibrium, 1 mL of the Cr-L1 metallogel
is capable of completely removing fuchsine from 2 mL of a dye
solution with a concentration of 100 mg L−1. Furthermore, the
equilibrium for calcein sorption is reached within 24 h (Figures
9 and 10). The AlCr-L1 metallogel is also capable of taking up
fuchsine and disulfine blue VN 150, although not as
thoroughly as the Cr-L1 metallogel (Figure 9). For calcein,
the measurements with gels containing Al are unreliable, as the
dye is known to form inter alia with Al3+ soluble Al-calcein
complexes which lead to quenching or shifts in the absorption
spectrum.49 Determinations of dye uptake were not possible
with the Al-L1 metallogel in general, as the gel breaks apart
upon adding the dye solutions.

Dyes are frequently used in the biosciences for labeling
reactions. Removing excess dye after a labeling reaction is often
difficult and time-consuming but is essential for accurate
determination of dye-to-protein ratios. We point to a kit sold
by Thermo Scientific as “Pierce Dye Removal Columns” to
effectively bind to unconjugated fluorescent dye molecules,
such as calcein, from protein solutions to rapidly purify
fluorescent conjugated antibodies and other proteins after
labeling reactions. These fluorescent dye removal columns
enable fast and efficient removal of nonreacted fluorescent dyes
from protein labeling reactions.50

Further, the dyes are a model system to show selective
uptake of large molecules with different charges. In general, the
removal of dyes from wastewater is of industrial interest, to
mitigate the potential effects on the aquatic environment.51,52

The only problematic among the three dyes tested here, which
is to be removed from wastewater is the carcinogenic fuchsine.
The specific fuchsine uptake in the Cr-L1 metallogel is

greater than 200 mg g−1, as the density of the metallogel
approaches 1 g cm−3 and 1 mL of metallogel was capable of
removing 0.2 mg fuchsine from 2 mL of water. The specific

Figure 7. Cr-L1 metallogel in a ring of stainless steel after 24 h at 100 °C (a) and subsequent placing onto the rheometer plate (b). Axial force
controlled rheology measurements (c,d) show the average storage modulus during a frequency (strain set at 0.3%) and amplitude (frequency set at
0.5 Hz) sweep, respectively.

Figure 8. Metallogels of Cr-L1, AlCr-L1, and Al-L1in “wet” and dry states. Left: Cr-L1 (dark green), AlCr-L1 (light green), and Al-L1 (colorless)
as poured directly from a cylindrical vessel. Shape retention for the mixed metal AlCr-L1 metallogel is poor, while the Al-L1 metallogel does not
maintain its shape at all. Middle: Aerogel and xerogel pieces of Cr-L1, AlCr-L1, and Al-L1. Right: Cr-L1 cast into a shape with a total volume of 32
mL. Tin foil can be seen on top which was added to alleviate a suction problem when removing the metallogel from its cast.
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uptake capacity of the AlCr-L1 metallogel is 176 mg g−1.
Comparison with materials in the literature suggests acceptable
uptakes of basic fuchsine to the point that the metal−organic
gel materials are outperforming the reported fuchsine sorbents
in the literature (Table 1).
Possible explanations for the high dye uptakes include

certain interactions of the cationic tertiary amine groups,

present in disulfine blue VN150 and fuchsine, with
carboxylates and carboxylic acid groups of the ligand in the
metallogel network. These interactions include Yoshida H-
bonding between the aromatic moieties of the dyes with
hydrogen atoms of the carboxylates, n−π interactions between
the nucleophilic lone-pair electrons in the dyes with the empty
π* orbitals of the carbonyl groups in the network, dipole−
dipole H-bonding, and π−π interactions.58 Calcein is a known
chelator of transition metals and likely coordinates to
unoccupied metal sites.
We have also tested the leaching or metal ion release from

the gels through atomic absorption spectroscopy. Cr-L1 and
AlCr-L1 gel (2 mL) were covered with 1 mL of water and left
standing for 5 days. The accumulated amount of released Cr
ions for the Cr-L1 metallogel was 0.47 mg L−1, while the
accumulated amounts of released Al and Cr ions for the AlCr-
L1 metallogel were below the detection limit (<0.01 mg L−1).

