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have been paid for by the Royal Society
of Chemistry Neutral hosts for the recognition of anionic guests in water remain underdeveloped due to the inherent
thermodynamic barrier for desolvation. To address this challenge, we have repurposed crosslinked
porous organic polymers (POPs) as hosts. This polymer architecture affords a hydrophobic environment
with a densely packed array of urea hydrogen bond donors to cooperatively promote anion desolvation
and recognition in water. Using the principles of supramolecular design, we demonstrate through
adsorption assays that the resulting Urea-POP-1 can recognize structurally different dyes containing
phosphonate, sulfonate, and carboxylate anions in water. Moreover, when compared to Methyl-POP-1,
a control POP lacking hydrogen bond donors, we find that the driving force for desolvation and
adsorption of each dye is achieved through hydrophobic interactions with the POP backbone and, more
importantly, cooperative hydrogen bonding interactions with the urea sidechains. This starting point sets
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Introduction

Molecular recognition of anionic guests in water remains a key
challenge in synthetic supramolecular chemistry."® Drawing
inspiration from Nature's ability to recognize anions in water,
abiotic polymer hosts offer an attractive solution not only for
fundamental host-guest chemistry, but also for biological and
environmental applications.” To achieve anion binding in
water, organic polymers can rely on a combination of polar,
cooperative interactions and the hydrophobic effect to over-
come the energetic penalty for desolvation of the anion.>**"**
In one widely explored approach, polymers can be functional-
ized with molecular receptors that are designed to be structur-
ally rigid with densely packed arrays of donors tailored to the
size, shape, and charge of a specific anion."'*** Anion recep-
tors with positively charged atoms undergo anion exchange to
form electrostatic interactions with more electron rich or basic
anions in water.’*** Likewise, Lewis acidic elements can form
coordinate bonds with anions in water.”*>® Alternatively,
receptors with charge-neutral donors including polar hydrogen
(-NH, -OH) and more hydrophobic -CH, halogen, chalcogen, or
7-bonds can also be used.*** Even though polymers func-
tionalized with receptors can be tailored to a specific anion, the
receptor must be highly predesigned and can require complex
synthetic routes. Polymers of this type can have limited utility
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pore sizes and anion preferences for fundamental investigations and targeted applications.

for practical applications such as water purification or sensing,
where scalability and ease of separation are important factors.

As a complementary approach to expand our under-
standing of aqueous anion recognition for practical applica-
tions, we are developing neutral organic polymer hosts
without predesigned receptors. Along these lines, we and
others have recently demonstrated that a number of water
soluble, neutral polyolefin polymers (e.g. PVP, PNIPAM, and
PAAM) can be used for anion recognition in water.***¢ In
parallel, we envisioned that neutral hydrogen bond donors
could be encapsulated into rigidly structured polymer hosts,
through the use of synthetically accessible porous organic
polymers (POPs) (Fig. 1). POPs are highly crosslinked, amor-
phous hydrocarbon frameworks that can maintain permanent
porosity owing to their rigid and inflexible backbones.*”~*
Even though POPs are insoluble, these polymeric architectures

Neutral
H-bonding POP

Hydrated Anionic Dye Recognition in Water
Fig. 1 Cartoon schematic illustrating the approach used in this study
to bind anionic dyes (yellow sphere) in water with a porous organic
polymer host (brown cube) with neutral hydrogen (H) bonding func-
tional groups (pink receptor). Water molecules are shown as red
(oxygen atom) and white (hydrogen atom) spheres in the blue back-
ground to represent the agueous environment.

This journal is © The Royal Society of Chemistry 2020
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have been used previously for binding a range of molecules
and ions in water.>*"%

To test our approach, here we have prepared Urea-POP-1,
a urea-functionalized POP host. Urea is commonly used as
a neutral hydrogen bond donor that effectively provides parallel
hydrogen bonds to cooperatively bind electron rich oxyanions to
offset the energetic penalty of desolvation.®® Previous reports
with urea containing hosts were carried out primarily in organic
solvents or mixtures of organic solvents and water with a limited
of number examples in pure water.®*® We hypothesized that
a densely packed array of confined urea sidechains, in combi-
nation with the hydrophobic microenvironment provided by
the POP could cooperatively promote anion desolvation and
recognition in water. As a proof-of-concept, we have systemati-
cally tested the ability of Urea-POP-1 as a supramolecular host to
recognize organic dyes that contain phosphonate (R-PO;>"),
sulfonate (R-SO; ), and carboxylate (R-COO ™) anions through
adsorption assays.

