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ABSTRACT: Bioinspired hydroxypyridinone (HOPO)-
functionalized materials are shown to display a remarkable capacity
for stability and for chelating a wide array of metal ions. This allows
for the synthesis of multifunctional networks with diverse physical
properties when compared to traditional catechol systems. In the
present study, we report a facile, one-pot synthesis of an amino
HOPO ligand and simple, scalable incorporation into PEG-acrylate
based networks via active ester chemistry. This modular network
approach allows for fabrication of patterned HOPO containing
networks which can chelate a range of metal ions, such as transition
metals (Fe3+) and lanthanides (Ho3+, Tb3+), leading to modulation
of mechanical, magnetic, and fluorescent properties. Moreover,
networks with tailored, heterogeneous properties can be prepared
through localization of metal ion incorporation in 3-dimensions via masking techniques, creating distinctly soft, hard, magnetic, and
fluorescent domains.

■ INTRODUCTION
Biomimetic and bioinspired polymer network systems display a
wide range of remarkable properties with tailored mechanical
responses,1−3 chemical diversity,4 and stimuli responsive
behavior.5 Synthetic design of such materials has borrowed,
mimicked, and expanded upon natural motifs and represents
an enticing area of research with a variety of synthetic
strategies available for network formation and property
modulation.1−3,5 While traditional approaches based on
building blocks such as catechol derivatives have demonstrated
success in preparing bioinspired materials with controlled
mechanical responses,6−10 there is a great interest in
developing stable, biomimetic materials with added function-
alities and stimuli responsive characteristics for applications
ranging from membranes and sensors to soft robotics and
magnetic tweezers.5,11−15 Particularly desirable in these latter
domains are capabilities such as lanthanide chelation to impart
luminescent and magnetic properties, as they offer rapid
responses with facile control of external stimuli.16 While
strategies exist to target such behaviors, implementing user-
friendly modular designs at the molecular level is challenging
and can often require repeated design of chemical motifs for
property modulation.5

In pursuit of functional, resilient network materials, various
building blocks have been employed to create materials with
desirable properties. A wide array of bioinspired approaches

exist, with examples ranging from embedded (nano)particulate
fillers12,16,17 to controlling physical properties via metal−ligand
chelation.3,18−22 In particular, use of metal−ligand bonding has
been a cornerstone of widely studied metallo-supramolecular
networks, which have achieved a wide array of desirable
properties, including but not limited to modulation of
mechanical, magnetic, luminescent, and self-healing proper-
ties.23−27 While fundamental work from such coordination
polymer literature has provided a basis for metal−chelating
polymer networks, the present research focuses on building
these foundational motifs into dual-network materials
composed of both covalent and metal−ligand bonds. Covalent
polymer networks and modulation of their properties play
critical roles in a range of systems, including hydrogels,
membranes, and even soft robotics. Through decoration of
metal−ligand cross-linking sites within the network, properties
of the parent, covalent networks can therefore be further tuned
via the selection of both ligand and metal ion, providing a facile
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route to metal chelating networks amenable to applications in
systems such as sensors, and membranes for lanthanide
separation.3,28−31 Moreover, the metal-ion chelation enables
diverse properties to be tuned within the same bioinspired
polymer network scaffold as a function of the metal ion used,
and for these properties to be selectively localized via soft
lithography techniques.19,21 In particular, the ability to chelate
mixtures of transition metal and lanthanide ions is of interest
for their ability to form mechanically robust cross-linking sites,
as well as for their unique magnetic and optical proper-
ties.3,19,32 As such, there is a present interest in developing
methods for preparing functionalized polymer network
scaffolds capable of these functions.
Covalent polymer networks incorporating metal−ligand

building blocks often take inspiration from the chemical
structures of well-studied natural systems which utilize
transition metal coordination,3 including marine mussels,33

invertebrate jaws,34−37 tunicates,38 and others,39−41 with more
recent developments highlighting lanthanide-based systems in
bacteria.42−44 While bioinspired motifs such as catechols have
been widely studied, mimosine-mimetic functionalities con-
taining the hydroxypyridinone (HOPO) motif have emerged
as a useful class of chelating ligands45−48 based on their
function in mimosoid plants for ion transport.49,50 These
mimosoid plant inspired ligands offer structural similarities and
a range of attractive features analogous to siderophore-mimetic
catechol ligands, but with increased stability,51 resistance to
oxidation, and wider scope for the chelation of both transition
metals and rare earth elements.45,48,52−55 As such, plant
inspired, HOPO-containing small molecules have been
employed in metal chelating drugs such as deferiprone and
as ligand scaffolds for medical and imaging applications.45,56−58