Surface Area and Pore Constitution Analysis of the
Aerogels and Xerogel. Aerogels are commonly associated
with high accessible surface areas and the xerogels based on the
same gel may sometimes retain the surface area while
undergoing changes in pore constitution, as discussed in the
Introduction. To determine the surface area and porosity, gas
adsorption isotherms of CO2 at 195 and 273 K, Ar at 87 K and
N2 at 77 K have been measured (Figures 11 and S14−S16).
The Cr-L1 aerogel showed the highest Brunauer−Emmett−

Teller(BET) surface area in the Ar physisorption experiments
with a value of 609 m2 g−1, followed by the Cr-L1 xerogel (604
m2 g−1) and the aerogels of AlCr-L1 and Al-L1, (441 and 479
m2 g−1, respectively) (Table 2). Both Ar and N2 physisorption
experiments reveal type II isotherms with H3 hysteresis loops
for the aerogels, which suggests that, in combination with the
high surface areas, the materials are micro-, meso-, and
macroporous. This assumption is in line with the results from
the SEM and TEM micrographs (Figure 6). The xerogel
exhibits a type IV isotherm with an H2b hysteresis loop, easily
observed in both the N2 and Ar physisorption isotherms,
suggesting that the material is mainly mesoporous.
The different BET surface areas derived from Ar and N2

sorption are due to the better micropore filling with the
former. Argon as adsorptive at the boiling point temperature of
liquid argon (87 K) fills micropores of dimensions 0.5−1 nm
at higher relative pressures p p0

−1 of 10−5 to 10−3 compared to
nitrogen at 77 K (p p0

−1 = 10−7 to 10−5), which leads to
accelerated diffusion and equilibration processes for argon.
Further, argon does not have a quadrupole moment, unlike N2
(4.7 cm2). Because of its quadrupole moment, the orientation
of an N2 molecule depends on the chemical surface structure of
the adsorbent, so that specific quadrupole interactions of N2 to

Figure 9. Sorption performance of 1 mL of Cr-L1 and AlCr-L1
metallogels for 2 mL of different dye solutions with a concentration of
100 mg L−1 each.

Figure 10. Metallogels with dye solutions as prepared and used for
UV experiments. The upturned vessels show the retained gel state of
the samples. Top: Dye uptake after 7 days. Bottom: Dye uptake after
1 month. The fuchsine dye has been almost completely absorbed,
while calcein and disulfine blue VN150 partially remain in solution.

Table 1. Basic Fuchsine Uptake of Different Materials in the
Literature

material
uptake capacity

[mg g−1] ref

Cr-L1 metallogel >200 this work
AlCr-L1 metallogel 176 this work
calcined mussel shell 141.65 53
epichlorohydrin cross-linked peanut
husk

116.28 54

mesoporous carbon C-KS 10.66 55
ceramic microsphere gangue 24.16 56
bottom ash 91.56 57
deoiled soya 134.81 57
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the adsorbent can falsify the measurement by about 20%. In
summary, the adsorptive argon is seen as less sensitive to
artifact differences in the structure of the adsorbent surface
than nitrogen and is now recommended as an alternative
adsorptive for surface area determination.59

As a downside, kinetic restrictions do not allow Ar to be
used for the determination of very narrow micropores.59 CO2
physisorption at 273 K offers the benefits of accelerated
diffusion of the analysis gas and therefore allows for

determination of even the narrowest micropores with d ≤ 1
nm (10 Å). The transition from metallo- to xerogel is often
accompanied by a collapse of the micropores in the resulting
xerogel network.16 Thus, it is remarkable that the micropores
of the xerogel of Cr-L1 did not completely collapse by the
capillary forces acting upon the material during the vacuum
drying process. Still, the micropore volume is lower than in the
aerogels, which were obtained under supercritical drying
conditions suppressing the capillary forces to prevent pore
collapse.
All aerogels show the expected wide pore size distribution,

while the xerogel of Cr-L1 shows a narrower pore size
distribution (Figure 12). We note that the BET method based

on Ar and N2 adsorption addresses micropores (pores < 20 Å,
2 nm) and mesopores smaller than ∼200 Å (20 nm; at p p0

−1 =
0.95) out of the full mesopore range up to 500 Å (50 nm). The
similarity in porosity between the aerogels of Cr-L1 and Al-L1
is quite obvious, and their main difference is the lower total
pore volume for the Al-L1 aerogel (Table 2, Figure S18). The
major contribution to the pore volume is found in the range
above 140 Å of pore width for these two aerogels (Figure S18).
As a result, the metal ion does not seem to influence the
general pore constitution other than changing the total volume.
For the xerogel of Cr-L1, porosity was retained, as was already
shown by the above physisorption experiments. The pore size
distribution is different to the aerogels, with more than 80% of
the total pore volume in the relevant range stemming from
pores in the range of 50−100 Å (Figure 12).
It is evident that stable aerogels of Cr-L1, Al-L1, and AlCr-

