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Abstract

Nature achieves extraordinary functionality through macromolecules such as proteins
and enzymes, which fold into precise three-dimensional structures that enable selective
and efficient catalysis. Inspired by these systems, synthetic chemists have developed
single-chain polymeric nanoparticles (SCNPs), in which individual polymer chains
undergo intramolecular cross-linking and collapse into compact nanostructures. SCNPs
represent a versatile class of biomimetic materials with applications in catalysis, drug
delivery, sensing, and imaging. Among them, metallo-folded SCNPs—formed through
coordination between metal ions and ligand sites along the polymer backbone—act as
catalytic nanoreactors, closely mimicking enzymatic function while offering advantages in
reusability and solubility tuning. However, progress in rational SCNP design has been
hindered by their intrinsic heterogeneity: differences in chain length, monomer sequence,
and functional group distribution lead to diverse folding pathways and structural outcomes
that are not resolved by ensemble-averaged techniques such as dynamic light scattering
(DLS), size exclusion chromatography (SEC), and diffusion-ordered NMR spectroscopy
(DOSY NMR).

This thesis addresses this challenge by applying ion mobility—mass spectrometry (IMS-
MS) as a molecular-level tool to characterize individual ionized SCNP precursor polymers
and their collapsed forms in the gas phase. In IMS, ions drift through a neutral gas under
an electric field, and their collisional cross section (CCS)—a rotationally averaged
measure of ion—gas interactions reflecting overall size and shape—is extracted from
mobility data. By integrating IMS-derived CCS values with atomistic molecular dynamics
simulations (MD) and density functional theory (DFT) calculations, this work establishes
the starting point for correlating gas-phase ion structures with solution-phase folding

behavior in synthetic polymers.

Collectively, these results demonstrate that IMS-MS provides the molecular resolution
necessary to characterize heterogeneity, folding pathways of precursor SCNPs. When
ionized in the gas phase. The thesis establishes a validated experimental-computational

toolbox for probing synthetic polymer folding at the single-chain level and offers design



principles for next-generation functional nanostructures that more closely mimic Nature’s

precision”.

Introduction

Richard Feynman famously remarked “The imagination of Nature is far, far greater than
the imagination of Man.” Indeed, scientists have long turned to Nature for inspiration.
Natural macromolecules, such as enzymes, achieve extraordinary functionality through
their precise and dynamic three-dimensional (3D) architectures—featuring specific
shapes and meticulously positioned functional groups on their surfaces or interiors."

Nature has demonstrated its skill of functional design through proteins, which power a
wide range of biological processes from gene expression to enzymatic catalysis.? These
remarkable molecules perform complex tasks within intricate biological environments with
unmatched efficiency and selectivity. Their catalytic ability is owed to precision
morphologies, a direct result of their sequence-defined primary structures composed of
amino acids. This precise sequence enables controlled folding, resulting in catalytic
pockets that stabilize the transition states of substrates undergoing biochemical

transformations.3

Inspired by the folding behavior of proteins and enzymes, macromolecular chemists today
aim to design synthetic single polymer chains that undergo intramolecular cross-linking
and collapse into nanoparticles mimicking Nature’s precision. These single-chain
nanoparticles (SCNPs) hold immense promise as biomimetic materials and provide
insight into protein folding processes. Their versatility spans applications in drug
delivery,*’ sensing,?? catalysis,'® and imaging contrast agents,'" owing to their diversity

of structures and compaction behaviors.

The collapse of SCNPs can be modulated by external stimuli such as temperature, pH,
solvent and metal ion complexation. For example, metallo-folded SCNPs collapse
through complexation between metal ions and ligand moieties grafted along the polymer
chain.'®'3 These complexed metal ions serve as catalytic centers, enabling SCNPs to



function as innovative, reusable catalysts. Among their most advanced applications is
their role as catalytic nanoreactors, effectively mimicking enzymatic activity.'® Current
approaches aim to strategically incorporate metal ions at specific sites on the polymer
chain via grafted ligands, seamlessly combining metal incorporation with chain collapse.
Metallo-folded SCNPs have demonstrated impressive substrate specificity and product
selectivity in reactions such as terminal alkyne coupling’ and aldehyde-alcohol
coupling.’™ Furthermore, their solubility can be fine-tuned by adjusting the polymer
backbone, enhancing recovery and reuse, clear advantages over traditional metal

complexes.6.17

However, conventional SCNPs synthesized from synthetic polymers are inherently
polydisperse, with variations in sequence, chain length, and functional group positioning.
Each individual chain may exhibit different catalytic behaviors, depending on the number
of catalytic centers and the specific architecture of its catalytic pocket. Thus, a deep
understanding of the structure-activity relationship of individual SCNPs is critical for

identifying the most promising chain architectures.

Traditional SCNP characterization techniques, such as dynamic light scattering (DLS),
size exclusion chromatography (SEC) and diffusion-ordered NMR spectroscopy (DOSY
NMR), offer useful insights into the average hydrodynamic radius reduction. However,
these methods cannot resolve the behavior of individual polymer strands within the

diverse SCNP ensemble that inevitably arises from polydisperse precursors.

Addressing this limitation, the present PhD thesis focuses on developing a novel
methodology to gain deep insight into the size and shape of SCNP parent or pre-
polymers. Given that collapse processes involve significant structural changes from the
precursor to the SCNP, we leverage the capabilities of ion mobility spectrometry (IMS)
coupled with mass spectrometry (IMS-MS) to carefully determine the structure of SCNP
precursor polymers with increasing complexity in the gas phase.’®2% Mass spectrometry
was chosen as the primary characterization tool in the current thesis for its unique ability
to probe the size and shape of the complex polymer. Our approach centers on IMS-MS
which selectively analyzes ionized species such as the metallo-folded complex polymer

targeted in this project.



Critically, ion mobility spectrometry (IMS) measures the mobility of ions as they drift
through a neutral gas under the influence of an electric field. From these mobility
measurements, the collisional cross section (CCS) is derived. The CCS represents the
rotationally averaged interaction area between an ion and the buffer gas molecules, and
depends on the ion’s overall size, shape, and charge distribution. lons with different
conformations spend different amounts of time inside the mobility cell: for example, a
compact, tightly folded ion undergoes fewer collisions and therefore exhibits higher
mobility (smaller CCS), while an extended or open conformation experiences more
frequent collisions, leading to lower mobility (larger CCS). Thus, CCS provides a
physically meaningful descriptor of molecular conformation in the gas phase and enables
IMS to distinguish between different folded states of polymers and SCNPs. Comparing
these experimental CCS values with theoretical estimates (CCStn) obtained via atomistic
simulations enables the elucidation of the structures of these ions at the molecular level.
Furthermore, we investigate the energetic landscape underpinning SCNP formation using
density functional theory (DFT), shedding light on the interactions driving nanoparticle

folding.

Literature Review

Single chain polymeric nanoparticles

Single chain nanoparticles (SCNPs) are the simplest synthetic system by which chemists
can mimic natural enzymes. SCNPs are single polymer chains that undergo
intramolecular collapse to form nanoparticles upon the application of an external stimulus.
These SCNPs are generally formed by intramolecular interactions. In general, SCNPs

are prepared using high dilution?* techniques to avoid intermolecular interactions.

Single-chain polymeric nanoparticles (SCNPs) stand at the forefront of synthetic
nanomaterials designed to emulate the structural and functional sophistication of natural
enzymes. These innovative entities are constructed from individual pre- or parent polymer
chains — which are the focus of the current PhD thesis — that fold into compact, nanoscale
architectures through intramolecular collapse, triggered by external stimuli such as light,

temperature shifts, pH variation, or the introduction of specific chemical reagents. This

10



self-folding behavior enables SCNPs to achieve molecular-level precision in form and
function, qualities that are highly sought after in catalysis, drug delivery, and molecular

recognition.