Results and discussion

Both Urea-POP-1 and Methyl-POP-1 were accessed through
a modular synthetic route with simple building blocks (Fig. 2A
and Scheme S1}). The [(2,5-dibromophenyl)methyljurea
monomer (1) was prepared in four high-yielding steps with
minimal chromatography. Briefly, 2,5-dibromotoluene was
brominated with N-bromosuccinimide and benzoyl peroxide
(45% yield), followed by substitution with potassium phthali-
mide and subsequent deprotection with hydrazine (81% yield
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Fig. 2 (A) Synthesis of Urea-POP-1 and Methyl-POP-1 through

a Sonogashira polymerization. (B) Representative nitrogen adsorption
(closed circles) and desorption (open circles) isotherms Urea-POP-1
(red) and Methyl-POP-1 (black).
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over two steps), and finally treated with potassium isocyanate to
generate the urea (92% yield).** Compound 1 and 2,5-dibro-
motoluene (2) were polymerized with 1,3,5-triethynylbenzene
(3), a commonly used monomer for the preparation of porous
organic polymers,” using standard Sonogashira coupling
reaction conditions to furnish Urea-POP-1 and Methyl-POP-1 as
insoluble powders.

Characterization with infrared spectroscopy provided
evidence for the extent of polymerization (Fig. S21). For both
POPs, the disappearance of the alkyne C-H stretch at 3276 cm ™ *
confirms that the starting 1,3,5-triethynylbenzene co-monomer
was consumed. Interestingly, the N-H stretches corresponding
to the urea functional group are broadened and centered at
3398 cm ™' in Urea-POP-1 relative to the N-H stretches at 3429
and 3338 cm ™ " in the starting urea monomer (1), suggesting the
presence of hydrogen bonding between the urea units within
the POP.** To determine the permanent porosity of the POPs, we
measured the nitrogen adsorption isotherms of six indepen-
dently prepared batches at 77 K (Fig. S3 and Table S17).
Although both POPs are permanently porous, on average Urea-
POP-1 (870 + 120 m* g ") has a larger Brunauer-Emmett-Teller
(BET) surface area than Methyl-POP-1 (490 + 70 m* g ")
(Fig. 2B). Based on these isotherms, both POPs are micropo-
rous, as the majority of the total pore volume consists of pores
with sizes between 10-20 A. This is determined from the
cumulative pore size measurements reported in Fig. S3.7
Moreover, powder X-ray diffraction (PXRD) analysis does not
reveal any uniform crystalline morphology indicating that both
POPs are amorphous in nature (Fig. S47).

We next tested if the urea sidechains in Urea-POP-1 could be
used for the recognition of anionic guests in water. To do so, we
selected dyes containing oxyanions commonly known to
interact with urea-based hosts,*”*”® including phosphonate
(adenosine 5’-monophosphate or AMP, adenosine 5'-triphos-
phate or ATP, and riboflavin 5-monophosphate or FMN),
sulfonate (methyl orange, Lucifer Yellow CH, and bromophenol
blue), and carboxylate anions (Rhodamine B, methyl red, Aliz-
arin Yellow G, and fluorescein) (Fig. 3). Dye adsorption to the
pores of the POP was monitored by measuring the optical
intensity of the dye remaining in solution after incubation with
varying concentrations of Urea-POP-1 and Methyl-POP-1
(Fig. 3 and S6-S157). To ensure that recognition was driven by
hydrogen bonding interactions, each dye was dissolved in
ultrapure water (ca. pH 7) and diluted to 40 uM for detection
within a dynamic, linear range. Moreover, at this concentration
of dye, the number of urea sidechains available for binding was
in 10 to 320-fold excess, corresponding to a range of 0.05 to
1.6 mg mL™' of POP. As can be seen in Fig. 3, increasing
concentrations of Urea-POP-1 promote greater adsorption of
each dye, albeit to varying degrees depending on the anionic
functional group. These differences were quantified by fitting
the data to a binding model (see ESIf for details) to determine
the amount of Urea-POP-1 at a saturation point where the
relative absorbance or fluorescence signal of each dye decreased
by 95% (Fig. S16 and Table S37). At this saturation point, the
adsorption of each dye to Urea-POP-1 was likely maximized
given the number of excess urea sidechains, thus allowing for