Despite their small molecule utility, the preparation of
polymeric networks based on HOPO is understudied in the
literature,51,55,59 likely owing to challenges with the multistep
synthesis of functional HOPO building blocks.45 As such, there
is a need for straightforward network functionalization
strategies to expand the use of the HOPO motif in comparison
to other siderophore analogues and to enable potential
screenings in synthetic membranes and magnetic soft material
applications.
In the present study, we demonstrate a user-friendly and

scalable synthetic method for the preparation of HOPO
functionalized networks through postpolymerization modifica-
tion of active ester networks. The potential of these systems is
two-fold. We demonstrate facile and scalable installation of
HOPO motifs into networks via postpolymerization mod-
ification, allowing for comparison to other metal chelating
ligands without concerns of changing network topology or
monomer reactivity ratios. Secondarily, we demonstrate the
utility of the HOPO ligand as a versatile motif for tuning an

array of material properties by expanding beyond classical iron
chelation examples to tune network mechanical, magnetic, and
fluorescent properties through the patterned incorporation of
multiple metal ions, both individually and as mixtures. Using
recently developed boronic acid chemistry,60 an amino-
functionalized HOPO ligand compatible with active ester
chemistry and PEG-acrylate cross-linked networks is reported
and directly compared to the corresponding catechol function-
alized derivatives.21,29 This versatile and efficient strategy
allows parent covalent networks to be functionalized with
HOPO building blocks and the chelation of transition metals
such as iron studied for mechanical reinforcement55 and/or
lanthanides examined for the preparation of samples with
inherent paramagnetism and UV-induced fluorescence through
holmium and terbium cations.32,45,52,61,62 Building upon prior
patterning methods based on selective solution exposure,19,21

the ability to spatially control metal center incorporation is
demonstrated for the preparation of heterogeneous, compo-
site-like materials with localized mechanical, magnetic, and
fluorescent behaviors based on multiple metal ion chelation.

■ RESULTS AND DISCUSSION
A recent hydroxypyridinone (HOPO) synthesis was employed
to prepare an active ester compatible HOPO ligand on a
multigram scale in a one pot approach. Classic preparation
methods45,55,59 for HOPO derivatives require hazardous
reagents and crucially require a multistep synthesis process
with multiple protection/deprotection reactions for the
starting maltol. To circumvent these limitations, we leveraged
the method developed by Ke and coworkers60 to prepare
amino-functionalized HOPO from simple starting materials
using water as the solvent (Scheme 1). This facile approach
allows for multigram scale preparation from cheap reagents,
which further enables large scale preparation of HOPO
functionalized networks. In brief, maltol was reacted with N-
boc-ethylene diamine in the presence of phenylboronic acid to
create the protected hydroxypyridinone intermediate. The
product as a viscous oil was deprotected in situ with
concentrated hydrochloric acid and purified via recrystalliza-
tion.63 Detailed synthetic methods and characterizations for
the HOPO ligand are included in the Supporting Information.
PEG-acrylate network chemistries were selected as a

representative network composition due to their wide adoption
in hydrogels, membranes, and soft robotic systems,15,29 and
functionalized networks were then prepared from a solvent free
PEG-acrylate monomer mixture. Resin compositions contained
pentafluorophenyl acrylate (PFPA, active ester), PEG-
diacrylate (PEGDA, Mn = 700 g/mol, cross-linker), PEG-
acrylate (PEGMEA,Mn = 480 g/mol, diluent monomer), and a
small amount of 2,2-dimethoxy-2-phenylacetophenone

