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ABSTRACT: The design of arti�cial oxyanion receptors with
switchable ion preference is a challenging goal in host�guest
chemistry. We here report on molecularly imprinted polymers
(MIPs) with an external phospho-sulpho switch driven by small
molecule modi�ers. The polymers were prepared by hydrogen
bond-mediated imprinting of the mono- or dianions of phenyl
phosphonic acid (PPA), phenyl sulfonic acid (PSA), and benzoic
acid (BA) using N-3,5-bis-(tri�uoromethyl)-phenyl-N�-4-vinyl-
phenyl urea (1) as the functional host monomer. The interaction
mode between the functional monomer and the monoanions was
elucidated by 1H NMR titrations and 1H�1H NMR NOESY supported by molecular dynamic simulation, which con�rmed the
presence of high-order complexes. PPA imprinted polymers bound PPA with an equilibrium constant Keq = 1.8 × 105 M�1 in
acetonitrile (0.1% 1,2,2,6,6-pentamethylpiperidine) and inorganic HPO4

2� and SO4
2� with Keq = 2.9 × 103 M�1 and 4.5 × 103 M�1,

respectively, in aqueous bu�er. Moreover, the chromatographic retentivity of phosphonate versus sulfonate was shown to be
completely switched on this polymer when changing from a basic to an acidic modi�er. Mechanistic insights into this system were
obtained from kinetic investigations and DSC-, MALDI-TOF-MS-, 1H NMR-studies of linear polymers prepared in the presence of
template. The results suggest the formation of template induced 1�1 diad repeats in the polymer main chain shedding unique light
on the relative contributions of con�gurational and conformational imprinting.

� INTRODUCTION
The molecular constituents of a living cell are predominantly
water-soluble molecules carrying a net negative charge, e.g.,
cofactors, enzyme substrates, nucleic acids, the lipid double
layer, and the glycocalix.1�3 As a consequence, evolution has
resulted in highly re�ned receptors capable of recognizing
anions in water. Some of the most impressive examples are the
proteins designed to selectively bind and/or transport either
sulfate or phosphate ions. These two pyramidal anions are
nearly isosteric with similar molecular volumes and central
atom-oxygen bond lengths, whereas they di�er with respect to
Lewis basicity and hydrophilicity (Table 1).

Discrimination between phosphate and sulfate and other
isosteric oxyanions (e.g., arsenate) occurs in the sulfate and
phosphate binding proteins predominantly through multiple
complementary hydrogen bonding (H-bond) interactions
involving main chain amides (nests) in a water-poor
microenvironment with minor involvement of charge comple-
mentary residues.1,4,5 Notably, no charged residue is involved
in the sulfate binding protein binding site which binds sulfate
speci�cally with an equilibrium binding constant Keq = 106 M�1

in water (5.0 � pH � 8.0),5 an impressive feat given the strong
hydration of this anion. As a consequence, this overturns the
Hofmeister series of the salting out tendency for anions which

otherwise increases in the order; CH3COO� < HPO4
2� <

SO4
2�.

Inspired by this remarkable performance, much e�ort has
been devoted to the development of neutral sulfate/phosphate
binding hosts.4,5 In contrast to the more common approach
based on charged receptors, neutral hosts can achieve higher
selectivity but are challenging to construct since H-bonding is
considerably weaker in polar solvents. Nevertheless, both
macrocyclic e.g. pyrrole, saphyrine,6 peptide7 and acyclic
podand hosts e.g. ureas,8�11 squaramides12�14 have been
reported showing high sulfate a�nity. However, these hosts
rarely overturn the Hofmeister solvation governed series of
anion a�nity especially with respect to the relative preference
for phosphate/sulfate.6 Moreover, these anion receptors are
seldomly capable of switching the anion preference or of
binding and releasing the guest upon external stimuli.13
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This highlights a need of neutral hosts with tunable
microenvironment capable of alternating phosphate/sulfate
recognition. This can in principle be achieved by embedding
designed low molecular weight hosts in a polymer sca�old
imparting a lower dielectric microenvironment.1 Alternatively,
a macromolecular host can be designed from simpler building
blocks by molecular imprinting.15�20 Monomers are here
chosen or designed to complement functional groups of a
template molecule. Polymerizing the monomer�template
complexes into a cross-linked polymer matrix followed by
removal of the template, leaves behind sites capable of
recognizing the template. This approach bene�ts from
spontaneous self-assembly guiding the binding groups to
their positions in the receptor site. Thus, the structure of the
�nal binding site is a priori unknown.

