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Divalent transition metals such as Co(ll) are important targets
for removal from water sources, due to their potential toxicity
as well as their high value. In this study, we found that a series
of porous organic polymers based on amide-linked
tetraphenylmethane units are effective Co(ll) ion adsorbents
in aqueous solution. To increase the density of Co(ll) binding
sites, we then developed a templated synthesis in which the
branched, rigid monomers are pre-assembled around Co(ll)
ions prior to polymerization. After polymer formation, the
Co(ll) template ions are removed to yield a material rich in
Co(ll) binding sites. lon adsorption isotherms show that the
Co(ll)-templated material has an ion adsorption capacity
significantly greater than those of the non-templated
materials, highlighting the utility of a templated synthetic
route. SEM and TEM images show the morphology of the
templated polymer to be dramatically different from the non-
templated polymers and to be similar in size and shape to the
Co(ll)-monomer precursors, emphasizing the role of the
template ions in directing the formation of the resulting
polymer. This guest-templated approach requires no
functionalization of the generic monomer and represents a
promising synthetic route to high-capacity ion adsorbents for
water purification and aqueous separations.

Global fresh water supplies are increasingly stressed by
population growth, industrialization, and climate change, trends
that are likely to intensify in coming decades.’® To address
coming shortages in fresh water, there is a pressing need for
technologies to purify alternative water sources such as
wastewater or seawater.5° Furthermore, these alternative water
sources often contain valuable species (e.g., precious metals and
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rare earth elements) that are desirable to capture via
adsorption.1®! The design of high-performance adsorbents to
remove trace toxic contaminants or precious elements from
complex aqueous mixtures is consequently a priority in materials
synthesis. Such adsorbents should feature a high density of
binding sites for the adsorbate of interest while maintaining
sufficient porosity to allow the adsorbate to diffuse into the
interior of the material and access all binding sites, properties
that can be synthetically difficult to install simultaneously.

Porous aromatic frameworks and other porous organic
polymers have seen recent success in the area of aqueous ion
adsorption. These materials are composed of branched, rigid
building blocks that endow the polymer structure with permanent
porosity, linked by covalent bonds that impart the necessary
chemical stability for aqueous separations.'?** Porous organic
polymers have shown promise in the capture of species such as
B(OH)S,lS CU2+,16 Fe3+,17 Nd3+,18 AUC|4',19 ng+’20 Pb2+,21'22 and
UO2?* @324 from aqueous solution. But laborious rounds of
synthesis and functionalization are often necessary to discover
the functionality and pore structure that maximize a material’s
adsorption capacity for a given adsorbate. A templated synthetic
approach, where monomers are pre-assembled by the target
adsorbate and then polymerized, can provide a short-cut to
highly functional adsorbents. This approach has been widely
studied for densely crosslinked non-porous polymers, but the
resulting materials are plagued by low adsorption capacity
because target adsorbates cannot penetrate the dense polymer
matrix to access internal binding sites.?5?6 Porous organic
polymers, on the other hand, are an exciting platform for the
development of  guest-templated adsorbents.?’-%2  We
hypothesized that by using branched, rigid monomers and
selecting polymerization chemistry that would yield a rigid,
water-stable linkage, a porous organic polymer could be
templated by a generic adsorbate molecule to yield a high-
capacity adsorbent.

To satisfy the criteria of branching and rigidity, we selected
tetrakis(4-aminophenyl)methane (TAPM) as one of the two
monomer partners in our route to porous organic polymers
(Scheme 1). The amino groups on TAPM monomers were
reacted with acyl chloride groups on a series of increasingly
branched reaction partners (terephthaloyl chloride [TPC];
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Scheme 1. Porous polyamides with increasing monomer branching
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trimesoyl chloride [TMC]; tetraphenylmethane-4,4',4",4"-
tetraacyl chloride [TCPM]) to yield rigid and water-stable amide
linkages throughout the resulting network. Polymerization
conditions were adapted from the literature33-34; synthetic details
are provided in the Supplementary Information. The aromatic
rings, amide linkages, and tetrahedral nodes present in the
resulting polymers lead to a high degree of structural rigidity,
which we hypothesized would preserve templated binding sites
after the template was removed as well as provide significant
internal porosity to allow ions to diffuse into the interior of the
particles. In addition to the benefits of branching and rigidity, the
long-term aqueous stability of amide bonds is well known as
crosslinked polyamide materials are widely used in desalination
membranes3s.

