7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Control over Ba(i)-mediated single-chain polymer
nanoparticle compaction by dynamic metal
complexation

{ M) Check for updates ‘

Cite this: Polym. Chem., 2025, 16,
4537

12 Ada Quinn, & 9

f

*d,e

Sebastian Gillhuber, & 12°€ Jochen A. Kammerer,
Joshua O. Holloway, ) ®¢ Kai Mundsinger,®< Evelina Liarou,
Dmitri Golberg, €2 ¢ Hendrik Frisch, €2 °< Megan L. O'Mara,
Christopher Barner-Kowollik (2 *><9" and Peter W. Roesky () **9

The current study investigates the dynamic interactions of barium ions with a synthetic polymer, leading
to the formation of intramolecularly folded single-chain nanoparticles (SCNPs), providing targeted control
over the polymer morphology. Understanding of the experimental findings is aided by sophisticated
molecular dynamics simulations. The high contrast provided by the heavy metal ions within the barium-
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functionalized nanoparticles enables the scanning transmission electron microscopy (STEM) imaging of
single metal atoms within individual SCNPs. The reported findings are expected to aid the in-depth
understanding of metal polymer interactions in general. The newly developed concepts hold key potential

rsc.li/polymers for the investigation of structure—property relationships of metallopolymers in an unprecedented fashion.
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Introduction

In his famous 1959 speech “There’s plenty of room at the
bottom”, Richard Feynman outlined his vision of “manipulat-

ing and controlling things on the small scale”." Before and

after, the field of nanotechnology has fascinated scientists and
over the years has evolved to a versatile playground for various
fields of research. One area of particular interest is the syn-
thesis and application of nanoparticles. In general, nano-
particles are substances with a spatial extent of less than
100 nm in at least one dimension.> Taking inspiration from
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naturally occurring proteins, which form nanosized particles
with unique, outstanding properties from a linear strand of
amino acids via intramolecular interactions, the field of
single-chain nanoparticles (SCNPs) has emerged. SCNPs are
constructed from individual synthetic macromolecular chains
by intramolecular interactions of complementary functional
groups, resulting in more compact morphologies compared to
the precursor macromolecules.® Intramolecular single-chain
folding is commonly based on covalent*'® or non-
covalent'®® interactions,® and the folding units can either be
randomly distributed along the polymer chain, commonly
referred to as repeat unit folding, or be located at predefined
positions, referred to as selective point folding.>®

Following the design principles of natural metalloproteins,
our groups and others have focused on the metal functionali-
zation of SCNPs, allowing to synergistically combine the tune-
able characteristics of polymeric materials with the diverse
functionalities of metal complexes inspired by nature’s
perfection.>’>> The precise location and distribution of metal
ions within individual SCNPs can exert a critical influence on
their function.>” However, contemporary analytical methods
provide little to no insights on the distribution of the metal
functionalities within individual macromolecules.

Achieving on-demand control over polymer morphology is
one of the driving forces of polymer chemistry in general and
the SCNP field in particular. Especially intriguing is the tar-
geted manipulation of the folding and unfolding process of
individual macromolecular chains. Consequently, apart from
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SCNP folding, the reverse process of SCNP unfolding triggered
by external stimuli has gained significant attention in recent
years.”® Various external triggers have been investigated,
including mechanical force,”**> temperature®® or pH
changes,'>”” disruption of self-assembly or host-guest inter-
actions by chemical triggers®®™®® or electrochemically,’* redox
reactions,®” or even light®*®® and further studied in compu-
tational work.®®®” Within the above listed examples, only two
systems are based on the on-demand reversion of metal
polymer interactions.>**’

In the current study, we introduce the synthesis of SCNPs
folded via dynamic interactions with Ba(u) ions (refer to Fig. 1).
The dynamic nature of the interactions is demonstrated by soph-
isticated molecular dynamics simulations and experimentally
verified by exploiting the well-established chemistry of barium in
aqueous solution, thereby achieving targeted control over the
SCNP folding state. The high scanning transmission electron
microscopy (STEM) contrast provided by the heavy metal ions
present within our Ba() SCNPs enables the imaging of metal
atoms within individual SCNPs with single-atom sensitivity.