Scheme 1. Synthesis of Amine-Terminated HOPO Ligand
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(DMPA, 0.1 wt.%) as a photoinitiator.21,29 This resin mixture
was dispensed between quartz plates with the film thickness
controlled by spacer gauges followed by an UV-curing for 2
min (365 nm, 3 mW/cm2) to form free-standing cross-linked
films. Demonstration film compositions utilized a mixture of
3/39/58 mol % PEGDA/PEGMEA/PFPA, with high PFPA
content selected for consequentially high ligand content,
leading to improved resolution in metal center patterning
demonstrations (vide infra), and film compositions for
comparison to prior work on catechol functionalized
materials.21

To compare and contrast the properties of the final HOPO
functionalized networks with traditional catechol systems,
parent PFPA networks were then substituted with either the
synthesized amino-functionalized HOPO derivative (Scheme 2
and Supporting Information) or commercially available
dopamine (2-(3,4-dihydroxyphenyl)ethylamine hydrochloride
salt) following reported procedures.21 A major advantage of
this building block approach for network functionalization is
the ability to obtain films with the same cross-link density and
functionalization level to facilitate comparisons between
different functional chemistries, without concerns of major
topological changes due to changes in network preparation
conditions.21,29,64 Moreover, for both catechol- and HOPO-
functionalized networks, metal ions could be incorporated
using the same procedures as described previously,20,21,65

specifically bicine buffered solutions at pH 7.5. Iron was
initially selected for mechanical reinforcement of HOPO
networks55 with lanthanide ions being selected based on their
magnetic (Ho3+ and Tb3+) and fluorescent (Tb3+) properties.
It should be noted that the inclusion of Ho3+ and Tb3+ ions
also results in mechanical reinforcement (vide infra).
Following metal center installation, but samples were
thoroughly dialyzed for 3 days with daily exchange in deionized
water to remove residual salts and buffer components and then
deswollen using a series of solvent gradients with decreasing
polarity.
Effective preparation of active ester networks and

quantitative incorporation of the respective ligands into the
PEG-acrylate network was validated via FTIR spectroscopy

which confirmed full substitution of pentafluorophenyl active
ester groups.21,29 Figure 1 demonstrates the presence of key

diagnostic peaks from the pentafluorophenyl group at 985,
1520, and 1780 cm−1 in the precursor networks and the
disappearance of these peaks upon substitution with an amine
terminated ligand. For both catechol- and HOPO-function-
alized networks, an amide stretching band at ∼1660 cm−1 is
observed after amidation.
To further confirm the quantitative nature of the

substitution reaction, a soluble, linear polymer analogue was
prepared and used for diagnostic NMR spectroscopy studies to
highlight the facile incorporation of the HOPO unit. In this
case, a linear precursor was prepared by free radical

Scheme 2. (Top) Installation of HOPO Ligand into PFPA Networks and (Bottom) Complexation with Metal Salts in Aqueous
Mediaa

aComplexation was conducted with Fe(NO3)3, Ho(NO3)3, and TbCl3.

Figure 1. FTIR−attenuated total reflection (ATR) of the random
copolymer networks. From top to bottom: a 3/39/58 mol %
PEGDA/PEGMEA/PFPA network before substitution (yellow), a
PEG-acrylate network after substitution with hydroxypyridinone
ligand (purple), a PEG-acrylate network after substitution with
dopamine (red). Diagnostic peaks from the PFPA moieties (gray
highlighted peaks) at 985, 1520, and 1780 cm−1 disappear after
reaction with amine ligands with amide stretching bands appearing at
∼1660 cm−1.
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copolymerization of PFPA and PEGMEA, followed by
substitution with the amine terminated HOPO ligand using
a procedure comparable to that developed for network
substitution (Supporting Information). As seen in Figure 2,
active ester motifs are efficiently substituted with the amine
terminated ligand, producing unique diagnostic resonances in
the aromatic region, as well as changes in the backbone
resonances upon acrylamide formation.63,66 It was also noted
that the pendant HOPO resonances in the aromatic region
were observed to shift with the relative pH of the solution and
protonation of the ring as noted previously by Gomes et al.63