The folding process is predominantly governed by strategically placed reactive or
interactive functional groups along the polymer backbone, which drive the chain to
collapse upon activation. To prevent the formation of undesired intermolecular crosslinks
— an outcome that would compromise their monodisperse and unimolecular nature —
SCNPs are typically synthesized under high-dilution conditions. This controlled
environment ensures that the folding remains strictly intrachain, thereby preserving the

discrete, single-molecule character that defines these materials.

Single-chain polymeric nanoparticles (SCNPs) can be systematically classified based on
the underlying mechanism by which the polymer chain undergoes folding. Broadly, these
mechanisms fall into two principal categories: (i) selective point folding and (ii) repeat unit
folding.?®

Selective point folding is a highly controlled approach wherein crosslinking sites are

strategically positioned at specific locations along the polymer backbone. This precision
enables the formation of SCNPs with well-defined and reproducible architectures,
allowing for consistency in structural features across different synthetic batches. Such
uniformity is particularly valuable when the nanoparticles are intended for applications

that require tight control over size, shape, or functionality.

In contrast, repeat unit folding relies on a statistical distribution of cross linkable units

along the polymer chain. Folding in this case emerges from the spontaneous interactions
of these randomly placed functional groups, resulting in structurally diverse and
morphologically irregular SCNPs. While less predictable, this approach can yield dynamic

and adaptable materials with a wide range of properties.
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Beyond these two foundational strategies, SCNPs are further distinguished by the
chemical nature of the folding process, typically categorized into (i) homo-functional
coupling (involving identical reactive groups), (ii) hetero-functional coupling (requiring
complementary reactive pairs on the same chain), and (i) crosslinker-mediated collapse
(employing an external bifunctional agent). Each of these modes reflects a unique folding
mechanism and chemistry, imparting distinct structural and functional characteristics to

the resulting nanoparticles (refer to Figure 1).26-28

The following section briefly describes three different collapse methods:

i) Intrachain Homo-coupling: In the homo-coupling chain-collapse pathway,
complementary reactive groups are introduced into the copolymer chain. Under dilute
conditions, these groups undergo an intramolecular reaction (refer to Figure 1a).

ii) Intrachain hetero-coupling: Similar to the homo-coupling chain-collapse approach,
this technique requires the simultaneous incorporation of two complementary functional
groups within the same polymer chain, rather than a single functionality (refer to Figure
1b). As in the previous case, the reaction must be carried out under dilute conditions.

iii) Crosslinker-Induced Collapse: A bifunctional crosslinking agent is used in the
crosslinker-induced chain-collapse technique to cause a functionalized polymer chain to
fold intramolecularly into a unimolecular nanoparticle. The polymer is pre-functionalized
with reactive groups, which are designed to selectively interact with two complementary
end groups present on the crosslinker molecule (refer to Figure 1c). To suppress
unwanted intermolecular crosslinking, the components are typically combined in a
controlled manner often by the gradual addition of one reagent into the other under dilute
conditions. This method offers two significant advantages: It simplifies the synthesis of
the precursor polymers by avoiding complex orthogonal chemistries, and it enables the
incorporation of extra functional motifs through the design of the crosslinker itself

enhancing the chemical versatility and potential applications of the resulting SCNPs.
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Homo-functional Hetero-functional ” Cross linker
induced

SRS

Figure 1. In SCNPs, there are three different forms of crosslinking: (a) Homo-functional, (b) Hetero-functional and (c)

Crosslinker-induced collapse.

Nature employs a diverse array of orthogonal interactions to stabilize the folded structures
of biomacromolecules, including covalent cross-links (such as disulfide bonds), non-
covalent interactions (such as metal coordination, hydrogen bonding), and dynamic
covalent interaction (such as acetal formation). Inspired by these natural design
principles, the generation of single-chain polymeric nanoparticles (SCNPs) often mirrors
these strategies, incorporating similar covalent and non-covalent motifs to drive and

stabilize intramolecular folding.!

Therefore, reversible covalent (dynamic),?®3° irreversible covalent®-3® and non-
covalent3®6 cross linking are the most common methods to produce the folding of the
polymer chain (refer to Figure 2a). The methods used to collapse the polymer chain play
a critical role in the resulting structure and properties of the generated SCNPs. Both the
size of the polymer and the properties of the SCNPs may be tuned by varying the nature
of the intramolecular cross-linker. The methods used for the cross-linking are often based
on the Friedel-Craft reaction,3' free radical coupling,3¢-3” photo-induced cycloaddition,38

azide-alkyne''47=49 click reactions or thiol-ene®%%!  thiol-yne%? click reactions,
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photoinduced nitrile imine mediated tetrazole-ene®® cyclo addition (NITEC),
photodimerization of coumarin®* and photodimerization of anthracene (refer to Table 1).5°

(a)

Cross-linkingl ~ Different cross-linking methodologies

(b)

@ e Metal-ions

Figure 2. (a) Collapse of a single chain polymer into a nanoparticle via different cross-linking methodologies.%¢ (b)
SCNP formation by introducing metal ions in a polymer chain containing ligand moieties. Metal cations are responsible

for both the folding and catalytic activity."® Reproduced with permission from references [13, 56].
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Table 1. The chemistry of crosslinking reactions toward SCNPs

Numerous proteins present in the human body display enzymatic activity that is due to
the presence of different type of metal ions, such as Zn in zinc-anhydrase,®” Fe in
hemoglobin,*® and Cu in hemocyanin.®® Therefore, to mimic the catalytic activity of
biomolecules or to gain a better understanding of them, it is necessary to generate SCNPs
with metal centers. Recently, Barner-Kowollik and coworkers introduced metallo-folded

polymer chains (refer to Figure 2b) in which the metal centers are responsible for both
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Photodimerization of anthracene

Tetrazole-ene cyclo addition

the collapse of the chain and the resulting catalytic activity.'3

In the following section, we delve into the fascinating realm of metallo-folded SCNPs, with
a particular focus on systems incorporating Pd, Fe, and Cu. These metal centers not only
drive the intramolecular folding through coordination chemistry, but also impart unique

structural and functional properties to the resulting nanoparticles.
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Metallo-folded SCNPs using Pd

Barner-Kowollik and coworkers reported one of the first and most significant examples of
single-chain collapse caused by metal complexation.®® Homotelechelic bis-
triphenylphosphine (PPhs) macromolecular groups that bind with a Pd(ll) precursor were
used in their investigation to accomplish polymer collapse, which results in the formation
of large cyclic complexes (refer to Figure 3). Here, the phosphorus atoms at both ends of
the polymer chain serve as ligand sites that bind to Pd centers, effectively folding the

polymer into a well-defined single-chain polymeric nanoparticle (SCNP).

=
0 o]
Br o 1. NaN;, DMF
Br%o/\vo Br o T~ Br
Q

Y. Ve e
3
Ve

” o
@ P©\g0\/<jN&|[ ] O i r,:,"‘\jwo%(@

Pd(COD)Cl,

P,F’h Ph\P
Ph~ \\Pd‘/ “Ph

Figure 3. Pd complexation results in the formation of large cyclic complexes.?® Reproduced with permission from

reference [60].

The folding process was monitored using both 'H and 3'P NMR spectroscopy, which

revealed characteristic downfield shifts indicative of successful macrocyclization.
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Complexation is evidenced by a significant downfield shift in the proton resonances of the
aromatic protons of the triphenylphosphine moieties.6%8" In addition, Pd-induced SCNP
formation was investigated using dynamic light scattering (DLS), indicating a 26%
reduction in hydrodynamic radius compared to the precursor polymer, evidencing the
effective single-chain collapse. Complementary size exclusion chromatography (SEC)
measurements featured the expected shift toward higher retention times, further
confirming a decrease in hydrodynamic diameter. Together, these techniques provide
compelling evidence of efficient Pd complexation and nanoparticle formation by the

macroligands.