Results and discussion
Single-chain polymer compaction by Ba(u) complexation

Initially, a statistical copolymer of poly(ethylene glycol) methyl
ether methacrylate (PEGMEMA, average M, = 300 g mol~ ") and
2-carboxyethyl acrylate (Polymer P1) was synthesized by revers-
ible addition—-fragmentation chain transfer polymerization
(RAFT). While PEGMEMA provides solubility in polar solvents,
such as water, the carboxylic acid groups of the 2-carboxyethyl
acrylate moieties enable the simple and efficient post-polymer-
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ization modification of P1. Given the statistical nature of the
described copolymerization process, all SCNP folding reactions
reported herein follow the repeat unit approach.>® A number-
average molar mass of M, = 48 700 g mol " and dispersity of P
= 1.5 were determined for P1 by size-exclusion chromatography
(SEC) measurements in tetrahydrofuran (THF). Analysis of the
'H nuclear magnetic resonance (NMR) spectrum of P1 indi-
cates a content of close to 14% 2-carboxyethyl functionalities
per macromolecular chain (refer to SI Chapter 3). Ba(u)-
mediated single-chain polymer compaction to form SCNP1-Ba
was achieved by slow addition of a solution of P1 in water to
an aqueous solution of barium hydroxide octahydrate (refer to
Fig. 1). The basic nature of the barium hydroxide octahydrate
ensured the quantitative deprotonation of the carboxylic acid
functionalities in P1. However, considering the high dilution
of the polymer solution, the carboxylic acid groups were
expected to be deprotonated even in the absence of a strong
base according to Ostwald’s dilution law.

On a functional group level, the conversion of the carboxylic
acid functionalities of P1 to carboxylate groups within SCNP1-
Ba was confirmed by infrared (IR) spectroscopy (refer to
Fig. 2a). It is noted in passing that quantitative comparison of
IR data is to be considered with caution, however, the qualitat-
ive differences between the spectra are unambiguous. A
decrease in the intensity of the carbonyl band at dc—o =
1724 cm™", accompanied by the emergence of two new bands
for the asymmetric carboxylate vibration at J,s coo = 1583 cm ™
and the symmetric carboxylate vibration at 7s,coo = 1410 cm™,
respectively, is evident.®® The carbonyl band did not vanish
completely as carbonyl groups are also part of the ester bonds
in the side chains of P1, which remain virtually uninfluenced
by the SCNP folding process to SCNP1-Ba.
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Fig. 1 Schematic illustration of the synthesis of SCNP1-Ba from polymer P1.
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Fig. 2 Analytical confirmation of the Ba(i)-mediated folding of polymer P1 (black) to SCNP1-Ba (red). (a) Superimposed FT-IR (ATR) spectra. Insert
shows the difference in transmittance (blue) between P1 and SCNP1-Ba obtained by subtraction of the respective transmittance spectra in the
selected region. (b) Superimposed *H DOSY NMR spectra (400 MHz, D,O, 313 K). Spectral trace on top refers to P1. Error bars refer to data fitting
error. Horizontal lines indicate average diffusion coefficients. Asterisk denotes residual solvent resonance. (c) Superimposed SEC chromatograms
(THF, RI, PMMA cal.). (d) Superimposed number-weighted DLS size distributions (H,O, mean diameter by number, average values derived from five

measurements).

SCNP formation is based on the introduction of intra-
molecular crosslinks to individual macromolecular chains.
However, IR spectroscopy is incapable of differentiating
between intramolecular crosslinking, required for SCNP for-
mation, and undesirable intermolecular interactions. Thus,
size-sensitive techniques were employed to verify the success-
ful intramolecular collapse of P1 upon reaction with Ba(u) ions
to form SCNP1-Ba. Successful SCNP compaction was evident
from diffusion-ordered "H NMR spectroscopy (DOSY) in D,O
(refer to Fig. 2b), revealing an increase of the average diffusion
coefficient of SCNP1-Ba (D = 6.67 x 10™'" m> s') with respect
to P1 (D = 6.44 x 107" m? s7'), in line with the expected
decrease in the hydrodynamic volume of the polymer particles
upon single-chain folding. The molar mass distribution of
SCNP1-Ba obtained by SEC in THF is shifted towards lower
apparent molar masses compared to the corresponding distri-
bution of P1, again evidencing single-chain compaction (refer
to Fig. 2c and SI Fig. S5). The derived number-average and
peak molar masses decreased from M, = 37 500 g mol™" and
M, = 51600 g mol~* for P1 to M, = 18400 g mol " and M,, =
41700 g mol™ for SCNP1-Ba. Concomitantly, the dispersity