Notable examples of MIPs for anion recognition in water
have been reported using both charged, e.g., imidazolium,21�23

amidinium,24�27 and neutral host monomers, e.g., urea,28�31

thiourea,32 squaramide,33 and others.34 Some time ago we
introduced urea based host monomers acting as potent H-
bond donors for stoichiometric imprinting of oxyanions or
other H-bond acceptors.35 Receptors for �-lactam antibiotics,36

phospho-peptides,28 peptide biomarkers,37 phospholipids,22

sugar acids,31 and sulfated peptides29 were demonstrated.
To gain insight into the nature of these imprinted receptors

at a molecular level we here report an in-depth investigation of
MIPs for simple oxyanions (Scheme 1).

With this we aimed to answer the following questions: (1)
What level of oxyanion selectivity and a�nity can be achieved
with MIPs in organic and aqueous media? (2) Can MIPs
recognize inorganic anions in water? (3) Can the Hofmeister
preference be overturned? (4) Can we switch oxyanion
preference using the same MIP? (5) What are the mechanisms
underlying the imprinting process?

On the basis of combined physical characterization,
modeling, spectroscopic studies of prepolymerization com-
plexes, and studies of the polymerization kinetics we here o�er
answers to the aforementioned questions.

� RESULTS AND DISCUSSION
Monomer/Template Complex Formation. 1,3-Disub-

stituted ureas have long been exploited as neutral hosts (H) for
complexing oxyanion guests (G).38,39 They provide a 2-fold H-
bond donor which with the acceptor (e.g. carboxylate,
phosphate, sulfate) results in a cyclic H-bonded complex.
Also, several structural and compositional parameters can be
readily tuned to enhance HG association strengths (Scheme
2).

The a�nity for the guest increases with the acidity of the
urea protons (donor capacity, R3, R4, R5 = electron
withdrawing groups (EWGs)) and the basicity of the oxyanion
(acceptor capacity), but this can be o�set by the ability of the
host to self-associate and host deprotonation.40 The latter leads
to nondirectional electrostatic interactions and is promoted by
increased solvent polarity.41 This is an undesired e�ect since it
undermines the structural integrity of the hydrogen bond
connected HG complex�hence a compromise between host
acidity and guest basicity has to be found that maximizes the
complex strength. In this context, no deprotonation has so far
been observed for the host monomer, 1, used in the current
study (Scheme 1). The nature of the countercation also
in�uences the HG complex stability. Complexation can be
easily induced by proton transfer to amine bases but this causes
undesirable competition between the urea host and the
protonated amine for binding the guest. Stronger complexation
is therefore induced by the use of bulky tertiary amines (e.g.,
pentamethylpiperidine, PMP) or quaternary ammonium ions
like tetrabutylammonium (TBA), which have been shown to
produce pronounced counterion memory e�ects.28,42 Another
factor is the level of host preorganization, which impacts on the
size of the entropic penalty upon guest complexation due to
the need to freeze internal rotors. For monourea host
monomers this can in principle be enhanced by introducing
two polymerizable groups (cross-linkers) in the host thereby

Table 1. Physical Properties of Sulfate and Phosphate Anions

anion pKa 1a pKa 2a pKa 3a molecular volumeb (Å3) anion hydration energyb (kJ/mol)

PO4
3� 2.1 7.2 10.9 56 �498

SO4
2� �3 1.9 51 �1130

apKa of conjugate acid. bCalculated values assuming pH = 6 and an average charge of �2 for sulfate and �1.4 for phosphate.3

Scheme 1. Plausible Structural Formulas of H-Bonded
Complex between Oxyanions and 1,3-Diaryl Urea Monomer
1 (left) and Structures of Oxyacids Used in the Study
(Right)a

aPPA = phenylphosphonic acid; PSA = phenylsulfonic acid; BA =
benzoic acid; and PPrA = phenylphosphoric acid.