L1 and a xerogel of Cr-L1 could be obtained with permanent
micro- and mesoporosity. Pore volumes for MOAGs
containing Cr or Al extend over a wide range of 0.067−4.5
cm g−1 (Table S9).26,27,46,47,60 The literature suggests that a
majority of those aerogels exhibit pore volumes between 1 and
2 cm g−1, and thus the pore volumes of the Cr- and Al aerogels
from this work compare well to the pore volumes of typical
aero- and xerogels in the literature.

Uptake of H2O Vapor and Gases CO2 and SO2. Cr- and
Al-MOFs have been shown to be hydrothermally among the

Figure 11. Adsorption (filled symbols) and desorption (empty
symbols) for N2 at 77 K (top) and Ar at 87 K (bottom) for the
aerogels of compounds Cr-L1 aerogel (red squares), Cr-L1 xerogel
(brown squares), Al-L1 (blue triangles), and AlCr-L1 (green circles).
Full range Ar isotherms can be found in the Supporting Information
(Figure S16).

Table 2. Surface Area and Porosity Analysis of Aero- and
Xerogels from Ar, N2, and CO2 Sorption Data

compound

SBET, Ar
at 87 K
[m2 g−1]a

SBET, N2
at 77 K
[m2 g−1]b

Vtot. (Ar)
[cm3 g−1]c

Vtot. (N2)
[cm3 g−1]d

Vmicro.
(CO2)

[cm3 g−1]e

Cr-L1
aerogel

609 860 1.90 1.58 0.049

Cr-L1
xerogel

604 503 1.20 1.44 0.030

AlCr-L1
aerogel

441 480 0.69 1.21 0.036

Al-L1
aerogel

479 523 1.01 1.82 0.044

aSurface area was derived from the BET plot mostly in the p p0
−1

range 0.08−0.25. bSurface area was derived from the BET plot in the
p p0

−1 range of mostly 0.10−0.20. cTotal pore volume at p p0
−1 = 0.95

for pores ≤20 nm. dTotal pore volume at p p0
−1 = 0.95 for pores ≤20

nm. ePore volume for pores with d ≤ 1 nm (10 Å) from the NLDFT
calculations with a “CO2 on carbon, slit pores” model at 273 K.

Figure 12. Pore size distribution curves of the aerogel materials and
the xerogel obtained from Ar physisorption isotherms at 87 K and
quenched solid-state density functional theory (QSDFT) calculations
(“Ar on carbon, slit pore” model, except for the Al-L1 aerogel, where
an “Ar on carbon, cylindrical pore” model was used). Pores sizes up to
∼200 Å are addressed. The pore widths of the aerogels are distributed
over the whole range, while the xerogel does not exhibit pores wider
than 100 Å in the addressed range.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b04659
ACS Appl. Mater. Interfaces 2019, 11, 19654−19667

19660

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04659/suppl_file/am9b04659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04659/suppl_file/am9b04659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04659/suppl_file/am9b04659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04659/suppl_file/am9b04659_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b04659


most stable MOFs.61,62 Hence, the porous Cr- and Al-gels have
been tested for their H2O uptake at 20 °C (Figure 13) and

their CO2 and SO2 uptakes at different temperatures (Figure
14). The water sorption isotherms show no special behavior
and pore condensation is visible at larger partial pressures. A
large desorption hysteresis for all materials and the adsorptives
H2O and SO2 is indicative of their strong interactions with the
network. The H2O desorption isotherm only closes at very low

pressure. The SO2 sorption isotherms exhibit pore condensa-
tion at all three measured temperatures. For SO2 especially
strong interactions are observed through the large hysteresis
for materials containing Al, while the hystereses for the Cr
materials are generally smaller. This behavior transfers to the
CO2 sorption isotherms. When comparing uptake perform-
ance, the Al-L1 aerogel has the highest uptake of SO2 and H2O
(before onset of pore condensation) and the lowest uptake of
CO2, suggesting that this material preferably forms strong
bonds with highly polar gases. The presence of Cr in the
networks of the other materials seemingly disturbs this
preference, as the mixed-metal material AlCr-L1 falls more
in line with the Cr-L1 aero- and xerogel in terms of uptake
performance, although larger hystereses are still observed when
Al is present.
For MOFs, a variety of interactions with sulfur dioxide have