This journal is © The Royal Society of Chemistry 2025

changed from D = 1.5 (P1) to P = 1.9 (SCNP1-Ba). This trend
was corroborated by dynamic light scattering (DLS) measure-
ments in water (refer to Fig. 2d), showing a decrease of the
number-average hydrodynamic diameter from Dy, = 4.9 nm for
P1 to Dy, = 4.7 nm for SCNP1-Ba.

To explore the effect of the barium loading on the compac-
tion process, the SCNP folding reaction was conducted in the
presence of different amounts of barium hydroxide octahy-
drate at a constant polymer concentration. As a trend, the com-
paction is less pronounced at lower barium loadings (refer to
SI Fig. S2).

To ensure that the observed compaction is indeed based on
the coordination of polymer-bound carboxylate functionalities
to barium ions and is not caused by alterations of intra-
molecular hydrogen bonding interactions due to the presence
of barium ions, a styrene-based model system with signifi-
cantly reduced abilities for intramolecular hydrogen bonding
compared to P1 was synthesized. Detailed characterization of
this model system (P2/SCNP2-Ba) in THF revealed that Ba(u)-
induced SCNP folding also occurs in systems in which altera-
tions in intramolecular hydrogen bonding due to the presence

Polym. Chem., 2025, 16, 4537-4547 | 4539
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of barium ions are not expected to play any significant role
(refer to SI Chapter 5).

Molecular dynamics simulations reveal dynamic metal
polymer interactions

To deepen the understanding of the interactions of the Ba(u)
ions with polymer P1, united atom molecular dynamics simu-
lations were performed. Briefly, different starting confor-
mations were generated® and their interactions with Ba(u)
ions in water’® investigated. Computational details are pro-
vided within the SI (Chapter 6).

The simulations revealed a dynamic nature of the metal
polymer interactions, with the barium ions constantly binding
to and unbinding form the macromolecules across the simu-
lation trajectories. On average, a given Ba(u) ion was in contact
with at least one functional group of the macromolecule for
about 66% of the simulation time (refer to SI Table S8). SI
Table S6 shows the distribution of the number of barium ions
bound to a macromolecular chain over the simulation frames,
indicating that the majority of SCNPs featured six to fourteen
barium ions per nanoparticle under the employed conditions.
The barium ions were found to be surrounded by two defined
coordination spheres (refer to SI Fig. S22). Coordination of
functional groups of the polymer to the innermost coordi-
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nation sphere was rare and short lived, accounting for less
than 1.5% of the total simulation time (refer to SI Table S8).
Instead, the majority of metal polymer interactions took place
in the second coordination sphere, whereas the first coordi-
nation sphere was dominantly populated by solvent molecules.
While interactions of ether and ester oxygen atoms of the
polymer side chains with the Ba(u) ions occurred (refer to SI
Tables S11-S13), metal binding was predominantly achieved
via the carboxylate groups (refer to SI Table S9). Carboxylate
oxygen atoms were found within the second coordination
sphere of the barium ions in more than 80% of all metal
polymer interactions (refer to Fig. 3a and SI Table S9). In over
25% of cases, more than one carboxylate group was co-
ordinated to a given barium ion (refer to Fig. 3b-d and SI
Tables S9 and S10). Notably, these bridging interactions
occurred more frequently in systems with an extended starting
conformation (12% of all metal polymer interactions) than in
systems with a compact starting conformation (8% of all metal
polymer interactions), whereas the frequency of all metal
polymer interactions proved to be independent of the initial
chain conformation. In extremely rare cases, accounting for
about 0.2% of all metal polymer interactions, ten or more PEG
side chain ether oxygen atoms were present in the second
coordination sphere of the barium ions (refer to SI Table S11).