Further characterization of substituted materials by NMR

spectroscopy (13C, 19F, etc.) is included in the Supporting
Information.
To highlight the stability of HOPO-functionalized networks

prior to chelation relative to their traditional catechol
counterparts, a set of pH mediated aging experiments were
conducted. Catechol-containing materials demonstrate limited
stability, particularly under basic oxygenated conditions, with
known pH-dependent oxidation and autoxidation leading to
coloration and cross-linking between neighboring catechol
moieties.10,67,68 Conversely, HOPO containing materials
demonstrate significantly improved stability under the same
conditions, in part due to changes in electron density in the
heteroaromatic ring.45,51,55,59 As visually demonstrated in

Figure 2. Top to bottom, 1H NMR spectra of the free HOPO ligand, starting PFPA-co-PEGMEA linear active ester copolymer, and the substituted
HOPO-functionalized copolymer. Key aromatic resonances (a′ and b′) are noted upon substitution of PFPA sites with HOPO functionalities, and
additional spectra (13C, 19F, integrated 1H, etc.) are included in the Supporting Information.

Figure 3. A visual comparison of the oxidative stability for catechol (top row) and HOPO (bottom row) functionalized networks. From left to
right, samples before, during, and after 24 h of aging in basic, aqueous media under normal atmospheric conditions. Samples stored in 1 mM HCl
solutions were transferred to KOH solutions buffered with bicine (0.2 M) at pH 9 for 24 h followed by dialysis and equilibration in 1 mM HCl
storage solution.
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Figure 3, disk samples of HOPO and catechol functionalized
networks were transferred from acidic storage solutions (1 mM
HCl) to basic, aqueous solutions buffered at pH 9 (KOH and
0.2 M bicine) for 24 h, imaged, and then returned to acidic
solution. Catechol samples displayed characteristic color
changes related to quinone formation and oxidative
coupling,10,51,67 while no appreciable changes were observed
for HOPO-functionalized materials, consistent with prior
studies.51,55 This difference in visual appearance between
catechol and HOPO systems after base mediated oxidation was
further illustrated by FTIR measurements at 24 and 72 h, and
via comparison with the FTIR spectra of control, pristine
samples and via comparison to controls oxidized with sodium
periodate (NaIO4) (Figure S5). For the catechol samples,
peaks due to quinone formation were apparent,69−71 while
negligible changes in the FTIR spectra were observed for
HOPO samples. Further characterization of base treated
HOPO and catechol films was conducted via UV−vis
measurement (Supporting Information). Results demonstrated
appreciable changes in spectra morphology for base treated
catechol samples, while only minimal changes were observed
for HOPO networks. Present observations are in line with
expectations and prior stability characterization by Andersen et
al.51 These results highlight the stability of the HOPO motif
under these conditions compared to traditional siderophore
mimetic catechol moieties.
To build desired material properties into these modular

networks, an array of metal ions was selected to complex with
mimosine-inspired HOPO ligands to tailor mechanical,
magnetic, and fluorescent properties. Additionally, to demon-
strate potential applications of the HOPO system, strategies
were developed for spatially patterned metal chelation to
localize mechanical, magnetic, and fluorescent responses using
methods previously delineated in the literature.19,21,61−64 To
illustrate the incorporation of different metal cations, a 3/39/
58 mol % PEGDA/PEGMEA/PFPA network was prepared as
a standard parent film with the functionalized networks being
characterized after metal center installation via a combination
of Raman spectroscopy and scanning electron microscopy
(SEM). Prior literature21,33 has demonstrated the utility of
Raman spectroscopy for confirming the presence of metal−
ligand chelation in polymer networks, and comparable
approaches were used in this study to elucidate the nature of
HOPO−metal center cross-links. Crucially, as seen in Figure 4,
diagnostic peaks are observed for the HOPO units in the
metal-free parent sample (686 cm−1) which change dramat-
ically after iron chelation (∼570 cm−1), in agreement with
literature reports for iron−hydroxypyridinone complexes,
confirming the introduction of Fe3+−HOPO cross-links.72