been elucidated, which act together to enhance its adsorption.
Modeling calculations, in situ powder X-ray diffraction,
inelastic neutron scattering, and infrared studies on SO2 in
MOFs have revealed interactions of sulfur dioxide by hydrogen
bonding to hydroxyl groups, formation of hydrogen bonds
between aromatic H atoms of the ligand and oxygen of sulfur
dioxide (Hδ+···Oδ− interactions), interactions between open
metal sites and oxygen of sulfur dioxide (Mδ+···Oδ−

interactions), as well as interactions between sulfur and the
carboxylate oxygen atoms of the ligand (Sδ+···Oδ− inter-
actions).31,63−67

Figure 13. Water sorption isotherms of the xero- and aerogels. The
isotherms show an onset of pore condensation effects at high p p0

−1

and a large hysteresis, the latter suggesting prominent interactions
between H2O and the framework.

Figure 14. Adsorption (filled symbols) and desorption (empty symbols) isotherms for SO2 and CO2 on the synthesized materials at different
temperatures. (a) SO2 at 263 K, (b) SO2 at 273 K, (c) SO2 at 293 K, (d) CO2 at 195 K, (e) CO2 at 273 K, and (f) CO2 at 293 K.
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Uptake at Elevated Temperature and Breakthrough
Curve Simulations. Existing applications for sorbent
materials may not necessarily be at room temperature. In
order to evaluate the materials for their uptake capacity at any
temperature, the data obtained from the dual-site Langmuir
isotherm fits recorded at different temperatures can be
linearized against the measurement temperature. This circum-
vents possible device limitations, as many sorption devices do
not allow measurements at elevated temperatures. For CO2
sorption, the data often already exist, as measurements
performed at 195 K are used for surface area determination,
at 273 K for micropore evaluation and at 293 K for maximum
uptake capacity at NTP. For SO2 sorption, the temperature
selection becomes a bit troublesome. SO2 readily liquefies at
263 K, which in returns means that isotherms recorded at 293
K are just 30K above the boiling point. These isotherms still
show pore condensation effects at higher partial pressures, as it
can be seen in Figure 14. In order to fit these isotherms to the
dual-site Langmuir model, data obtained above 0.5 p p0

−1 have
been neglected.
As expected, the isotherm fits of CO2 are in good accordance

with each other, making it possible to calculate isotherms at
various temperatures (see Figure S20, Table S12).
For the SO2 isotherms, the quality of fit was rather low.

Possible reasons are, as stated above, condensation effects,
which affect the dual-site Langmuir fit, or a possible
degradation of the material by condensing SO2. Only the
materials containing Cr seem to have suffered from SO2
exposure, as the quality of fit for the aerogel of Al-L1 stayed
high throughout all measurements (Figure S21, Table S11).
Table 3 contains the maximum uptake for CO2 and SO2 at 293
K as measured and 353 K as calculated and Table 4 shows a
comparison to the maximum uptakes of some other aero- and
xerogels, as well as MOFs.
While the metal−organic framework aerogels synthesized in

this work are unable to compete with the best metal−organic
frameworks when it comes to maximum SO2 uptake, for

example, 6.6 mmol g−1 for the aerogel of Al-L1, compared to
10.9 mmol g−1 for Zn2(oxo-di-hbac)2(bipy), the MOF aerogels
perform better than any known silica or metal oxide aerogel,
with uptakes of 2.19 mmol g−1 for a silica aerogel and 1 mmol
g−1 for a metal oxide aerogel.
Breakthrough curves have been calculated using the software

3P sim version 1.1.07, employing the “ideal adsorbed solution
theory” (IAST) with data from fitted dual-site Langmuir
isotherms.70 The formula for the dual-site Langmuir isotherm
is

=
×

+ ×
+

×
+ ×

m m
K P

K P
m

K P
K P1 1eq 1

1

1
2

2

2

where meq is the loading at equilibrium, P the pressure, Kn the
affinity constant, and mn the maximal loading. The additional
parameters used in the dual-site Langmuir isotherms compared
to the Langmuir model allow for a greater degree of
heterogeneity of adsorption sites in the material.71 The
breakthrough curves were simulated at 20 °C under isothermal
conditions. The percentage of CO2 to SO2 was taken from an
article in which the exhaust gas composition of berthed marine
vessels has been measured.72 The results for CO2 and SO2
were given in g kW h−1, and the engine/fuel combination with
the highest amount of SO2 emission was chosen (9.6 g kW h−1