Scheme 2. Structural and Compositional Parameters for
Tuning Host-Guest Association Strengtha

aEWG = electron withdrawing group.
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increasing host sti�ness (R4 = vinyl in Scheme 2).41 For
ternary HG complexes formed from phosphate dianions and
urea hosts (2:1 complex in Scheme 3), host preorganization
has been enhanced by introducing the cleft-like host monomer
2 (1:1 complex in Scheme 3).28

Considering oxyanion�oxourea complexation, the stability
has been shown to increase in the order of increasing acceptor
basicity, i.e., PhSO3

� < PhOP(OH)O2
� < PhP(OH)O2

� �
PhCOO� < PhPO3

2- � PhOPO3
2�.43 To verify this trend we

decided to investigate 1 with respect to its complex stability
with model anions in the form of TBA-salts of PPA, PPrA, BA,
and PSA. Interaction strength and complex stoichiometries
were investigated through 1H NMR titration or isothermal
titration calorimetry (ITC) (see the Supporting Information
(SI)). Titrating 1 with PPA·TBA in DMSO-d6 and PPA·2PMP
in THF-d8 resulted in strong down�eld shifts of urea protons
Ha and Hb and more moderate shifts of the aromatic protons
Hc-f (Figure S1). The moderate down�eld shift of He and
up�eld shift of Hf are in agreement with previous NMR
titration study of 1,3-bis(4-nitrophenyl)urea with acetate.44 1H
NMR studies using Jobs method of continuous variation
con�rmed a preferred 1:1 stoichiometry. Complex stability
constants were calculated using the induced down�eld shifts of
the urea protons of 1 (Figure S1). With respect to
monoanions, 1 formed more stable complexes with benzoate
anion BA (Keq = 8820 M�1) followed by PPA (Keq = 7005
M�1) and PPrA (Keq = 676 M�1), whereas the complex with
the sulfonate PSA was too weak to be detected (Table S1).
This agrees with the trend determined by Kelly et al.43

Comparing with monoanions, the dianions of PPA and PPrA
interact more strongly with 1.28 The relative a�nity of the two
dianions is re�ected in the down�eld shifts of Ha and Hb
(Figures 1 and 2) where PPrA (Figure 1c) display larger shifts
than PPA (Figure 1b), again in line with the literature results.

To gain more insight we performed molecular dynamics
(MD) simulations of the prepolymerization mixtures. MD
simulations o�er unique insights into the nature of the
interactions between polymerization mixture components
providing diagnostic/prognostic correlation to polymer per-
formance.46,47 Compositions of simulated and evaluated
systems and chemical structures are presented in Table 2
and Figure S15.

Full system all-atom simulations were performed using the
same stoichiometries employed for polymer synthesis. The
results overall con�rmed the presence of stable interactions
between the neutral, mono-, and di-valent anions of PPA and 1
(Tables 3 and S8�S10 and Figure S15) with the dianion of
PPA (PP2) (PPrA not investigated using MD) displaying a

higher degree of H-bonding than the monoanion (PP1) or
neutral PPA template.