The team expanded the methods to prepare well-defined metal (Pd) induced single-chain
nanoparticles (Pd(I1)-SCNPs) using the repeat unit approach.? Using nitroxide-mediated
random copolymerization, the precursor polymers were synthesized. Suitable functional
groups were then introduced wusing post-polymerization modification. Here,
triphenylphosphine (PPhs) units embedded along the polymer backbone served as ligand
sites that coordinate with Pd(ll) ions (refer to Figure 4), driving the formation of compact

and uniform SCNPs through efficient metal-ligand complexation.
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Figure 4. Pd complexation results in the formation of Pd-SCNPs.62 Reproduced with permission from reference [62].

In contrast to the earlier approach — where cross-linking sites were positioned at the chain
ends — this strategy distributes the phosphine groups uniformly along the entire polymer
backbone, enabling the formation of a more compact and densely cross-linked structures.
Metal induced intramolecular collapse was accomplished by the gradual, dropwise
addition of the precursor polymer solution into a [Pd(COD)CIz2] solution in
dichloromethane, ensuring controlled complexation. To maximize cross-linking (assuming

full coordination), a 1:2 ratio of Pd(ll) ions to phosphine ligands was employed.

The folding process was carefully tracked using SEC, which showed a clear increase in

retention time for the SCNPs with respect to the precursor polymer, indicating successful

18



compaction. Complementary DLS analysis confirmed a significant reduction in
hydrodynamic diameter, i.e. from 8.8 nm (precursor polymer) to 5.4 nm (SCNP), providing
further evidence of efficient intramolecular collapse. The formation of Pd complexes was
additionally validated using 'H and 3'P NMR spectroscopies, which revealed the expected

chemical shift changes characteristic of successful metal coordination.

Metallo-folded SCNPs using Fe

Pu and coworkers introduced the formation of the SCNPs by Fe. Here, SCNPs are formed
due to the coordination of the precursor polymer and the metal ions (refer to Figure 5).63

Reversible addition—fragmentation chain-transfer (RAFT) polymerization was used for the

S
H
+ @]

synthesis of the precursor polymer.

AIBN, 65 °C

FeCly

Figure 5. Fe complexation with terpyridine results in the formation of Fe-SCNPs.%% Reproduced with permission from
reference [63].
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The aqueous solution of the polymer was added dropwise to a FeClz solution under inert
conditions, promoting SCNP formation via intramolecular collapse. Both viscosity
measurements and dynamic light scattering (DLS) supported the successful formation of
SCNPs. Specifically, the viscosity of the precursor (linear) polymer was significantly
higher than that of the resulting SCNPs, which is attributed to the intermolecular
interactions present in the linear precursor vanishing upon intramolecular folding. DLS
analysis revealed a substantial decrease in hydrodynamic diameter, from 9.3 nm for the
precursor polymer to 4.7 nm following Fe-induced SCNP formation. Furthermore, the
hydrodynamic diameter of the precursor polymer was observed to be larger in DMF
compared to water, clearly demonstrating that solvent environment also plays a critical

role in determining the macromolecular architectures.

UV-Vis and "H NMR spectroscopic investigations revealed the formation of an octahedral
metal complex as a result of Fe?* coordinating with terpyridine. The glass transition
temperature (Tg) of the Fe-SCNP increased, indicating reduced mobility of the chain due
to intramolecular cross-linking. The formation and deformation of the SCNPs can be

controlled by the addition of aqueous NaOH solution.54

Berda and colleagues® reported a SCNP mimicking a metalloenzyme. The active site of
Fe2-Hzase inspired the development of a particular site-binding strategy based on the
covalent binding of a single transition metal complex to a photo-crosslinkable polymer
chain (refer to Figure 6). The precursor polymer was synthesized from 9-anthracenyl
methacrylate (AMMA) with styrene and methyl methacrylate (MMA) monomer units using
RAFT polymerization. The polymer exhibited a low dispersity (D = 1.08), indicating a
narrow molecular weight distribution. Single-chain polymeric nanoparticles (SCNPs) were
generated through intramolecular photodimerization of pendant anthracene moieties. The
dimerization was carried out by irradiating a highly diluted solution of the polymer in
tetrahydrofuran (THF) at 350 nm. Size exclusion chromatography (SEC) revealed a shift
toward higher retention times after irradiation, suggesting a collapse of the polymer chains
into more compact structures. Furthermore, a notable decrease in intrinsic viscosity was
observed for the SCNPs compared to the precursor polymers, consistent with the

formation of compact, intramolecularly cross-linked nanoparticles.
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Figure 6. Creation of polymer-bound Fe2-Hz2ase model complex.?® Reproduced with permission from reference [65].

Metallo-folded SCNPs using Cu

Water-soluble single-chain polymeric nanoparticles (SCNPs) exhibit key similarities to
enzymes, particularly in terms of their structural compactness and functional versatility.®®
Owing to these similarities, researchers have sought to use SCNPs as model systems to

better understand enzyme stabilization and construction mechanisms. In particular, two
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key factors have been the focus of investigations: (i) electrostatic repulsion between side
chains or end groups, and (ii) interplay between coordination-association interactions and

coordination bond formation.

To probe these factors, Cai and co-workers designed an enzyme-inspired block
copolymer synthesized via reversible addition—fragmentation chain transfer (RAFT)
polymerization. The copolymer was constructed from two monomers, namely 2-
hydroxypropyl methacrylamide and 2,4-imidazolylethyl acrylamide (refer to Figure 7). The
resulting polymer was water-soluble under acidic conditions. Notably, the imidazole-
containing monomer units exhibit pH-responsive behavior, undergoing reversible
ionization depending on the solution pH. These imidazole units are capable of forming

coordination bonds with transition metals such as Cu, leading to the formation of SCNPs.

Importantly, the formation of these Cu-induced SCNPs can be dynamically modulated by
altering the pH of the solution. This pH-dependent coordination provides a tunable
platform to mimic aspects of enzyme behavior, offering insights into the underlying

principles of intramolecular folding and metal-mediated stabilization.
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Figure 7. Cu complexation with imidazole results in the formation of Cu-SCNPs.%¢ Reproduced with permission from

reference [66].

22



The SCNPs formation was investigated using UV-Vis and 'H NMR spectroscopies. A
strong absorbance was observed in the UV-Vis spectroscopy at Amax = 600 nm, and the
intensity of the band was shown to increase with increasing pH. The pH-responsive
character was investigated through an aqueous electrophoresis measurement, revealing
that basic pH reduces interparticle electrostatic repulsion as the zeta potential ({)
decreased. Using DLS, the folding was investigated at different pH. The copolymer was
soluble in acidic conditions in the absence of metal ions (Cu(ll)), and it showed phase
separation already at pH = 7.3. Although complete dehydration was observed at pH = 4.0,
phase separation was not observed at pH < 6.9, when Cu(ll) ions were dissolved in
solution. Thus, single-chain folding is likely caused by Cu(ll)-coordination above pH 4.0.
The DLS analysis at pH 4.0 revealed a 5.5 nm intensity-average hydrodynamic diameter

and a unimodal distribution.

A further example was presented by Pomposo and colleagues (2014),'* exploring how
metal enzymes could be used as a guide for mimicking the catalytic activity using metallo-
folded SCNPs. 2-(acetoxy)ethyl methacrylate (AEMA) and methyl methacrylate (MMA)
repeat units were present in the random copolymer used in this investigation (Mh = 375
kDa, D = 1.4), along with a readily accessible B-ketoester group for complexing Cu(ll)

ions (refer to Figure 8a).

Single-chain collapse was accomplished using 1 mg mL~" concentration of the precursor
polymer in THF solvent at 300 K. As the concentration of Cu(OAc)2 increases, the SEC
or multi-angle light scattering (MALS) analysis monitored the slow decline in the particle
radius of gyration. Initially, the hydrodynamic diameter of the precursor polymer was 26
nm. The radius gradually decreased due to SCNP formation upon the addition of Cu,

ultimately reaching 15 nm at the maximum level of Cu absorption.