Fig. 3 Graphical illustration of the interactions of Ba(i) ions with poly(PEGMEMA-co-2-carboxyethyl acrylate) investigated by united atom molecular
dynamics simulations (modified GROMOS 54a7 force field). (a) Illustration of one carboxylate group in the second barium coordination sphere. (b)
Coordination of multiple carboxylates to the same barium ion, bridging distant regions of the macromolecular chain. (c) Zoomed-out contour
between the distant carboxylates highlighted in cyan. Labels refer to the position along the chain. (d) Interactions of carboxylate monomers adjacent
in the macromolecular chain with the same barium ion. (e) Encapsulation of a hydrated barium ion within the macromolecular chain. (f) Zoom-in to
the encapsulated solvated barium ion. Color code: PEGMEMA grey contours, 2-carboxyethyl acrylate red contours, hydrogen white, carbon grey,
oxygen red, barium green, water blue.

4540 | Polym. Chem., 2025, 16, 4537-4547 This journal is © The Royal Society of Chemistry 2025
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Detailed investigation of these rare events revealed encapsula-
tion of a barium ion, together with its associated solvation
shell, leading to the movement of the metal ion through the
macromolecule before returning to the surrounding solvent
(refer to Fig. 3e and f).

To probe the influence of metal coordination on the size of
the macromolecules, radii of gyration were determined in the
absence and presence of barium ions, respectively (refer to SI
Table S7). In simulations with compact starting confor-
mations, the macromolecules remained tightly compact
throughout the entire simulation. In simulations with
extended starting conformations, the macromolecules col-
lapsed to form compact conformations within 100 ns and
remained compact for the duration of the simulation (refer to
SI Fig. S23). For SCNPs with extended starting conformations
the radii of gyration continued to decrease slightly
throughout the simulations, suggesting that further polymer
compaction continues throughout the simulation time.
Regardless of the initial conformation, the presence of Ba(u)
ions did not influence the radius of gyration to a relevant
extent. However, the presence of barium ions increased the
rate of collapse of the macromolecules with extended initial
conformations (refer to SI Fig. S24). It is hypothesized that the
barium ions increase the interactions of functional groups
from different regions of the SCNP, reducing the occurrence of
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flexible extended conformations through transient bridging
interactions. This results in an apparent reduction in average
size when an ensemble of macromolecules is considered, as is
the case in size-sensitive experimental measurements such as
SEC, DLS or DOSY.

In summary, the simulations demonstrate the critical
effect of the carboxylate functionalities for the binding of the
barium ions to the polymer and rationalize their effect on the
polymer compaction. Further, the simulations indicate
that the barium ions are reversibly bound to the macro-
molecules, making the SCNP compaction a dynamic equili-
brium process.

Reversing SCNP folding by barium sulfate precipitation

The dynamic nature of the interactions of the barium ions
with the macromolecules can be exploited to achieve targeted
control over the folding state of the SCNPs. Specifically,
control over the folding of P1 and unfolding of SCNP1-Ba was
reached by exploiting the well-known chemistry of barium in
aqueous solution. As demonstrated in detail above, the coordi-
nation of polymer-bound carboxylate moieties to Ba(u) ions
induced single-chain compaction. The latter was reversed by
the addition of a sulfate source to an aqueous solution of
SCNP1-Ba, leading to the precipitation of barium sulfate owing
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Fig. 4 Reversible control over the folding of polymer P1 and unfolding of SCNP1-Ba. (a) Graphical illustration of the reversible folding of P1 and
unfolding of SCNP1-Ba. (b) Superimposed SEC chromatograms (THF, RI, PMMA cal.) of P1 (black), SCNP1-Ba (red) and the products obtained after
unfolding of SCNP1-Ba (blue) and refolding of the regenerated polymer (green). (c) FT-IR (ATR) spectra of P1 (black), SCNP1-Ba (red) and the

product obtained after unfolding of SCNP1-Ba (blue).
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to its very small solubility product in water.”* To regenerate the
precursor polymer P1, it is additionally necessary to add a
proton source to reprotonate the carboxylate moieties, making
sulfuric acid the ideal candidate to achieve this in an elegant
one-step procedure. The regenerated polymer can sub-
sequently be employed in another folding reaction (refer to
Fig. 4a).