However, the monoanionic PSA template (PS1) performs as
well, even slightly better than PP2 considering complex
formation with 1 (Tables S8�S10). A rank order of a�nity
for 1 was observed where anionic neutral PSA < neutral PPA <
anionic PP1 < dianionic PP2 < PS1 (Tables 3 and S8�S10).
This obviously disagrees with the NMR results where no
interactions between PS1 and 1 could be detected. The
systems di�er though with respect to solvent polarity, the base,
presence of cross-linker, and the concentration of all species
which we believe can account for these contrasting results
(vide infra).45�48

To gain further insight into the nature of the urea complexes
between 1 and the two anions we performed 2D-NOESY
NMR experiments and molecular modeling as reported by
others.11 As shown in Figure 3a the free 1 shows strong cross-
peaks with the residual water signal at ca. 2.9 ppm indicating
water protons close in space to the urea protons. In addition,
weaker cross-peaks are observed between the two-urea protons
Ha and Hb resulting from the Z,Z-urea conformer with the two
protons juxtaposed (Figure 3e). The addition of half an
equivalent of PPA·2PMP (Figure 3b) and PPrA·2PMP (Figure

Scheme 3. Anticipated Ternary or Binary Monomer�
Template Complexes Formed Using Mono- (Left) Or Di-
(Right) Functional Urea Host Monomers

Figure 1. 1H NMR spectra of (a) 1 and (b) 2:1 ratio of 1:PPA·2PMP
and (c) 2:1 ratio of 1:PPrA·2PMP in THF-d8. [1] = 30 mM.

Figure 2. 1H NMR chemical shift changes of urea host monomer 1
complexation with PPA·2PMP or PPrA·2PMP. �� = � (in the
presence of anion) � � (in the absence of anions), induced by
addition of 1/2 equiv of di�erent anions to receptor 1.
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3c) to 1 gave rise to a stronger NOE between these protons
and an interesting crosspeak between the more acidic Ha
proton and the exchangeable PMPH+ proton, visible as a broad
signal at 3.5 ppm (Figure S1e).

The former re�ects stabilization of the Z,Z-conformer,
whereas the latter a close contact between 1 and PMP, this
providing an indirect support for the existence of the
anticipated ternary complex between 1, PMP and the dianions
(Scheme 4) This is in agreement with previous reports on
urea- and squaramide-based sulfate receptors.12,49 Results from
MD simulations also support the argument for higher order
complexes observed in cameo images from the production run
(Figures S16 and S17) and in the radial distribution function
(RDF) analyses (Table 4).

As expected, the degree of complexation increases with the
template charge, e.g., P2C (T = PPA dianion) display clusters
involving any part of 6 molecules of 1 within 5 Å from a
template molecule, whereas only half of this number is seen in
P1C. Generally, PMPH+ was found in the simulations to be in
close proximity to the templates and engaged in extensive H-
bonding with charged templates (Table 3). These results
support the observed solubilization of the template PPA·2PMP
in the presence of 1 in THF (Scheme 4). Whereas the
ammonium phosphonate salt was poorly soluble in this

solvent, the solution became completely clear after addition
of 2 equiv of 1. This provides unequivocal visual proof for the
presence of prepolymerization complexes between 1 and PPA·
2PMP.

Polymer preparation and characterization. Imprinted
and nonimprinted polymers were thereafter prepared and
characterized (see SI and Tables S2�S4) using the urea host
monomer 1 in a 2:1 and 1:1 stoichiometric ratio to the
templates: PPA, PSA, or BA in their monoanionic or dianionic
forms (Scheme 4). Nonimprinted polymers (PN) were
prepared identically to the imprinted polymers though in the
absence of template. Figure S2 shows the 25�36 �m particle
fraction obtained after crushing and sieving of the polymer
monoliths and template removal by solvent extraction. These
were subjected to physical characterization as follows: C, H,
and N elemental analysis of imprinted and nonimprinted
polymers after removal of template matched calculated values
after correction for water uptake. This is re�ected in the
agreement between calculated and found N/C ratios (Table
S3). Thermogravimetric analysis (TGA) of the polymers
produced weight loss curves typical for highly cross-linked
networks with onset above 200 °C (Figure S3) and complete
weight loss obtained at 450 °C. Meanwhile, the transmission
FTIR spectra (Figure S4) showed all characteristic bands with