Similarly, Raman spectroscopy provides support for the
formation of HOPO−lanthanide complexes. While literature
reports of Raman spectra for this metal−ligand complex are
sparse, comparable vibrational spectroscopy studies have been
conducted with tropolone−lanthanide and tropolone−tran-
sition metal complexes which demonstrate similar diagnostic
peak shifts from the metal-free to metal-complexed sys-
tems.73−75 A diagnostic peak shift from the metal-free ligand
(686 cm−1) to the metal-complexed sample (approximately
705 cm−1) is observed and attributed to changes in ring and
M−O vibrational modes upon chelation as seen in the Ho3+−
HOPO sample (Figure 4 and Supporting Information for
additional metal salts).

The impact of a tunable metal−ligand-based network on the
parent PEGDA covalent network was studied by comparing
the mechanical and magnetic properties of bulk, homogeneous
and patterned HOPO-functionalized networks with both the
parent network as well as the corresponding catechol-
functionalized systems. Mechanical behavior of homogeneous
polymer networks was initially examined in a three-point bend
test with the results demonstrating a significant increase in
elastic modulus after metal center incorporation (Figure 5a).
For Fe3+-based materials, catecholate and HOPO-function-
alized materials both demonstrate high elastic moduli after
complexation, relative to their metal-free networks, indicating
formation of elastically active metal−ligand cross-links
compared to their metal-free base networks (elastic moduli
of 3.1 MPa for metal-free catechol networks and 3.8 MPa for
metal-free HOPO samples). While some oxidation is
anticipated in the Fe3+−catechol system, prior work has
shown that the metal−ligand cross-linking and microstructure
account for the bulk of the mechanical reinforcement,20,21,65

and iron ions in solution can serve a protecting role in reducing
the rate of oxidative catechol−catechol coupling at mildly basic
pH.67 However, the advantages of the HOPO ligand relative to
traditional catechol systems are readily observed following
complexation with lanthanide ions. Appreciable differences in
elastic moduli were noted, with HOPO networks demonstrat-
ing high elastic moduli when complexed with Ho3+ (∼300
MPa) while catechol-functionalized materials increased to only
moderate elastic moduli after Ho3+ incorporation (∼12 MPa).
At present, these mechanical changes for catechol−lanthanide
samples are predominantly attributed to oxidation of catechol
residues,21,33 and some potentially weak or unstable capture of
lanthanide ions by catechol moieties, but at insufficient levels
to provide significant mechanical reinforcement, in line with
prior observations by the Raymond group.76 Moreover, while
diagnostic catechol−lanthanide peaks could not be identified
via Raman spectroscopy, a paramagnetic moment was
observed in magnetometry (vide infra) indicating the presence
of trace paramagnetic Ho3+ ions in agreement with minor
amounts of holmium being detected by scanning electron
microscopy−energy dispersive X-ray spectroscopy (SEM−

Figure 4. Raman spectra of HOPO-functionalized networks with and
without metal ions. From top to bottom: a 3/39/58 mol % PEGDA/
PEGMEA/PFPA network after HOPO substitution (purple), a
HOPO containing network of the same composition after complex-
ation with Ho3+ (pink), and a HOPO network of equivalent
composition after complexation with Fe3+ (red).
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EDS). Figure 5a clearly illustrates the differences in mechanical
reinforcement achieved through secondary catechol and
HOPO networks after chelation with either iron or holmium
complexes (for additional mechanical testing data and
methodology, see the Supporting Information). These
mechanical differences show the ability of HOPO ligands to
chelate a wide variety of metal ions while also highlighting the
limitation of catechol systems for lanthanide capture from
aqueous media in mildly basic pH.45,76