The amount of Cu in the SCNP was determined by thermal gravimetric analysis (TGA),
and it was close to 26 mol% in relation to AEMA units. Moreover, X-ray Photoelectron
Spectroscopy (XPS) was used to check whether Cu ion remains in the +2 oxidation state.
IR spectroscopy was used to investigate the coordination of metal ions (Cu(ll)), which
revealed the C=C and C=0 stretching bands for the enol tautomer bound to Cu(ll) at 1515
and 1600 cm™", respectively.
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Figure 8. (a) Cu complexation with 3-ketoester group results in the formation of Cu-SCNPs. (b) Cu-SCNP catalytic
action in the oxidative coupling of terminal acetylenes.' Reproduced with permission from reference [14].

In order to assess the SCNPs’ catalytic activity, terminal acetylenes were oxidatively
coupled to generate 1,3-diyne, a structural motif that is needed as building block for the
production of pharmacological intermediates, supramolecular materials, and acetylenic
oligomers and polymers. In comparison to the conventional CuClz catalyst used at 3 mol%
in the presence of EtsN (3 mol%), the SCNP were generated with a very low concentration
of Cu(ll) (0.5 mol%).

CuClz did not show any selectivity since almost every substrate that was investigated in
their study yielded the proper 1,3-diyne product. Compared to the CuClz salt, the
aforementioned Cu-SCNPs exhibit higher specificity and are nearly six times more
effective. The SCNP exceptional specificity was further demonstrated in experiments
including binary and ternary mixes of substrates i, ii, and iii (refer to Figure 8b). These
trials produced the 1,3-diyne (iv) exclusively (refer to Figure 8b), with no signs of cross-
coupling products (refer to Figure 8b). A mixture of three different reactants (i, ii, and iii)
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was used to investigate catalytic activity. In the presence of the CuClz catalyst, a mixture
of products was obtained. However, the Cu-SCNP demonstrated remarkable selectivity

by exclusively producing product iv (refer to Figure 8b).

The authors postulated that the SCNP's methyl methacrylate (MMA)-rich environment
may aid in lowering the energy of the transition state of the reaction involving the acetate.
The enhanced activity may be attributed to the presence of an active site or catalytic
pocket, a hallmark of enzymatic systems, combined with the high local concentration of
Cu(ll) ions.

After di Lena and Bruns's group conducted studies on the use of metalloenzymes,¢7:68
Pomposo and colleagues used Cu(ll) salts to produce globular-shaped water-soluble
SCNPs, which they used as catalysts for polymerization processes.®® The parent
polymers were prepared using RAFT polymerization. Various concentrations of 4-
cyanopentanoic acid dithiobenzoate (CPADB) (the chain transfer reagent), were
employed in the polymerization of hydrophilic oligo(ethylene glycol) methyl ether
methacrylate (OEGMA) and hydrophobic 2-(acetoxy)ethyl methacrylate (AEMA) in 1,4-
dioxane (percentage of AEMA inclusion is 12-33 mol%) (refer to Figure 9). The
synthesized polymers were labeled as P1, P2, and P3 based on the number of
incorporated monomer units. For example, P1 corresponds ton =137, m=95; P2ton =
114, m = 45; and P3 to n = 301, m = 57.

Despite the somewhat hydrophobic AEMA content, P1 to P3 polymers were thoroughly
characterized using SEC and 'H NMR spectroscopy, which showed high molecular
weights (Mw = 47.1 to 113.6 kDa), low dispersity (D = 1.07 to 1.12), and also very good
water solubility. At 25 °C, folding of the single polymeric chain was achieved by mixing 1
mg mL™" of aqueous solution of Cu(OAc)2 (with 0.5 equivalent with respect to per AEMA

unit).

Size exclusion chromatography (SEC) showed that the polymer chains effectively
collapse with longer retention times upon the addition of Cu to the solution. DLS further
confirmed that intrachain coordination of the metal ion (Cu(ll)) with an increase in Cu ion
concentration results in a reduction of the average Rn (hydrodynamic radius). Based on

the outcomes of small-angle neutron scattering (SANS) testing in D20, it was proposed
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that the SCNP may have a spherical shape. The hydrophilic oligoglycols in the shell make
the particles soluble in water, while the hydrophobic AEMA unit constitutes the center of
the nanoparticle. According to IR and UV-Vis spectroscopies, Cu(ll) ions formed the
corresponding complex, in line with a widening of the resonances in the '"H NMR spectra

due to the Cu(ll) paramagnetic nature.
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Figure 9. Cu complexation with acetate results in the creation of H20 soluble Cu-SCNPs.%° Reproduced with permission

from reference [69].
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These Cu-containing SCNPs were successfully employed to synthesize linear
polyOEGMA (refer to Figure 9). In this system, polyOEGMA was prepared using the
following components: Cu(l1)-SCNPs served as the catalyst, L-ascorbic acid was used as
the reducing agent, 2-cyano-2-propyl dithiobenzoate acted as the RAFT chain transfer
agent, and 2-bromopropionitrile functioned as the atom transfer radical polymerization

(ATRP) initiator. The resulting polymer exhibited a low polydispersity (D = 1.1-1.2).

The authors proposed that the isolated metal ions (Cu) in the Cu(AEMA)2 units were the
cause of the elevated SCNP catalytic activity. Moreover, the catalysis was not

considerably affected by SCNP concentrations in the range of 0.8-4 mg mL™".

Metallo-folded SCNPs using Ru

The ambition to imitate Nature most successful catalysts is one of the primary motivators
in the SCNP field. High selectivity in catalytic processes can be achieved by using a
collapsed single-chain of amphiphilic polymers, according to research by Palmans and
colleagues.” They selected two polymers, i.e. P4, which is based on lauryl methacrylate,
and P5, which is based on methacrylate of 1,3,5-benzene-tricarboxamide (BTAMA). The
primary distinction between P4 and P5 is that the hydrophobic effect causes P4 to simply
collapse, whereas P5 benzene tricarboxylic acid units form a highly ordered (chiral)
structure due to the strong isolated hydrogen bonds among the units. Both polymers were
made using RAFT polymerization technique. Polymer P4 was prepared using
oligo(ethylene glycol) methyl ether methacrylate (OEGMA), lauryl methacrylate, and
diphosphinostyrene (styrene-PPhz) as the Ru-binding ligand. In contrast, polymer P5 was
synthesized using methacrylate-functionalized 1,3,5-benzene-tricarboxamide (BTAMA) in
place of lauryl methacrylate. The molecular weight of the synthesized polymers was (Mhn)
around 14 kDa and D of less than 1.4 (refer to Figure 10).
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Figure 10. Ru complexation with triphenyl phosphine ligand results in the formation of catalytically active Ru-SCNPs,
able to catalyze the oxidation of alcohols in aqueous medium.”® Reproduced with permission from reference [70].

RuCl2(PPhs)s was added to the polymers using a post-encapsulation technique in order
to form catalytic centers. Inductively Coupled Plasma — Atomic Emission Spectroscopy
(ICP-AES) revealed that each polymer chain in both polymers included between two and
three Ru centers. Additionally, DLS and Circular dichroism (CD) were used to characterize

the polymers and the catalysts that accompanied them.

Tert-butyl hydroperoxide was used as the oxidant in the catalytic reaction to convert
alcohols into ketones. The catalytic experiments using these SCNPs led to two important
results: (i) the catalytic activity is directly proportional to the hydrophobicity of the
substrates and (/i) P4 and P5 did not show any remarkable difference, indicating that an
efficient reaction can be achieved with a hydrophobic pocket within the polymer (instead
of the more well-defined structure provided by the benzene tricarboxylic acid units). In
summary, the hydrophobic substrates embedded within the catalytically active, folded
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polymers introduced by the Palmans and Meijer groups have demonstrated remarkable
selectivity in aqueous environments for the oxidation of alcohols. Their studies moved the
field towards synthetic enzymes by advancing our knowledge of how these polymers

function and what components are required to generate selective reactions in water.