SO2, 697 g kW h−1 CO2, 5.57 vol % CO2, SO2/CO2 ratio:
0.0138). The simulation for the exhaust gas constitution
therefore ran at the percentages of 5.57% CO2 and 0.076%
SO2. Water has been neglected as a possible exhaust
component, as other literature studies suggests that humidity
only increases SO2 uptake performance, but the large affinity
for the materials to water would result in incorrect
simulations.16,73 In recent literature, gas separation studies
based on single-gas isotherms have been shown to be a
convenient way to preselect an adsorbent materials for further
evaluation, as they give a good indication of separation
performance. For this interpretation, a prediction of mixture

Table 3. Maximum Uptakes of CO2 and SO2 at 293 and 353 K for the Synthesized Materials

compound
max. uptake CO2 at 293 K
[cm3 g−1, mmol g−1], exp.

max. uptake CO2 at 353 K
[cm3 g−1, mmol g−1], calc.

max. uptake SO2 at 293 K
[cm3 g−1, mmol g−1], exp.

max. uptake SO2 at 353 K
[cm3 g−1, mmol g−1], calc.

Cr-L1
aerogel

24.0, 1.0 7.9, 0.3 116.8, 4.8 18.8, 0.8

Cr-L1
xerogel

21.5, 1.0 6.3, 0.3 109.5, 4.5 15.7, 0.6

AlCr-L1
aerogel

28.1, 1.2 7.3, 0.3 115.6, 4.7 27.0, 1.1

Al-L1
aerogel

19.8, 0.8 6.1, 0.3 146.8, 6.6 36.9, 1.5

Table 4. Comparison of SO2 Uptake of Different Materials

compound SO2 uptake [mmol g−1] SO2 uptake [wt %] pressure [bar] temperature [K] reference

Cr-L1 aerogel 4.8 23.4 1 293 this work
Cr-L1 xerogel 4.5 22.3 1 293 this work
AlCr-L1 aerogel 4.7 23.2 1 293 this work
Al-L1 aerogel 6.6 29.7 1 293 this work
NOTT-300 (MOF) 8.1 34.1 1 273 63
Mg-MOF-74 8.6 35.5 1.02 298 64
Ni(bdc)(ted)0.5 (MOF) 9.97 39.0 1.13 298 64
Zn2(oxo-di-hbac)2(bipy) 10.9 41.2 1 293 68
Na-MnOx xerogel 1 6.0 1 16
Na-MnOx aerogel 0.6 3.7 1 16
SiN-rGO aerogel 2.19 12.3 1 298 69
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equilibrium data based on pure component isotherms is
required. It has been shown that the quality of the simulations,
which were performed with a similar software, approaches the
experimental breakthrough studies, as long as the separation is
based on thermodynamic effects and not on kinetic-steric
effects.74

The simulation suggests that SO2 is retained reasonably well
for all materials except for the aerogel of Al-L1, which can of
course be expected when considering the low affinity constant
for SO2 (Figure 15). To elaborate on that, the high total

uptake for the Al-L1 aerogel is irrelevant for gas separation, as
the uptake at low partial pressures is more decisive for the
selectivity and therefore separation performance (Figure 16).

Table 5 lists the retention times for SO2 and CO2, as calculated
by the software for the breakthrough simulations (cf.
breakthrough curve simulation parameters and results in
Supporting Information).

■ CONCLUSIONS
We were able to synthesize the new ligand N1,N4-
(diterephthalic acid)terephthalamide (H4L1) and have suc-
cessfully implemented it into new materials based on gel
chemistry. The material based on Cr and H4L1 exhibited

excellent stability in its gel state and retained the shape even
after conversion into its xero- and aerogel. Furthermore, in its
metallogel state, it could successfully be utilized to selectively
adsorb a dye from solution, which served as a model system for
potential uptake of large molecules and pollutants from water.
The Cr-based xero- and aerogel, combined with two additional
aerogels based on Al and a mixture of Al and Cr, retain their
porosity during the drying process, with large accessible surface
areas. By putting the materials through a variety of
physisorption experiments, the data derived from those
experiments could be used to simulate breakthrough curves
as well as the maximum uptake at elevated temperatures. The
results show that the xero- and aerogels are able to filter a
harmful gas, SO2, from a gas mixture and that their maximum
uptakes for this gas are the highest recorded for aerogels,
rivaling uptakes of MOFs. In combination with their
shapeability, these materials could be used as monolithic filter
materials, unlike MOFs, which often have to be composited
with a secondary material. The topic of MOAGs is often
overlooked, although gels are sometimes an unwanted by-
product of different synthesis strategies for new MOFs. This
work demonstrates that there might be potential applications
for gels based on metal−organic coordination chemistry. With
supercritical drying becoming more prevalent in MOF
workgroups as a way to dry porous materials without straining
the framework, it should become more attractive to not discard
metallogels and instead convert them into their xero- and
aerogels and determine their usefulness in selective sorption
applications.