As a further demonstration of both mechanical reinforce-
ment and the ability to pattern networks via HOPO-
functionalized materials, a parent bulk HOPO network was
patterned by only exposing the central portion of the film to
Ho3+ cations. In a classical bending demonstration, the metal-
complexed region of the film (Figure 5b,c, center pale yellow
region) displays significantly increased rigidity and resistance
to bending in comparison to both the regions not exposed to
Ho3+ as well as a metal-free HOPO control sample (Figure
5c,d), resulting in deformation for the patterned sample only in
the metal-free regions. These results highlight the versatility of
HOPO-functionalized PEGDA covalent networks for prepar-
ing mechanically heterogeneous composite-like materials with

tailored properties using a second metal−ligand network based
on transition metals as well as lanthanide cations.
To further illustrate the potential properties of the HOPO

networks, magnetometry measurements were conducted to
probe the strong paramagnetic response of the lanthanide−
HOPO networks. Data for homogeneous catechol and HOPO-
functionalized films after complexation with holmium are
presented in Figure 6a and reveals clear differences in the

magnetic response of each respective film. While both systems
display a paramagnetic response, HOPO films show a
significant increase in magnetic moment per gram of material
for the same applied field compared to that of the catechol-
functionalized system. While chelation of lanthanides by
catechol-functionalized networks was not observed via
Raman spectroscopy, we observe Ho3+ in SEM−EDS measure-
ments of Ho3+−catechol films and posit that minor amounts of
the lanthanide metal center may be retained within the
network via interactions between catechol hydroxyls and
lanthanide metal ions.76,77 These results are consistent with
expectations of improved stability and increased lanthanide
capture of HOPO−lanthanide complexes relative to those of
the corresponding catechol materials. In addition, the ability to
pattern HOPO-functionalized networks allows magnetic
heterogeneity to be introduced in addition to the mechanical
heterogeneity discussed above. Utilizing the same Ho3+-HOPO
patterned sample, we demonstrate the ability to prepare

Figure 5. (a) Elastic moduli, E, measured via 3-point beam bending of
dry, homogeneous, metal−ligand polymer networks. Error bars
represent standard deviations from the replicate measurements.
Iron−catechol elastic moduli and standard deviation were taken
from previous publication using the same preparation and network
composition.21 (b) Polymer film of a 3/39/58 mol % PEGDA/
PEGMEA/HOPO network functionalized with Ho3+ cations only in
the middle, pale, yellow-colored square. (c) Comparison of film
mechanical behavior under bending between Ho3+-patterned (left)
and metal-free systems (right), demonstrating the heterogeneous
mechanical response of the patterned sample. (d) Parent polymer film
of 3/39/58 mol % PEGDA/PEGMEA/HOPO without any metal
ions installed in the network showing homogeneity of the bulk system.

Figure 6. (a) Magnetization curves of bulk, homogeneous holmium
Ho3+ complexed polymer networks substituted with either catechol
(light brown squares) or HOPO (pink triangles) moieties. A metal-
free HOPO network (purple circles) is provided for comparison. (b)
Polymer film of 3/39/58 mol % PEGDA/PEGMEA/HOPO with a
central section functionalized with Ho3+−HOPO complexes via
surface patterning. (c) Still image showing the HOPO−Ho3+
patterned film being lifted by a magnet in contrast to the metal-free
control film. Video format is viewable online in Movie S1. (d)
Polymer film of 3/39/58 mol % PEGDA/PEGMEA/HOPO with no
metal ion coordination.
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contiguous polymer networks with heterogeneous magnetic
behavior. As observed in Figure 6c and Movie S1, the metal-
free control sample and metal-free regions of the patterned
sample display negligible magnetic response to a benchtop
magnet. Conversely, the holmium Ho3+ patterned region of the
film displays a strong paramagnetic response and enables the
entire patterned sample to be raised. It should be noted that
these synthetic approaches are compatible with a wide array of
polyacrylate and related network chemistries and may enable
development of novel material libraries for soft-robotics
applications and magnetic tweezer systems.15,78−80