Photodynamic SCNPs

Reversible folding and unfolding are challenging, and photodynamic SCNP morphologies
are still scarcely reported. When confined within constrained polymer environments,
common photoreversible covalent chemistries such as coumarin dimerization,
anthracene, and styrylpyrene tend to reach photostationary states heavily biased toward
the dimer form, ultimately limiting their utility in truly reversible polymer folding.”

For example, Zhao and coworkers successfully generated SCNPs using coumarin
photochemistry.>* Coumarin-functionalized precursor polymers were synthesized via
RAFT copolymerization (refer to Figure 11), enabling light-triggered, reversible
dimerization through [2+2] cycloaddition. The resulting polymers exhibited well-defined
characteristics with Mh = 110 and 104 kDa, low dispersity (P = 1.1) and mol% of coumarin
between 7 and 13 mol%, respectively. At dilute concentrations (1 mg-mL"), selective
intramolecular chain collapse was induced at wavelengths above 310 nm, while exposure
to light below 260 nm effectively reverses the dimerization, demonstrating precise
photochemical control over polymer folding. UV-Vis spectroscopy was used to monitor
the extent of [2+2] cycloaddition. A maximum [2+2] cycloaddition efficiency at 70% was
observed, corresponding to a decrease in the intensity of the absorption peak associated
with the coumarin units at 320 nm. Upon irradiation at wavelengths below 260 nm for two
hours, only 38% of the original polymers could be recovered through the reversed

process.
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Figure 11. Photodynamically responsive SCNPs formed via [2+2] cycloaddition of coumarin units enable tunable gold
nanoparticle (AuNP) formation.5* Reproduced with permission from reference [54].

Size-exclusion chromatography (SEC) confirmed that increasing the degree of coumarin
dimerization led to a clear reduction in polymer size, transitioning from extended single
chains to compact, intramolecularly collapsed structures. Remarkably, despite variations
in initial coumarin content, both polymers P6 and P7 converged to similar apparent
molecular weights upon collapse. Notably, SEC elution profiles remained unchanged
following exposure to light capable of reversing the crosslinks, suggesting that a

dimerization degree of approximately 38% was sufficient to stabilize the globular SCNP
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conformation. Differential scanning calorimetry (DSC) analysis revealed that enhanced
cross-linking broadened the thermal transition and elevated the glass transition
temperature (Tg), underscoring the structural and thermal consequences of coumarin-
mediated folding. These SCNPs were employed as nanoreactors to modulate the creation
of gold nanoparticles (AuNPs).%* To initiate AUNP formation, HAuCls was introduced into
solutions containing spherical SCNPs with varying degrees of coumarin dimerization (0%,
27%, and 64%). Interestingly, the reaction kinetics diverged significantly from
conventional methods, revealing a strong dependence on the polymer chain mobility and
conformation dictated by the extent of coumarin cross-linking. Notably, as the cross-
linking density increased, the reaction mixtures exhibited a progressively darker red
colour indicating enhanced AuNP formation. This behavior was attributed not only to the
compact architecture of the SCNPs, which promotes local accumulation of gold atoms,
but also to the presence of tertiary amine groups within the polymer, which act dually as
reducing agents and stabilizers, thereby facilitating the nucleation and growth of AuUNPs

within the confined nanoreactor environment.

Our group combined orthogonal folding and end-to-end ligation within a single polymer
by leveraging the photodimerization of anthracene side chains and a styrylpyrene end
group, enabling the controlled formation of SCNPs through different photoreactions (refer
to Figure 12).72
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Figure 12. (a) Photochemically selective chain-end ligation; (b) Intramolecular chain collapse via [4+4] cycloaddition of
anthracene units under 330 nm irradiation; and (c) Orthogonal [2+2] photodimerization of styrylpyrene at 455 nm.”?
Reproduced with permission from reference [72].
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Anthracene dimerization produced SCNPs at 330 nm. Without causing anthracene
dimerization, styrylpyrene end groups were used to achieve chain ligation to a PEG
polymer at 455 nm. However, the chain ligation mediated by styrylpyrene end groups was
reversed upon irradiation at 330 nm, while anthracene dimerization was predominant at
this wavelength. Therefore, the two polymers were cleaved by reversing the styrylpyrene-
mediated ligation under 330 nm light, and simultaneously, SCNPs were formed through
anthracene dimerization. Since no additional bonds keep the two polymer chains close to
one another, they can freely diffuse away from one another when exposed to 330 nm
radiation. The reversible ligation is responsible for the reversible morphological regulation
of a SCNP tertiary structure. However, the reversible ligation process does not result in

any detectable unfolding or alteration of the compaction of SCNPs.

Only a few SCNP systems incorporate photoswitchable elements. Our group was among
the first to report the unfolding of the SCNP triggered by visible light.”®> Wen et al.
developed a light-responsive SCNP by photodimerizing stilbene units while integrating
azobenzene pendant units capable of reversible cis/trans isomerization under 360 nm
(UV) and 520 nm (visible) light, respectively.” Prior to irradiation, the SCNPs exhibited
well-defined tubular morphologies, as observed by transmission electron microscopy
(TEM). Upon UV exposure at 360 nm, these structures transformed into larger, spherical
nanoparticles. Remarkably, this morphological change was fully reversible upon
irradiation with visible light at 520 nm, restoring the original tubular form. These dynamic
transformations were attributed to changes in polarity and the substantial shift in free
volume resulting from azobenzene isomerization.”>’® The tubular structures are based
on the stacking of trans(E)-azobenzene units, driven by liquid crystalline (LC) phase
behavior. Upon cis-isomerization under visible light, increased molecular disorder
disrupted the LC alignment, leading to spherical morphologies and underscoring the

responsiveness of these SCNPs to external light stimuli.

Mutlu et al. utilized bi-imine photoswitches, capable of reversible Z/E isomerization, as
integral components of a linear polymer backbone.”” Upon UV irradiation, the polymer
underwent light-induced isomerization, triggering a metal induced collapse into a single-
chain nanoparticle (SCNP) with significantly reduced hydrodynamic volume, as confirmed
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by DOSY NMR, dynamic light scattering (DLS), and SEC. Interestingly, the process was
fully reversible: thermal relaxation restored the bi-imine units to their stable Z isomer,
regenerating the original linear polymer structure (refer to Figure 13). The photoinduced
folding of the linear polymer was attributed to increased chain flexibility resulting from E/Z
isomerization of the bis-imine units. Notably, the introduction of Pd ions capable of
selectively coordinating with the Z isomer enabled a secondary folding mechanism via
metal-ligand complexation, leading to further compaction into SCNPs. This metal
coordination-driven collapse was clearly evidenced by both DLS and SEC, which
revealed a marked reduction in hydrodynamic size. The combination of reversible
photoswitching and metal coordination thus presents a compelling strategy for designing

catalytically active SCNPs with tunable morphologies and stimuli-responsive catalytic

behavior.
: =E,E,-a-bisimine I =Z,Z,-a-bisimine
[ ]
——
Metal ion Light
Metal ion mediate shape control Multi-stimuli-responsive-polymer Light-induced shape control

Figure 13. Two distinct SCNP topologies were achieved through the synergistic interplay of main-chain
photoisomerization of a bis-imine photoswitch and metal coordination, enabling precise structural control at the single-
chain level.”” Reproduced with permission from reference [77].

Characterization of SCNPs becomes increasingly challenging as the molecular structures
become more intricate and advanced. Alongside the synthetic efforts, advanced

characterization of SCNPs and their precursors becomes critically important.