The resulting non-templated polymers were termed TPC-
TAPM, TMC-TAPM, and TCPM-TAPM (Scheme 1). Infrared
spectroscopy and C/H/N analysis showed the formation of the
desired  amide-linked  materials (see  Supplementary
Information). The internal porosity of the three non-templated
materials was assessed through N2 adsorption isotherms (Fig.
1la). The BET surface areas of the three materials increase with
increased monomer branching; the tetra-acyl chloride monomer
(TCPM) endows the resultant polymer with the highest surface
area (215 m?/g), followed by the material based on the tri-acyl
chloride monomer (TMC; 78 m?/g) and then by the material
based on the di-acyl chloride monomer (TPC; 31 m?/g).

Among the large number of divalent metal ions that are
important to capture from alternative water sources, Co(ll)
stands out as a useful probe molecule. In addition to being a
representative 2* transition metal cation, Co(ll) is used in the
manufacture of Li-ion batteries, and this application has resulted
in skyrocketing demands for cobalt globally.3 As a result of high
demand and of cobalt’s uneven distribution in the Earth’s crust,
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cobalt mining has become associated with humanitarian,
environmental, and geopolitical problems,3” making the capture
of Co(ll) ions from water a priority.%® Furthermore, Co(ll) is
toxic to both humans® and plants*° at high levels, emphasizing
the importance of Co(ll) remediation from wastewater.
Consequently Co(ll) was selected as the template ion and target
adsorbate in this study.

To test the Co(ll) adsorption capacity of the non-templated
control polymers TPC-TAPM, TMC-TAPM, and TCPM-
TAPM, the polymers were individually submerged in water
samples containing CoCl: at a range of concentrations (Fig. 1b).
Cobalt concentrations before and after exposure to polymer
samples were measured using inductively coupled plasma
optical emission spectrometry (ICP-OES); detailed experimental
procedures are provided in the Supplementary Information. The
results of the Co(ll) adsorption experiments show all three
porous polyamides to be effective ion adsorbents, adsorbing up
to 283 mg Co per g polymer (TMC-TAPM) at the
concentrations tested. Interestingly, the trend in ion adsorption
capacity does not mirror the trend in N2 adsorption capacity
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Fig. 1. Ny adsorption isotherms at 77 K (a) and Co(ll) adsorption
isotherms in water at pH 7 (b) for TPC-TAPM (red), TMC-TAPM
(black), and TCPM-TAPM (blue). For a), solid circles represent
adsorption and open circles represent desorption. For b), circles
represent ion adsorption data and solid lines represent dual-site
Langmuir fits.
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shown in Fig. 1a; while TCPM-TAPM has the highest N2
adsorption capacity, TMC-TAPM is the leading Co(ll)
adsorbent. With ion capture from water as our ultimate priority,
we selected the TMC-TAPM as the platform for our templated
synthesis.

To further increase the Co(ll) capacity of TMC-TAPM, we
modified the synthetic route to include a Co(ll)-templating step
(Fig. 2a). The modified synthesis begins by combining TAPM
monomers with Co(ll) ions, to form Cox(TAPM)yCl. complexes
(Fig. 2a, Step 1). These complexes are then isolated and
combined with a stoichiometric amount of the TMC monomer
under standard polymerization conditions, leading to a
polymerization reaction between TMC and the free amines from
the Cox(TAPM)yCl: complexes (Fig. 2a, Step 2). Finally, an
aqueous solution of dilute HCI is used to remove the bound
Co(ll) ions, leaving behind templated Co(ll) binding sites in the
final polymer (Fig. 2a, Step 3). Synthetic details are given in the
Supplementary Information.