An important feature of the HOPO chemistry is the ability
to predictably exchange metal centers, which allows the HOPO
unit to bind both transition metals, such as Fe, as well as a
range of lanthanides, such as Ho and Tb. This range of
lanthanide metal ions offer attractive properties when chelated
including paramagnetism and UV induced fluorescence with
large, diagnostic Stokes shifts.18,32,81 By leveraging the ability
to exchange lanthanide ions,82,83 coupled with the strong
binding of Fe3+ with HOPO,45 we demonstrate the ability to
pattern the negative or “dark” image onto fluorescent Tb3+−
HOPO films via exchange and installation of nonfluorescent
metal centers. As shown graphically in Figure 7, this allows
complex patterned samples to be prepared with localized
fluorescence through the chelation and exchange of terbium
metal centers.
The complexity of the patterned network structures that can

be achieved with this strategy is demonstrated in Figure 8a. In
this case, an untreated 3/39/58 mol % PEGDA/PEGMEA/
HOPO film is initially fully exposed to Tb3+ cations leading to
a formation of a secondary Tb3+−HOPO network throughout
the original PEGDA covalent network. Masking of this bulk
Tb3+−HOPO material is then achieved by placement of
patterned PDMS films on both the top surface and the bottom
surface of the PEGDA films. The top surface or bottom surface
of the Tb3+−HOPO film is then exposed to aqueous solutions
of Ho3+ and Fe3+ ions, respectively. The exposed areas undergo
exchange of metal centers resulting in patterned areas of
Ho3+−HOPO or Fe3+−HOPO networks within overall Tb3+−
HOPO films. As can be seen in Figure 8b, the areas of the
original Tb3+−HOPO film appear green under 254 nm light
with a negative “dark” pattern being achieved through
exchange of the fluorescent Tb3+ centers with nonfluorescent
holmium and iron metal cations. Significantly, the versatility of
this strategy combined with the range of potential transition
metal and lanthanide cations allows for potential applications
in information storage and encryption18,84 through selection of
different combinations of metal centers.

Detailed characterization of the metal ion patterning was
then achieved by scanning electron microscopy−energy
dispersive X-ray spectroscopy (SEM−EDS) measurements,
which highlight the fidelity and degree of control with this
metal ion exchange strategy (Figure 9). For both Ho3+ and
Fe3+ exchange, the significant increase in Ho3+ and Fe3+
content can be directly correlated with the original exposed
areas of the PDMS patterned masks as well as with a
corresponding decrease in Tb3+ content. It should be noted
that SEM−EDS also demonstrated the facile preparation of
homogeneous, gradient, and surface patterned materials in the
z-direction through exchange conditions (Supporting Informa-
tion). These results highlight the modularity of this strategy for

Figure 7. 3D rendering of selective patterning and installation of different metal cations into HOPO-functionalized networks via initial Tb3+
complexation followed by a cation exchange using modular patterning approaches. (Left) An untreated HOPO network. (Middle) A fully
complexed Tb3+−HOPO network. (Right) Simultaneous top and bottom surface patterning of Fe3+ and Ho3+ by exchange with Tb3+ metal centers.

Figure 8. (a) Image of a polymer film of 3/39/58 mol % PEGDA/
PEGMEA/HOPO under ambient light after complexation with Tb3+
and patterning of Ho3+ and Fe3+ ions via metal center exchange, with
representative metal-ion-containing areas denoted via the guide at left.
(b) Image of a polymer film of 3/39/58 mol % PEGDA/PEGMEA/
HOPO under UV light (254 nm). Here Tb3+-complexed regions of
the film appear green while Ho3+ and Fe3+ patterned surfaces do not
fluorescence.
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controlled incorporation of metal ions in tandem with targeted
property installation and suggest the utility of this strategy for
preparing various surface patterned materials with desirable
properties and localized mechanical, magnetic, and fluorescent
responses.

■ CONCLUSION
The versatility of this network strategy based on dual cross-
linking modes of covalent PEG-diacrylate cross-links and
metal−ligand cross-links using scalable hydroxypyridinone
(HOPO) building blocks is demonstrated. When compared
to traditional catechol systems, the corresponding HOPO-
functionalized materials are shown to display increased
oxidative stability and enhanced chelation for lanthanide
metal ions. This allows for tailored mechanical, magnetic,
and luminescent properties while retaining the advantages of a
robust double network. Through facile metal ion exchange,
these films can also be patterned with multiple cations while
retaining excellent fidelity in the x-, y-, and z-directions. Future
work will enable the development of novel multimaterial
systems for magnetic tweezers, soft-robotic materials, and
selective membranes for lanthanide capture and recovery.
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