The superimposed SEC chromatograms (refer to Fig. 4b),
showing virtually no deviations between P1 and the product
regenerated after unfolding as well as SCNP1-Ba and the
product obtained in a second folding step, respectively,
demonstrate the excellent reversibility of the process on a
macromolecular level. The reversibility on the functional
group level is evident from the superimposed IR spectra of P1,
SCNP1-Ba and the product obtained after unfolding of the
latter (refer to Fig. 4c). Upon unfolding, the intensity of the
carbonyl vibrational band at fc—o = 1724 cm ™" is recovered to
the original value of P1, whereas it was reduced for SCNP1-Ba.
Further, unfolding led to the disappearance of the bands
associated with the asymmetric (J5 coo = 1583 em™") and sym-
metric (Js coo = 1410 em™") carboxylate stretching vibrations.

Scanning transmission electron microscopy imaging of
individual heavy metal atoms within SCNPs

Reproducible synthesis is a key factor determining the under-
standing and applications of single-chain technology. However,
given the oftentimes synthetic unfeasibility of selective posi-
tioning of functionalities along a macromolecular chain,
insights about the internal structure and distribution of func-
tional moieties in SCNPs based on the repeat unit approach are
highly desirable, yet challenging to obtain. For crystalline in-
organic materials, atomic-level scanning transmission electron
microscopy (STEM) imaging has become a routine investigation
method due to the wider availability of aberration correction.”
One of the major STEM imaging modes is annular dark field
(ADF) or Z-contrast imaging, detecting electrons scattered to
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large angles due to Coulomb interactions with the sample
atoms. In this imaging mode, the scattering signal intensity
scales with the square of the atomic number of the sample
element under investigation, enabling the detection of individ-
ual heavy atoms.”® The contrast provided by the heavy barium
atoms present in SCNP1-Ba makes the samples ideal for study-
ing the internal structure of a metal-functionalized SCNP by
STEM with single-atom sensitivity.

Initially, samples of SCNP1-Ba were prepared by dilution of
the reaction mixture by a factor of one thousand and drop
casting of the resulting solution on standard ultra-thin carbon
film TEM grids followed by blotting of the excess solvent and
drying. At low magnifications, barium-rich clusters were
visible as bright areas (refer to Fig. 5a), and at higher magnifi-
cations individual barium atoms were identified as well-separ-
ated bright spots (refer to Fig. 5b).

From the STEM images, the number of barium ions per
individual SCNP could in principle be obtained by direct
counting of the visible atoms. The automated counting of indi-
vidual well-separated atoms is a routine task,”* however, the
situation becomes drastically more complex when images are
populated with overlapping atoms, rendering the identifi-
cation of individual atoms challenging. To circumvent this
challenge in the present case, the number of barium ions per
nanoparticle was determined by integration of the signal
intensity of identified individual barium clusters, which is jus-
tified by the direct proportionality of the measured dark field
Z-contrast signal intensity to the number of atoms.”” In detail,
individual barium atoms were initially identified in high mag-
nification images and their integrated signal intensity deter-
mined as the sum of the measured signal intensities within
the considered area corrected by the average signal of the sur-
rounding area to account for the background. Subsequently,
the measured signal intensity within the area of a barium
cluster identified in the high magnification image was inte-
grated and the background corrected in the same way. The
above approach enabled the quantification of the number of

Fig. 5 ADF-STEM images of samples of SCNP1-Ba on carbon film. (a) Low magnification overview image showing bright individual clusters with
high local barium concentrations. The sample was prepared by manual blotting and drying after deposition of an aqueous solution of SCNP1-Ba
with a polymer concentration of 0.001 mg mL™%. The large bright spot is a gold nanoparticle used as focus aid. (b) High magnification image of an
individual cluster at the atomic level. (c) STEM image of a sample prepared employing a Gatan Cryoplunge 3 setup for blotting and drying after depo-
sition of an aqueous solution of SCNP1-Ba with a polymer concentration of 0.01 mg mL™.
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barium atoms within the identified cluster based on the pre-
viously determined intensity per barium atom. The obtained
information was subsequently used to calculate the average
integrated signal intensity per barium atom for the identified
cluster at lower magnification. Based on these data, the
number of barium atoms within other clusters visible in the
low magnification image could be determined, enabling the
analysis of a large number of clusters at low magnification.
Evaluation of 472 clusters identified in low magnification
images resulted in a mean and median barium content of 32
and 26 atoms, respectively (refer to SI Fig. 526).