■ EXPERIMENTAL SECTION
Materials and Methods. The chemicals used were of analytical

grade obtained from commercial sources and used without further
purification (see Table S3 in the Supporting Information for possible
suppliers).

Fourier transform infrared spectra were measured in attenuated
total reflection-mode (Platinum ATR-QL, Diamond) on a Bruker
TENSOR 37 IR spectrometer in the range of 4000−600 cm−1.

CHNS analysis was performed on a PerkinElmer CHN 2400.
Rheological characterization was performed with a DHR 3

Rheometer using a 40 mm plate geometry from TA Instruments to
determine the mechanical properties. All measurements were
performed at a constant axial force of 0.2 N at 25 °C. A frequency
sweep (0.1−100 Hz) was performed at a constant strain of 0.3%,
while an amplitude sweep was carried out at a constant frequency of
0.5 Hz and a strain of 0.1−100%.

Thermogravimetric analysis was performed on a Netzsch TG 209
F3 Tarsus in the range of 20−600 °C, equipped with Al-crucibles and
applying a heat rate of 5 K min−1 under nitrogen.

The powder X-ray diffraction patterns were obtained using a
Bruker D2 Phaser powder diffractometer at 30 kV, 10 mA for Cu Kα
radiation (λ = 1.51418 Å).

Figure 15. Simulated SO2 breakthrough curves for the aero- and
xerogels from a 1:73 v/v (0.076/5.57 vol %) SO2/CO2 gas mixture in
an ideal inert gas. The CO2 breakthrough curve is shown in Figure
S22, Supporting Information. The retention time for Al-L1 is severely
lacking, despite its high total uptake.

Figure 16. SO2 isotherms at lower partial pressures. Despite the high
maximum uptake of SO2 on the aerogel of Al-L1, the uptake at lower
partial pressures the least of the materials investigated here.

Table 5. Retention Times of the Synthesized Materials for
the Breakthrough Simulationsa

compound SO2 CO2

retention time [min]
Cr-L1 aerogel 102 2
Cr-L1 xerogel 93 1
AlCr-L1 aerogel 97 2
Al-L1 aerogel 66 1

aFor details of the simulation, see breakthrough curve simulation
parameters and results in Supporting Information.
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Sorption Measurements. All sorption isotherms were determined
on monolithic pieces of the materials. CO2 sorption isotherms were
measured with a Micromeritics ASAP 2020 gas sorption analyzer. The
heat of adsorption values and BET surface areas were calculated using
the ASAP 2020 v3.05 software. N2 sorption isotherms were measured
with Quantachrome Nova 4000e at 77 K. N2 BET surface areas were
calculated from the nitrogen adsorption isotherms using the NovaWin
11.03 software. Ar and SO2 sorption isotherms were measured on a
Quantachrome Autosorb IQ MP. Each SO2 sorption run had to be
completed within 6.5 h. This time limit was specified by the company
Quantachrome to prevent damage to the gaskets. After this time, the
system had to be regenerated by flushing with nitrogen. At the
temperature of 263 K, which is the boiling point/condensation
temperature of SO2 at 1 bar, the sorption kinetics were so slow that
only the adsorption isotherms could be completed in the given time
limit. BET surface area and DFT calculations from argon sorption
isotherms were performed using the ASiQwin 4.01 software. The pore
size distributions were obtained using QSDFT calculations with an
“Ar on carbon, slit pore” model, with the exception of the Al-L1
aerogel, where an “Ar on carbon, cylindrical pore” model has been
used and no satisfying calculations could be performed with any other
model. QSDFT calculations assume a greater degree of heterogeneity
between adsorption sites compared to more standard nonlinear
density functional theory (NLDFT) calculations, where each
adsorption site is assumed to be equal. Water sorption isotherms
have been measured on a Quantachrome VSTAR and have been
evaluated using the VStarWin 1.1.15 software. All gases for the
sorption measurements were of ultrapure grades (99.999%, 5.0),
except for SO2 (99.98%, 3.8), and the NTP volumes are given
according to the NIST standards (293.15 K, 101.325 kPa). Helium
gas was used for the determination of the cold and warm free space of
the sample tubes. All samples have been degassed at 150 °C for at
least 3 h prior to measurement. The fits of adsorption isotherms and
the breakthrough curves have been calculated using the 3Psim 1.1.0.7
software by 3P Instruments GmbH & Co. KG.
Supercritical drying with CO2 was performed on a Leica EM