Upon completion of Step 1, the Cox(TAPM)yCl; complexes
were isolated as a pale purple solid. Scanning electron
microscopy (SEM) revealed the complexes to be block-shaped
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crystallites approximately 20 um in length (Fig. 2b). Powder X-
ray diffraction (PXRD) data show the complexes to be crystalline
and structurally distinct from the CoCl. and TAPM starting
materials (Fig. S5). To determine the exact composition of the
Cox(TAPM)yCl; complexes, a sample was studied by
thermogravimetric analysis (TGA), and the residue left over at
the end of the TGA procedure was further analyzed by PXRD
(Fig. 2c-d). By comparing the PXRD results to literature data,**
the residual TGA sample was found to be Co3Os; this chemical
formula was then used to calculate the mass of TAPM and
chlorine that was lost during TGA, yielding a starting formula of
Co(TAPM)2.3Cl2. The Co(TAPM)23Cl2 complexes were
polymerized with a stoichiometric amount of TMC, followed by
purification and activation to yield Co(ll)-templated TMC-
TAPM.

This material was then tested for Co(ll) adsorption in an
identical procedure to the non-templated materials, affording a
Co(Il) adsorption isotherm for the templated analogue (Fig. 3).
In comparison to the non-templated control (TMC-TAPM), the
templated analogue showed a dramatic improvement in Co(ll)
adsorption capacity. At the highest starting concentration tested
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Fig. 2. a) Schematic representation of the synthesis of Co(ll)-templated TMC-TAPM. b) Scanning electron microscope image of
Co(TAPM)23Cl, complexes. c) Thermogravimetric analysis of Co(TAPM),3Cl, complexes (purple) and TAPM (red). d) Powder X-ray
diffraction spectra of residual TGA sample (purple) and Co30,4 (black).

This journal is © The Royal Society of Chemistry 20xx Nanoscale, 2021, 00, 1-6 | 3

Please do not adjust margins



PIEASENE0 \FTyer(e:| S EMMAISIAS

COMMUNICATION

70

pH7

Co(ll)-templated
TMC-TAPM

80

TMC-TAPM

Co(ll) adsorbed (mg/g)
g 8

- .

2t TCPM-TAPM

A

TPC-TAPM

10

0 S0 100 150 200 250 300 350 400
Equilibrium Co(ll) concentration (ppm)

Fig. 3. Co(ll) adsorption isotherms in water at pH 7 for Co(ll)-
templated TMC-TAPM (purple circles) as compared to those of
TMC-TAPM (black circles), TCPM-TAPM (blue circles), and TPC-
TAPM (red circles). The data were fit to multi-site Langmuir
adsorption models (solid lines).

(approx. 410 ppm Co), the Co(ll)-templated material exhibits a
Co(ll) adsorption capacity more than twice as high as that of the
non-templated control (63.0 mg/g versus 283 mg/g,
respectively). The Co(ll) adsorption results in Fig. 3 emphasize
the advantages of a templating strategy when developing
synthetic routes to novel ion adsorbents: The modified synthetic
route shown in Fig. 2a installs significantly more Co(ll) binding
sites in the resulting polymer, compared to the non-templated

Nanoscale

synthesis, without necessitating arduous synthesis of custom
monomers.