Since the early efforts in SCNP technology, size exclusion chromatography (SEC) has
been essential for delivering qualitative size and molecular weight data. SEC — when

combined with a viscometer or multi-angle light scattering (SEC-MALS) — enables the
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determination of intrinsic viscosity and absolute molecular weight, providing critical
insights into polymer-to-nanoparticle transitions. Complementary spectroscopic
techniques including ultraviolet-visible (UV-Vis), infrared (IR), circular dichroism (CD),
nuclear magnetic resonance (NMR) and fluorescence spectroscopy offer valuable
evidence of structural and conformational changes during SCNP formation. Additionally,
diffusion-ordered NMR spectroscopy (DOSY) and other 2D NMR techniques afford a
deeper understanding of the dynamic transformation from linear chains to compact
nanoparticle architectures. To investigate the morphology of nanoparticles derived from
individual polymer chains, both microscopy and scattering techniques are essential.
Solution-free methods such as transmission electron microscopy (TEM) and atomic force
microscopy (AFM) provide morphological insights at the nanoscale. In parallel, solution-
based scattering techniques including dynamic light scattering (DLS), small-angle
neutron scattering (SANS), and small-angle X-ray scattering (SAXS) provide detailed
information on particle size, shape, and internal structure in their native solvated states.
Together, these complementary approaches enable a comprehensive and concise

evaluation of the structural properties of SCNPs.

Characterization of SCNPs using Size Exclusion Chromatography (SEC)

Since its introduction by Moore in 1964,7® size-exclusion chromatography (SEC) has
become one of the most widely used techniques in polymer research. Molecules travel
through the column at different rates depending on how well they can penetrate the pores
of the stationary phase.”® Polymer coils are effectively separated on the basis of their
hydrodynamic radii (Rn).8° Smaller chains usually enter particle pores and move through
the pores of the column, but larger chains can elute faster and avoid pores. The molecular
weight (MW) and molecular weight distribution (MWD) of the synthetic polymers can be
determined using SEC, yet often with considerable uncertainty.

Size-exclusion chromatography (SEC) using standard calibration is one of the most
widely used methods for qualitatively assessing SCNP formation.®! In this method, a
calibration curve is generated using a series of linear standards with well-separated and
known molecular weights (MW). By interpolating the retention time of an injected sample
along this curve, its apparent molecular weight can be estimated. Since the molecular
weight of SCNPs cannot be accurately determined using linear polymer standards, SEC
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primarily provides valuable qualitative information.! Due to the intrinsic compaction
resulting from intramolecular cross-linking, SCNPs exhibit significantly smaller
hydrodynamic radii compared to their linear polymer precursors. Consequently, the
folding of linear polymers into SCNPs is typically associated with a shift in the SEC trace

toward longer retention times.82-85

Our group synthesized a cysteine-functionalized monomer by esterifying protected
cysteine N-(tert-butoxy-carbonyl)-S-trityl-L-cysteine with 2-hydroxyethyl methacrylate
(HEMA).86 Subsequent RAFT polymerization with poly(ethylene glycol) methacrylate
(PEGMA) yielded a water-soluble precursor polymer, incorporating an average of four
cysteine units. The resulting polymer exhibited a number-average molecular weight (Mn)
of 7,000 g mol! and a low dispersity (P = 1.2), making it an ideal scaffold for further

functionalization (refer to Figure 14).
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Figure 14. (a) Schematic representation of single polymer chain collapse driven by cysteine-terminal peptide side
chains. (b) Deprotection of the precursor polymer simultaneously triggers intramolecular folding into well-defined

SCNPs.% Reproduced with permission from reference [86].
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The precursor polymer was dissolved in a trifluoroacetic acid (TFA) and triethylsilane
(TES) mixture (9:1, v/v) to simultaneously trigger deprotection of acid-labile groups and
promote disulfide bond formation. This reaction was performed at 298 K for 30 minutes
under ambient air, conditions known to facilitate the oxidation of cysteine methylesters
into disulfides. The collapse of single polymer chains into SCNPs was tracked by size
exclusion chromatography (SEC). Upon removal of protective groups and intramolecular
crosslinking, the hydrodynamic volume and consequently the molecular weight
decreased significantly from M, = 7,900 g-mol-* for the precursor polymer to 7,000 g-mol-
' for the folded SCNP. The detection of a high-molecular-weight shoulder in the SEC trace
indicated minor intermolecular crosslinking, a mild side reaction during the folding process

(refer to Figure 15).
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Figure 15. (a) Overlaid SEC chromatograms comparing the precursor polymer and the resulting single-chain
nanoparticle (SCNP), highlighting the decrease of the hydrodynamic volume upon folding. (b) Schematic representation
of SCNP formation driven by disulfide bridge crosslinking between cysteine residues.? Reproduced with permission

from reference [86].
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Here, the SEC chromatograms of the SCNPs and their precursor polymer nearly overlap,
indicating minimal observable changes. Since SEC does not provide absolute molecular
weight values and all measurements are relative, it is not a suitable technique for the

definitive characterization of SCNPs.

Characterization of SCNPs using 'H Nuclear Magnetic Resonance Spectroscopy
("H NMR)

Researchers have employed NMR spectroscopy since the late 1940s, when the
technology was first established.8”-8 Since the introduction of Fourier Transform (FT)
NMR in the late 1960s, a wide range of experiments and pulse sequences has been
developed to probe the dynamics, structure, and composition of molecules. Although
early continuous-wave (CW) NMR instruments (1940s—-1960s) relied on field scanning
and did not permit modern pulse-sequence—based methods, the conceptual foundations
established during that period still inform contemporary NMR analysis. When describing
SCNPs, the same principles initially applied to small molecules continue to be highly
useful. Single-chain polymer nanoparticles can be characterized using 1D and 2D
spectroscopic techniques. SCNPs are typically formed through the use of either internal
or external cross-linkers.! A standard one-dimensional (1D) '"H NMR experiment is often
the simplest method to monitor this transformation, as the appearance or disappearance
of characteristic resonances in the NMR spectra can indicate the formation of cross-links.
Moreover, since 'H is highly abundant in nature, these experiments require only a small
amount of material and can yield results faster than many conventional characterization
techniques.

Recently, our group developed a metallo-folded single-chain nanoparticle (SCNP) using
Cu(ll) ions as key crosslinkers. The precursor polymer (P8) was prepared using RAFT
polymerization of 2-((2-nitrobenzyl)oxycarbonyl)amino)ethyl methacrylate and
poly(ethylene glycol) methyl ether methacrylate, as illustrated in Figure 16.8° The SCNP
formation was achieved by mixing 2 mg mL™" polymer (P8) in acetonitrile with Cu(ll)
chloride dihydrate, followed by batch photochemical irradiation using a light-emitting

diode (LED). This approach enabled precise control over metal-mediated folding,
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resulting in well-defined metallo-SCNPs with potential for advanced catalytic and

functional applications.
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Figure 16. Schematic illustration of the photochemical synthesis of Cu(ll)-folded SCNPs. The linear precursor polymer
(P8) undergoes a batch irradiation process in the presence of Cu(ll) ions, resulting in the formation of compact, metallo-
crosslinked SCNP-Batch structures.®® Reproduced with permission from reference [89].

"H NMR spectroscopy was employed to characterize both the precursor polymer and the
resulting SCNP. Key resonances corresponding to the photolabile ortho-nitrobenzyl
protecting group—observed at & = 8.20-7.45 ppm, 6.35-6.15 ppm, and 5.52-5.38 ppm
disappeared upon irradiation, confirming substantial deprotection of the linear precursor
(refer to Figure 17). However, while "H NMR spectroscopy clearly confirms the removal
of protecting groups, it does not allow differentiation between the desired intrachain

folding and unintended interchain crosslinking.
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Figure 17. "H NMR spectra (600 MHz, CD3CN, 298 K) comparing the linear precursor polymer (P8) and the metallo-
folded SCNP-Batch, highlighting the disappearance of ortho-nitrobenzyl resonances following photochemical

deprotection and intramolecular folding.8° Reproduced with permission from reference [89].