CPD300 using porous pots of pore sizes 120−200 μm. The solvent
exchange has been performed at 10 °C for 99 cycles before heating to
50 °C and release of CO2.
SEM images have been recorded with a JEOL JSM-6510LV QSEM

advanced electron microscope equipped with a LaB6 cathode. The
microscope was equipped with a Bruker Xflash 410 silicon drift
detector and Bruker ESPRIT software for EDX analysis. The samples
were prepared for SEM microscopy by coating them with gold using a
JEOL JFC 1200 fine-coater.
TEM images have been recorded with a Zeiss 902A electron

microscope. The samples were prepared by suspending ground-up
aerogel/xerogel in diethyl ether and dripping the suspension onto a
carbon-coated copper grid and letting it dry. The TEM images have
been edited to enlarge the scale bar. Unedited images can be found in
the Supporting Information (Figure S12).

1H NMR spectra were recorded with a Bruker Avance III 300 and
600 MHz.
Flame atomic absorption spectroscopy was performed with

PerkinElmer PinAAcle 900T and evaluated using the Syngistix
Software AA Version 3.0.
Synthesis of N1,N4-(Diterephthalic acid)terephthalamide

(H4Ditatam, H4L1). In a 500 mL round bottom flask, a mixture of
2.5 g (13.8 mmol) 2-aminoterephthalic acid and 8 g (57.88 mmol)
potassium carbonate in 200 mL water was vigorously stirred until the
2-aminoterephthalic acid had dissolved. Terephthaloyl chloride (1.39
g; 6.83 mmol) was added; a cap was loosely put on the flask and it
was stirred in a dark place for 5 days. The resulting mixture was
carefully poured into 300 mL of 2M hydrochloric acid (being wary of
foaming from excess potassium carbonate). The resulting suspension
was filtered through a Büchner funnel and the funnel content was
washed with water until the water ran off neutral. The resulting
yellowish residue was suspended in 300 mL of dimethylformamide
(DMF) and, under stirring, heated to 140 °C for 5 min. After letting
the mixture cool down, the white solid was centrifuged off and the

DMF was decanted. The white solid was suspended in cold DMF and
centrifuged off again. Afterward, this step was repeated three times
with acetone instead of DMF. In vacuo dried at 80 °C, 1.00 g (2.03
mmol, 30%) was obtained. Elemental analysis calcd: C, 58.54; H,
3.28; N, 5.69. Found: C, 57.99; H, 3.50; N, 5.66. 1H NMR (300
MHz, DMSO-d6): δ 13.41 (s, 2−COOH), 12.19 (s, 2−NHCO−),
9.23 (s, 2CH−), 8.16 (s, 4CH−), 8.15 (d, J = 8.4 Hz, 2CH−),
7.77 (dd, J = 1.70, 8.33, 2CH−).

Suitable single crystals placed in viscous oil were carefully selected
under a polarizing microscope and mounted in air onto a nylon loop.
Crystallographic data and refinement details for the structure of H4L1
are given in Table S1, Supporting Information. The structural data
have been deposited with the Cambridge Crystallographic Data
Center (CCDC no. 1889949).

Synthesis of Cr-L1 (Cr-Ditatam). H4L1 (60.0 mg; 0.121 mmol)
and 97.5 mg (0.242 mmol) of Cr(NO3)3·9H2O (0.242 mmol) were
added to a reaction vessel containing 5 mL DMF, sealed, and placed
in an ultrasonic bath at 80 °C until the ligand had dissolved. The
reaction vessel was transferred to an isothermal oven preheated to 80
°C. After 24 h, the gel was removed from the oven and left to cool.
Elemental analysis calcd for aerogel of Cr2-Ditatam·6H2O·1DMF: C
41.65, H 4.04, N 5.43. Found: C 41.92, H 4.03, N 5.84. Karl Fischer
titration calcd from EA, 16.2% H2O; found, 10.8% H2O.