SEM images of the evacuated samples indicated a striking
morphology difference between the templated and non-
templated polymers (Fig. 4a). All of the non-templated materials
(TPC-TAPM, TMC-TAPM, and TCPM-TAPM) display a rough
surface morphology composed of agglomerated nanoscale
particles, whereas Co(ll)-templated TMC-TAPM is composed of
intertwined stringy tendrils approximately 3 um in diameter and
approximately 20 um in length. The similarity in size and shape
of the Co(ll)-templated TMC-TAPM particles in Fig. 4a to the
Co(TAPM)23Cl2 complexes in Fig. 2b, along with their
dissimilarity to the non-templated polymers in Fig. 4a, is clear
evidence of the role played by Co(ll) in directing the monomer
arrangement during polymerization and driving the resulting
polymer morphology. Transmission electron microscope (TEM)
images show TPC-TAPM, TMC-TAPM, and TCPM-TAPM to
be composed of agglomerated spheres with diameters of
approximately 100 nm (Fig. 4b). These spherical agglomerates
are also present in the TEM images of Co(ll)-templated TMC-
TAPM, alongside the larger stringy tendrils, indicating the
formation of some non-templated polymer along with the Co(l1)-
templated structures (Fig. 4b, right).

Co(ll)-templated TMC-TAPM was found to have a BET
surface area only 1/5" that of the non-templated TMC-TAPM
(Fig. S10), while still adsorbing twice as much Co(ll). This
divergence in adsorption trends for Co(ll)-templated TMC-
TAPM (high ion adsorption capacity; low N2 adsorption
capacity) echoes the divergent trends observed in Fig. la-b.
These results may indicate that the N2-accessible surface area
measured on a dry powder under vacuum is not a particularly
useful proxy for a material’s porosity in aqueous solution. Water

Fig. 4. Scanning electron microscope images of activated TPC-TAPM, TMC-TAPM, TCPM-TAPM, and Co(ll)-templated TMC-TAPM. b)
Transmission electron microscope images of TPC-TAPM, TMC-TAPM, TCPM-TAPM, and Co(ll)-templated TMC-TAPM after exposure to
aqueous solution containing 400 ppm Co(ll) and subsequent drying to remove excess water.
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vapor adsorption isotherms may be a more useful measurement;
vapor sorption experiments are planned for Co(ll)-templated
TMC-TAPM as a future direction. We also plan to test whether
increasing the Nz-accessible surface area of a guest-templated
material (by ball-milling the guest-monomer complexes before
polymerization, for example) could further improve its guest
adsorption capacity.

Additional ion adsorption experiments show Co(ll)-
templated TMC-TAPM to have a similarly high capacity for the
transition metal ions Mn(ll), Ni(ll), and zZn(ll) (Fig. S11),
making this material a promising adsorbent for a number of ions
of interest. However, to separate complex mixtures of transition
metals, even greater structural rigidity may be necessary in a
templated polymer to insure selectivity among highly similar
first-row divalent transition metal cations.

After aqueous Co(ll) adsorption experiments, hydrated
samples were flash frozen (vitrified) and analyzed by cryogenic
scanning electron microscopy (cryo-SEM) and energy dispersive
X-ray spectroscopy (EDX; Fig. S12-S15). The EDX results show
adsorbed Co distributed throughout the samples; in agreement
with the aqueous adsorption data, EDX maps show a significant
increase in Co density for Co(ll)-templated TMC-TAPM relative
to the non-templated polymers.

Conclusions

We have shown that a series of porous organic polymers,
composed of highly branched monomers linked by amide bonds,
are effective Co(ll) adsorbents. Upon modifying the synthetic
route to include a Co(ll)-templating step, we found that the
resultant Co(ll)-templated polymer has a significantly improved
Co(ll) adsorption capacity (an increase of 2.2x) relative to the
non-templated analogue TMC-TAPM. SEM and TEM images of
the Co(TAPM)23Cl2 intermediate, the Co(ll)-templated
polymer, and the non-templated control polymers indicate that
the Co(TAPM)2.3Clz intermediate greatly influences the resulting
polymer morphology. N2 adsorption isotherms of the series of
polymers show a divergence between N2-accessible porosity and
aqueous ion adsorption capacity, indicating that water vapor
adsorption isotherms may be a promising future direction to
better characterize the structure of a porous organic polymer in
aqueous solution. In summary, the guest-templated synthetic
approach described herein is a promising and generalizable route
to high-capacity, high-performance ion adsorbents.
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