It is noted that agglomeration of individual SCNPs upon
drying throughout the sample preparation procedure could
potentially lead to an overestimation of the number of barium
ions per SCNP. To reduce this effect and establish a more
reproducible sample preparation method, the application of a
cryoplunge setup for blotting and subsequent drying was
explored. The corresponding samples showed a drastically
reduced density of bright areas on the substrate (refer to
Fig. 5¢). This is a result of the thinner and more homogeneous
aqueous film upon blotting using the cryoplunge setup com-
pared to manual blotting. The obtained STEM images show
that every SCNP only contained one to two barium atoms, indi-
cating that agglomeration upon drying might have indeed
been a critical issue in the previously discussed images.

It is further noted that the sample preparation required a
significant dilution of the reaction mixture to be capable of
imaging individual clusters. Given the dynamic nature of the
barium polymer interactions discussed in detail above,
dilution is expected to shift the relevant equilibria, leading to
a different number of barium ions per SCNP in the prepared
microscopy samples compared to the situation at higher con-
centrations during synthesis.

Despite the criticality of sample preparation and imaging
conditions for the precise quantification of the barium loading
of individual SCNPs, atomic-level STEM imaging holds key
potential for the exploration of the internal structure of metal-
functionalized SCNPs not achievable by any other analytical
technique. The advantage of this method is not only the high
level of detail by resolving individual atoms, but also the possi-
bility to produce statistically relevant data. Therefore, an in-
depth understanding of metal polymer interactions can be
achieved and structure-property relationships established in an
unprecedented fashion, especially for catalytically active SCNPs
with metal active sites, and metallopolymers in general.”®

Conclusions

Barium-mediated single-chain nanoparticle (SCNP) compac-
tion was achieved by the reaction of barium hydroxide octahy-
drate with the carboxylic acid functionalities of a copolymer of
poly(ethylene glycol) methyl ether methacrylate and 2-carbox-
yethyl acrylate (Polymer P1).

The resulting nanoparticles SCNP1-Ba were characterized by
infrared (IR) spectroscopy, and the successful intramolecular

This journal is © The Royal Society of Chemistry 2025
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folding verified by size-exclusion chromatography (SEC), dynamic
light scattering (DLS) and diffusion-ordered spectroscopy (DOSY).
Sophisticated molecular dynamics simulations revealed the revers-
ible nature of the barium polymer interactions in aqueous solu-
tions of SCNP1-Ba, which opened a pathway towards targeted
control over the polymer morphology by exploiting the low solubi-
lity of barium sulfate to reverse the SCNP folding reaction.

The high contrast provided by the heavy metal ions enabled
the annular dark field (ADF) scanning transmission electron
microscopy (STEM) imaging of individual barium atoms
within SCNP1-Ba, providing in-depth insights into the number
and distribution of metal ions on the level of individual SCNPs
inaccessible by any other analytical technique.””

The findings reported herein pave the way for further explora-
tions of the dynamic interactions between metals and polymers,
aiding in the understanding of, for instance, structure-property
relationships in the research area of metallopolymers or the role
of metal cofactors in naturally occurring metalloproteins. The
2-carboxyethyl functionalities in our polymers are reminiscent of
the side chain of glutamic acid, a vital component of a plethora
of natural proteins, which can bind a variety of biologically rele-
vant metal ions, such as Mg”* or Ca®". Therefore, our SCNPs
might find applications as model systems for the study of bio-
logically meaningful dynamic metal-carboxylate interactions.
The imaging of barium ions with single-atom sensitivity might
give insights into metal-carboxylate interactions which cannot
be assessed with the lighter alkaline earth ions.
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