Characterization of SCNPs using Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a highly effective technique for investigation of the
particle sizes in solution at the nanoscale making it particularly valuable for characterizing
single-chain nanoparticles (SCNPs), which typically form in the nanometer range.
Dynamic light scattering has been widely employed in SCNP research to evaluate particle
size and size distribution. For example, Barner-Kowollik and co-workers showcased the
utility of DLS by investigating the collapse and functional modification of random
copolymers composed of styrene and 4-chloromethyl styrene, underscoring DLS as a
reliable tool for probing SCNP formation and behavior.38

Dynamic light scattering (DLS) was also employed to investigate the formation of the
metallo-folded SCNP described in the previous section.® Measurements conducted in
acetonitrile revealed a notable reduction in the solvodynamic diameter (Dn), examined
from number-averaged size distributions from Dn = 6.4 nm for the precursor polymer (P8)
to Dnh = 3.1 nm for SCNP-Batch, consistent with the expected compaction upon folding
(refer to Figure 18). It is worth noting, however, that DLS data for particles of such a small

size should be interpreted with caution due to their inherently low scattering intensity."
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Figure 18. Number-weighted DLS size distributions in acetonitrile, comparing the metallo-folded SCNP-Batch (red)
with the linear precursor polymer (i.e. marked by P8 represent by black (refer to Figure 16)), highlighting the significant
reduction in hydrodynamic diameter upon intramolecular folding.2® Reproduced with permission from reference [89].

However, since SCNPs are isolated macromolecules and typically very small (often less
than 10 nm in diameter), their scattering intensity is low and often difficult to distinguish
from background noise. As a result, DLS is not a suitable technique for the accurate

characterization of SCNPs, as it cannot provide structural information.

Characterization of SCNPs using Electrospray lonization Mass Spectrometry (ESI-
MS) and Tandem Mass Spectrometry (MS/MS)

Sir J.J. Thomson's investigations into the nature of positively charged particles at the end
of the 19th century laid the foundation for the development of modern day mass
spectrometers.® In the following decades, Francis William Aston advanced this emerging
technique, enabling the differentiation of isotopes in various gases.®' However, it was the
critical importance of isotope separation for the Manhattan Project during World War |l
that significantly accelerated research in the field. By the 1950s, mass spectrometers had
become commercially available. The development of Electrospray ionization (ESI)

revolutionized mass spectrometry by enabling the gas-phase ionization of large
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molecules while preserving their structural integrity. ESI-MS allows for the determination
of average molecular weight, identification of end groups, and assessment of the charge
states of ions derived from macromolecules. Tandem mass spectrometry (MS/MS), which
relies on the fragmentation of mass-selected ions, has become one of the most versatile
characterization tools for probing the primary structure of a wide range of compounds.
MS/MS is a powerful technique for identifying the sequence of proteins, peptides, and
polymers through controlled fragmentation processes.®?

Recently, macromolecular chemists started to introduce high resolution mass
spectrometry for the characterization of SCNPs.?3 For example, Barner-Kowollik and
colleagues investigated the formation of SCNPs from poly(methyl methacrylate-stat-
glycidyl methacrylate) in the presence of a strong Lewis acid B(CeFs)s. Specifically,
B(CeFs)3 acts as a catalyst, enabling SCNPs formation via the ring opening of the epoxide
that ultimately leads to intramolecular crosslinking and compaction. These authors used
ESI coupled to mass spectrometry to directly analyze SCNPs directly from a solution. A
typical resulting mass spectrum is presented in Figure 19. In the recorded mass spectrum,
it is very difficult to identify SCNP ions since the mass spectrum is constituted by ions
from single chain nanoparticles and precursor polymers, including different charge states.
By focusing on a specific region, refer to Figure 20, it is nevertheless possible to attribute
the most abundant ions to ionized SCNPs constituted by methyl methacrylate monomer

units as shown in Figure 20.

42



Intensity

1890

milz

Figure 19. Electrospray ionization mass spectrometry (ESI-MS) analysis of single-chain polymeric nanoparticles
(SCNPs) derived from the precursor polymer poly(methyl methacrylate-stat-glycidyl methacrylate)®® in the presence of
the Lewis acid B(CsFs)s revealed that SCNP formation occurred via epoxide ring opening followed by intramolecular

crosslinking. The most intense peak was observed at m/z 1890. Reproduced with permission from reference [93].

Therefore, the formation of SCNPs can be confirmed via such an analysis. However, it is

very difficult to predict the structure of SCNPs from this single-stage mass measurement.
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Figure 20. (Left) Zoomed (m/z 2235 to m/z 2292) of the positive mode Electrospray mass spectrum of SCNPs produced

from the precursor polymer poly(methyl methacrylate-stat-glycidyl methacrylate).®® Here the squares and cross circles
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identify the peaks of the most abundant SCNP ions. The m/z difference between two peaks (marked by squares) is
50.0269 u, corresponding to the mass of the methyl methacrylate repeating unit. (Right) Chemical structures of the

most abundant SCNP ions.?® Reproduced with permission from reference [93].

Recently, several research teams attempted to study SCNP using state-of-the-art mass
spectrometry.%3°4 In these experiments, SCNPs were extracted from solution to the gas
phase of the mass spectrometer using electrospray ionization. Mass spectrometry can
provide accurate information on the mass and the charge of gaseous ionized SCNP
through single stage mass spectrometry analysis, i.e. recording of a mass spectrum.
However, ESI-MS does not provide information about the conformation or shape of
SCNPs. To gain deeper insight into the conformational properties and overall shape of
these ions, ion mobility spectrometry (IMS) can be integrated into the mass spectrometry
workflow. IMS has been introduced to the mass spectrometry toolbox and is particularly
efficient in studying the 3D structures of gas phase ions. IMS is to-date scarcely used for

the investigation of SCNP or their pre-polymers.®3
Tandem mass spectrometry (MS/MS)

In mass spectrometry-based analyses, precursor ions are typically isolated and subjected
to multiple collisions with rare gas atoms to produce an MS/MS spectrum, which is then
analyzed based on the m/z values of the resulting fragments.® This technique, known as
collision-induced dissociation (CID), imparts sufficient internal energy to induce the
cleavage of covalent bonds. In the case of peptides, protonation typically occurs at the
amide bonds along the peptide backbone. Upon collisional activation, these protonated
amide linkages become more labile and prone to cleavage, resulting in the formation of
a series of homologous fragment ions. For example, the MS/MS spectrum shown in
Figure 21b displays successive peptide fragment ions such as PE, PEP, and so on. The
objective of this method is to generate a series of peptide fragments that differ by the
mass of a single amino acid, thereby enabling the deduction of the amino acid sequence
of the precursor peptide.®?
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Figure 21. A modern proteomics experiment using mass spectrometry (MS) typically follows a defined sequence of
steps: (a) The mass spectrometer separates the charged peptides based on their mass-to-charge ratio (m/z). (b) In
tandem mass spectrometry (MS/MS), the most abundant peptide cations are selected for fragmentation. The resulting
fragment ions are then analyzed according to their m/z values to generate MS/MS spectra, which are used for peptide

identification and sequencing.®? Reproduced with permission from reference [92].

lon mobility mass spectrometry

lon mobility experiments record the time taken by ions to transit through a cell filled with
an inert gas under the influence of an electric field (refer to Figure 22). More accurately,
since ions experience collisions with the buffer gas (generally nitrogen or helium), the
combination between the acceleration by the electric field and the deceleration by

collisions will affect the drift time of the ions.
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Figure 22. lons move through the drift tube during IMS separation, smaller ions move faster and larger ions move
slower (Left). Resulting ion mobility separation spectrum (Right).?®¢ Reproduced with permission from reference [96].

Specifically, different ions will experience different numbers of collisions with the buffer
gas inside the drift tube. More compact ions experience fewer collisions with the buffer
gas and less compact ions face a high number of collisions with the buffer gas. Thus,

more compact ions move faster compared to the less compact ions during their flight
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through the drift tube (refer to Figure 22). The drift time is directly correlated with the
structure or conformation of the ions. Collision cross sections (CCS) can subsequently be
determined from the drift time measurements. Several types of ion mobility mass
spectrometry are used for analysis, including drift-time IMS, aspiration IMS, field-
asymmetric waveform IMS, trapped IMS and traveling-wave IMS.%"-8 However, providing
a full description of these methodologies is beyond the scope of this introduction.