Synthesis of Al-L1 (Al-Ditatam). H4L1 (10.0 mg; 0.020 mmol)
and 15.2 mg (0.041 mmol) Al(NO3)3·9H2O, were added to a reaction
vessel containing 5 mL of DMF, sealed, and placed in an ultrasonic
bath at 80 °C until the ligand had dissolved. The reaction vessel was
transferred to an isothermal oven preheated to 100 °C. After 24 h, the
gel was removed from the oven and left to cool. Elemental analysis
calcd for the aerogel of Al2-Ditatam·7H2O·0.5DMF: C 43.45, H 4.22,
N 4.57. Found: C 43.28, H 4.13, N 4.66. Karl Fischer titration calcd
from EA, 21.8% H2O; found, 16.1%.

Synthesis of AlCr-L1 (AlCr-Ditatam). H4L1 (20.0 mg; 0.041
mmol); 15.2 mg (0.041 mmol) Al(NO3)3·9H2O; and 16.25 (0.041
mmol) Cr(NO3)3·9H2O were added to a reaction vessel containing 5
mL DMF, sealed, and placed in an ultrasonic bath at 80 °C until the
ligand had dissolved. The reaction vessel was transferred to an
isothermal oven preheated to 100 °C. After 24 h, the gel was removed
from the oven and left to cool. Elemental analysis calcd for the aerogel
of AlCr-Ditatam·6.5H2O·0.5DMF: C, 42.48; H, 3.98; N, 4.86. Found:
C, 41.88; H, 3.78; N, 4.98. Karl Fischer titration calcd from EA, 19.4%
H2O; found, 13.6%.

Synthesis of the Cr-L1, AlCr-L1, and Al-L1 Aerogels. Pieces of the
synthesized aerogels were directly transferred to macroporous
specimen capsules with pore sizes of 120−200 μm. The capsules
were put into a solvent exchange apparatus (Figure S24), in which
they were kept for 5 days while continuously running the solvent
exchange. Afterward, the capsules were removed from the apparatus
and placed in a supercritical drying apparatus. After supercritical
drying with CO2, the aerogels were removed from the capsules.

Synthesis of the Cr-L1 Xerogel. The samples were prepared like
the aerogels (solvent exchange), but underwent conventional vacuum
drying at an elevated temperature (80 °C at 50 mbar) instead of
supercritical drying.

Synthesis of In-L1 (In-Ditatam) and Fe-L1 (Fe-Ditatam). The
synthesis of In-L1 and Fe-L1 was carried out analogous to the
synthesis of Al-L1, using In(NO3)3·xH2O and Fe(NO3)3·9H2O
instead as the metal salts. In(NO3)3·xH2O was not previously dried,
as drying the salt resulted in lower gel stability, and x = 6 was assumed
for the stoichiometric calculations, as it provided the best results for
the metallogel.

Synthesis of Hg-L1 (Hg-Ditatam). H4L1 (10.0 mg; 0.02 mmol)
was suspended in 4 mL of DMF and heated to 80 °C in a sonication
bath. Mercury acetate (13.1 mg; 0.041 mmol), Hg(CH3COO)2, was
dissolved in 1 mL of DMF in a separate vessel and also heated to 80
°C. After 1 h, the contents of both vessels were combined to instantly
form the metallogel of Hg-L1.

Synthesis of Co-L1 (Co-Ditatam). H4L1 (10.0 mg; 0.02 mmol)
was dissolved in 4 mL of 25% ammonia solution. Hexamminecobalt
chloride (11.0 mg; 0.041 mmol), [Co(NH3)6]Cl3, was dissolved in 1
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mL of 25% ammonia solution. The solutions were combined and the
vessel was left open to let the ammonia evaporate. After ammonia
evaporation, determined by olfactory analysis, the metallogel of Co-L1
had formed.
Dye Uptake Experiments. Cr-L1 metallogel (1 mL) was

synthesized in a 5 ml vial, and 2 mL of aqueous dye solution with
a concentration of 100 mg L−1 was added to the vial. The vials were
placed on a plate shaker at 250 rpm. The adsorption of the dyes was
supposed to mainly happen at the interface between the gel and the
dye solution, but in some cases the metallogel separated from the vial
and therefore increased the solution−gel interface surface area. There
was no measurable difference in equilibration time for those damaged
gels.
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