Chem. Sci., 2020, M1, 7716-7721 | 7717
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Fig. 3 Urea-POP-1 selectively adsorbs dyes with anionic functional groups. The absorbance or fluorescence (Ag or F¢) of each dye relative to 40
uM dye only (Ag or Fo) in the presence of increasing concentrations of Methyl-POP-1 and Urea-POP-1is shown for (A) flavin mononucleotide, (B)
adenosine monophosphate, (C) adenosine triphosphate, (D) methyl orange, (E) Lucifer Yellow CH, (F) bromophenol blue, (G) Rhodamine B, (H)
methyl red, (1) Alizarin Yellow G, and (J) fluorescein. All measurements were carried out in ultrapure water (ca. pH 7). The overall charge on each
dye is shown at pH 7. The average of at least three technical replicates from at least two different batches of each POP with standard deviation is
reported for each dye. The absorbance or fluorescence spectra are shown in Fig. S6-S15.1 Counterions for each dye are specified in the ESI.+

a better comparison between each anionic functional group. To
explain the observed differences, we have considered the
partition coefficient (log D value), overall charge, and any
additional functional groups of each dye (Fig. 4, Table S37).

As expected, the phosphonate dyes have negative log D values
(—1.5 £ 0.4 to —1.08 =+ 0.03) and readily partition into water over
octanol, independent of the overall charge. In order to adsorb the
dyes from water, more than 1 mg mL ™" of Urea-POP-1 is needed.
Both FMN and AMP have an overall charge of —2, and both dyes
are adsorbed at similar concentrations of Urea-POP-1 (1.1 +
0.2 mg mL~ " and 1.4 & 0.2 mg mL ™", respectively). For ATP, the
saturation point could not be determined due to weak binding.
Based on this, more than 1.6 mg mL™" of Urea-POP-1 would be
required for adsorption of ATP, which correlates with its
increased negative charge from —2 to —4.

Of the three phosphonate dyes, only FMN adsorbs to the
hydrophobic pores of Methyl-POP-1. At 1.6 mg mL~" of Methyl-

7718 | Chem. Sci, 2020, M, 7716-7721

POP-1, the optical signal of FMN decreases by only 20% versus
more than 95% with the same amount of Urea-POP-1. This
suggests that the hydrophobicity of the dye could contribute, in
part, to adsorption but not as significantly as the phosphonate
anion hydrogen bonding with the urea sidechains.

Like the phosphonate dyes, the sulfonate dyes have negative
log D values (—1.6 & 0.1 to —1.14 =+ 0.03), but an average of 60%
less Urea-POP-1 is needed for adsorption with no significant
adsorption to Methyl-POP-1. Within this series, methyl orange
is adsorbed at 0.45 & 0.03 mg mL ', whereas Lucifer Yellow CH
and bromophenol blue are adsorbed at similar concentrations
of 0.56 + 0.09 mg mL " and 0.54 + 0.05 mg mL ™", respectively.
Indeed, these results not only correlate with the number of
sulfonate groups but also the overall negative charge. Specifi-
cally, methyl orange has one sulfonate group with an overall
charge of —1, whereas Lucifer Yellow CH with an additional

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The amount of Urea-POP-1 required for adsorption is corre-
lated to the anionic functional groups. The amount of Urea-POP-1 at
the 95% saturation point for each dye versus the dye partition coeffi-
cient is shown. Dyes that contain phosphonate (R—POs>7), sulfonate
(R-SO37), and carboxylate (R-COQO™) functional groups are grouped
by the green, blue, and red boxes, respectively. The light blue back-
ground represents the preference of the dye to stay in water (hydro-
philic), and the light red background represents the preference of the
dyes to stay in octanol (hydrophobic). The dyes are abbreviated as
follows: adenosine monophosphate (AMP), adenosine triphosphate
(ATP), Alizarin Yellow G (AY), bromophenol blue (BB), flavin mono-
nucleotide (FMN), fluorescein (FL), Lucifer Yellow CH (LY), methyl
orange (MO), methyl red (MR), and Rhodamine B (RB). *For ATP the
95% saturation point could not be determined. For each dye, the
average of at least three technical replicates from at least two batches
of each POP with standard deviation is reported (Table S3+).

sulfonate group and bromophenol with a phenolate group both
have an overall charge of —2.