Table 2. Composition of Systems Simulated and Evaluateda

c P1N P1C P2N P2C P3N P3C P4N P4C

Tb PPA PP1 PPA PP2 PSA PS1 PSA PS1
PMPb 20 40 20 40 20
PMPH+b 20 40 20 20
1 20 20 40 40 20 20 40 40
EGDMAb 800 800 800 800 800 800 800 800
THF 2760 2760 2760 2760 2760 2760 2760 2760

aNumbers of virtual molecular models of each molecule included in performed simulations of systems. See Figure S15 for molecular
representations and de�ned abbreviations. bT = template (20 equiv), PP1 = PPA monoanion, PP2 = PPA dianion, PS1 = PSA monoanion, PMP =
1,2,2,6,6-pentamethylpiperidine, EGDMA = ethylenglycoldimethacrylate. cPXN/C, Polymer system X, neutral (N) or charged (C).

Table 3. H-Bond Analysis Resultsa

Tb PMP PMPH+ 1 EGDMA THF

P1C PP1 0.00 0.00 0.11 0.00 0.00
PMPH+ 64.54 0.00 0.00 0.00 0.01
1 24.26 0.00 0.11 18.27 9.50

P1N PPA 77.27 0.00 0.04 46.69 18.41
1 13.42 0.00 0.10 25.93 12.96

P2C PMPH+ 23.42 0.00 0.00 0.00 0.00
1 74.37 0.00 0.27 15.11 7.55

P2N PPA 38.96 0.00 0.09 77.59 14.66
1 33.57 0.00 0.50 48.62 24.68

P3C PMPH+ 75.69 0.00 0.00 0.00 0.13
1 47.39 0.00 0.05 11.84 6.02

P3N PSA 0.08 0.00 0.02 2.80 2.00
1 1.06 0.00 0.36 29.18 14.78

P4C PMPH+ 80.58 0.00 0.00 0.00 0.00 0.01
1 85.22 0.00 0.00 0.19 16.85 7.15

P4N PSA 0.08 0.00 0.05 2.76 2.00
1 1.50 0.00 0.39 30.18 15.69

aSummarized average interactions, as percent of total simulation time, between all atom pairs of indicated molecular species. See Figure S15 for
molecular representations and de�ned abbreviations. All analyses involving templates were averaged against the number of templates (20 in each
system). All interactions including the urea monomer 1 but not the template was averaged against the number of urea monomer molecules in each
system (see Table 2). Cross-linker interactions with solvent and bases were averaged against the number of cross-linkers (800 in all systems) and,
�nally, base self-interaction and solvent interaction were averaged against the number of base molecules in each system (20 in P1, P3 N/C systems
and P4C, 40 in P2 N/C and P4N systems). bInteractions with the template in the analyzed system.
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no apparent di�erence between imprinted and nonimprinted
polymers all in all, indicating a stoichiometric monomer

incorporation and successful template removal from the
imprinted polymers.

Figure 3. 1H�1H NMR NOESY spectra of 1: (a) and (b) (close-up), (c) 2:1 ratio of 1:PPA·2PMP and (d) 2:1 ratio of 1:PPrA·2PMP in THF-d8
and (e) anion induced conformational stabilization detected by an increase 1H�1H NMR NOESY between Ha and Hb. [1] = 30 mM. The arrows
indicate the urea�water (a) and urea�Ha,Hb cross peaks (b�d).

Scheme 4. Solubilization of the Bis-PMP-Salt of PPA by the
Addition of 2 Equiv of Urea Host Monomer 1 in THF and
Procedure for Imprinting

Table 4. Numbers of Molecules within a 5.05 Å Cuto� from
Each Templatea

EGDMA PMPH+ PMP T THF 1

T-P1C 8 13 0 15 3
T-P1N 12 0 5 17 1
T-P2C 5 33 0 7 6
T-P2N 13 0 2 17 3
T-P3C 8 14 1 14 4
T-P3N 12 0 0 21 1
T-P4C 8 11 0 0 14 6
T-P4N 12 1 0 20 1

aValues presented are obtained through integration of RDFs,
assuming the template as the solute molecule with an average
number of molecules within the cuto� for an average template.
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