On the other end, the carboxylate dyes have log D values
ranging from —0.22 £ 0.06 to 1.88 £ 0.04 and partition more
favorably into octanol. Given this, it is surprising that the
average amount of Urea-POP-1 required for adsorption of the
carboxylate dyes is only ~35% less than that of the sulfonate
dyes. Furthermore, even though the carboxylate dyes have
different functional groups and overall charges, all of the dyes
are adsorbed at similar concentrations of Urea-POP-1. Notably,
all of the carboxylate dyes adsorb to Methyl-POP-1. This is
consistent with the fact that the carboxylate dyes, relative to the
phosphonate and sulfonate dyes, have more positive log D
values. However, clear differences are observed between Urea-
POP-1 and Methyl-POP-1, at concentrations as low as 0.1 mg
mL ™!, indicating that the carboxylate anions, in large part,
preferentially adsorb within Urea-POP-1. These control experi-
ments clearly show that hydrophobic interactions do occur
between the dyes and the hydrophobic environment of the POP;
however, it is not the primary driving force as the dyes do not
adsorb to Methyl-POP-1 to the same extent as Urea-POP-1 — even
when more hydrophobic dyes are used. Moreover, irrespective
of the identity of the anionic functional group, adsorption is
observed, suggesting that hydrogen bonding interactions do
occur with the urea sidechains.

By design, the dense array of urea hydrogen bond donors
and the hydrophobic pores should have favorable effects on the
enthalpy of dye adsorption. This would be achieved by forming

This journal is © The Royal Society of Chemistry 2020
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primary interactions with the anionic functional groups and
secondary interactions such as cooperative cation effects. The
desolvation of the anionic functional groups and the hydro-
phobic pores, although minimal for the latter since the POP
host is insoluble, could provide significant entropic gains to the
overall driving force for adsorption. Moreover, the extent to
which the phosphonate, sulfonate, and carboxylate groups of
the dyes are hydrated could provide an explanation for the
differences in adsorption between the dyes within Urea-POP-1.
In fact, the adsorption behavior of Urea-POP-1 correlates well
with the Gibbs free energy of hydration (AnyqG) and the basicity,
particularly on the extreme end with the hydrogen phosphate
anion (AnqG: HPO,>” (—1366 kJ mol ') > HCO,"
(=395 k] mol ") > HSO,~ (—330 kJ mol™");* basicity: RPO,>~ >
RCO,” > RSO; where R corresponds to a hydrogen or a phenyl
group)-69,87

Conclusions

To close, we have demonstrated that in the absence of a prede-
signed receptor, Urea-POP-1 can recognize structurally different
dyes containing phosphonate, sulfonate, and carboxylate
anions in water, whereas Methyl-POP-1, a control lacking
hydrogen bond donors, cannot. Our data indicate that the
preference of Urea-POP-1 is determined through interactions
with the anionic functional groups rather than the partition
coefficient, overall charge, or any additional functional groups
of each dye. By design, the driving force for desolvation and
adsorption of each dye is achieved through hydrophobic inter-
actions with the POP backbone and, more importantly, coop-
erative hydrogen bonding interactions with the urea sidechains.
With this systematic analysis, we showcase as a proof-of-
concept that permanently porous polymer architectures can
be readily functionalized with hydrogen bonding donors and
repurposed as supramolecular hosts for the recognition of
anionic guests in water. Beyond fundamental investigations, we
envision that Urea-POP-1 and related neutral POP hosts could
be applied for the removal of anionic pollutants including the
organic dyes tested and associated countercations, thus
bypassing the need for anion exchange and separation
processes.®® Along these lines, future efforts will exploit the
modularity of our starting design to build a family of polymer
hosts with tunable ligands, pore sizes and anion preferences.
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