The spatial organization of gaseous ions can be directly investigated using ion mobility
spectrometry coupled with mass spectrometry (IMS-MS). The measured ion mobility (K)
depends on the ion charge (z) and its collision cross section (CCS) as well as
experimental parameters such as temperature (T) and the nature of buffer gas employed.
When operated in the low-field regime, where the electric field minimally perturbs ion

trajectories, the Mason—-Schamp equation defines the relationship between K and CCS:

~ 329( 2m )1/2 1
16N \ukgT/ 0
N is the buffer gas number density, u is the reduced mass of the ion—gas pair, kg is the
Boltzmann constant, and 2 is rotationally averaged collision cross section (CCS). This
equation illustrates the dependence of ion mobility on the CCS, temperature, ion mass,
buffer gas identity, and charge state.
Since CCS directly reports an ion’s three-dimensional structure, IMS is a powerful method
for assessing ion size, shape, and conformation in the gas phase. Importantly, the
Mason—-Schamp equation applies only in the low-field regime. At higher electric field
strengths—such as those used in high-field asymmetric waveform ion mobility
spectrometry (FAIMS) or when operating beyond the low-field limit—ion mobility becomes
field-dependent, and the Mason—-Schamp relationship no longer holds.
lon mobility spectrometers were first coupled to mass spectrometers (IMS-MS) in 1962
to separate ions according to both their mobilities and mass-to-charge ratios.®* IMS is
typically coupled to MS in order to: (i) study the three-dimensional structures of gaseous
ions; (i) separate isomeric ions, species with identical masses but different spatial
configurations that cannot be distinguished by MS alone; and (iii) enhance the sensitivity
and resolution of traditional mass spectrometry. A key advantage of IMS-MS lies in its

compatibility with atomistic theoretical techniques, such as molecular dynamics (MD)
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simulations, which allow detailed investigation of both equilibrium structures and
conformational dynamics of ions.

The connection between structure and mobility is further strengthened by algorithms that
calculate theoretical CCS values (CCStn) from simulated ion structures, enabling direct
comparison between experimental data and computational models, providing deeper
insights into ion behavior and structure in the gas phase.

lon mobility—mass spectrometry (IMS-MS) holds a unique and valuable position in the
study of synthetic polymers. Due to their inherent dispersity, synthetic polymers generate
a diverse range of homologous ions with varying chain lengths, often detected in multiple
charge states.®®-'9" This characteristic makes them particularly well-suited for IMS
analysis. IMS enables the structural interrogation of polymer ions across the entire
macromolecular distribution, providing insight into conformational trends as a function of
polymer length and charge state.

As a result, collision cross sections of single chain nanoparticle ions can be directly
obtained using IMS-MS. In the last decade, Gerbaux and coworkers, amongst others,
exploited the combination between ion mobility and mass spectrometry to characterize
different polymer architectures such as cyclic vs linear polymers, copolymers and
dendrimers.'%? However, the CCS represents the rotationally averaged interaction area
between an ion and the buffer gas molecules. It essentially provides information about
the overall size and shape of the ions. However, CCS does not give insight into the
positions of functional groups, the orientation of end groups, or the specific interactions
present within the molecules. Comparing experimental CCS values with theoretical
predictions generated using computational chemistry—particularly Molecular Dynamics
simulations—can offer such molecular-level descriptions and help identify candidate

structures of the detected ions.103

In molecular structure calculations, ions and molecules populate both local and global
minima on their potential energy surfaces. Quantum mechanical (QM) approaches
provide a rigorous framework for mapping these surfaces because they treat electrons
explicitly, offering higher accuracy than classical force-field methods. In quantum
mechanical calculations,’® molecular geometries are optimized by systematically
adjusting bond lengths, angles, and torsional coordinates until a minimum-energy
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structure is identified. Although QM calculations have been successfully applied to a wide
range of gas-phase ions, their computational cost increases steeply with system size,
making routine studies of systems containing more than ~150 atoms challenging, stable
structures and collision cross sections are often calculated using a force field-based
method.%% Here, systems are described as a collection of spheres with a chemical identity
connected by springs. Collision cross sections may further be determined using many
different well-known methods such as for example the trajectory method, exact hard
sphere scattering, diffuse trajectory method, or projection approximation.'% Generally, the
trajectory method is used because it accounts for the long-range interaction energy of the
ions. A large number of input structures were analyzed, and the obtained results matched
the experimental data very well.'” Here, long-range interaction forces are considered via
Lennard-Jones potentials, enabling the description of charge and temperature effects. In
practice, collision cross sections from a large number of snapshots extracted from the MD
simulations are considered and compared with the experimental results. Average collision
cross sections at different temperatures are also often calculated to assess the extent of
conformational changes induced by temperature.'® In these studies, molecular dynamics
(MD) simulations were employed to investigate the gas-phase structures of polymer ions
across varying degrees of polymerization (DP) and charge states. By comparing the
theoretical collision cross-section (CCS) values derived from the simulated structures with
experimental measurements, the conformational landscape of these ions can be
elucidated, providing deeper insight into their structural evolution. For a detailed
description of molecular dynamics simulations of single-chain polymeric nanoparticles,
please refer to Chapter 2 of the book Single-Chain Polymer Nanoparticles by Prof. José
A. Pomposo (ISBN: 978-3-527-80641-6).109

The Bowers group was among the pioneers in applying IMS-MS to the study of synthetic
polymers and biomolecules.!'%-114 [IMS-MS has since emerged as a powerful structural
analysis tool for probing the gas-phase conformations of biomolecules and polymer ions.
A detailed examination of polymer structures investigated by IMS—MS can be found in
“Gas-Phase Structure of Polymer lons: Tying Together Theoretical Approaches and lon
Mobility Spectrometry,” Mass Spectrometry Reviews 2023, 42 (4), 1129-1151.
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For researchers interested in solution-phase chemistry, the absence of solvent in the
mass spectrometer can be a significant concern. How accurately does gas-phase data
reflect the behavior of molecules in solution? The analyte can be introduced into the mass
spectrometer through various techniques, including electrospray ionization (ESI).""5 ESI
is a "soft" ionization method that gently transfers intact analyte molecules from the
solution into the gas phase. A key question addressed by the Bowers group was how
closely the resulting gas-phase structures resemble their solution-phase geometries, and
what types of structures are produced by an ESI source. To investigate this, they selected
ubiquitin as a model protein due to its small size and well-characterized nature.'4

The Bowers group examined the Electrospray ionization (ESI) mass spectra of ubiquitin
under both positive and negative ion mode conditions, using a variety of solution
environments (refer to Figure 23). Ubiquitin, as a sequence-defined biomolecule with a
well-defined three-dimensional structure, can be considered as a sequence-defined
single-chain nanoparticle. In the positive ion mode, they tested four different solvent
conditions. (a) In a 1:1 water-methanol mixture with 1% acetic acid, the dominant peaks
correspond to ubiquitin ions with charge states of +11, +12, and +13, indicating an excess
of 11-13 protons. (b) In a 1:1 water—methanol mixture without acetic acid, the major peaks
correspond to charge states of +7 and +8. (c) In pure water, the dominant peak
corresponds to the +7 charge state. (d) In water with 1% acetic acid, the spectrum is
similar to condition (c), with the +7 charge state being dominant. Subsequently, they
conducted experiments in the negative ion mode under two solvent conditions, i.e., (e) a
1:1 water—methanol mixture and (f) pure water. In both cases, they observed ubiquitin
ions with charge states of —7 and -8, corresponding to deprotonated species (refer to
Figure 23).
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Figure 23. Mass spectra of ubiquitin in both positive and negative ion modes were obtained under different ESI solution
conditions. In positive ion mode, spectra were recorded using: (a) 1% acetic acid in a 1:1 water—methanol mixture; (b)
1:1 water—methanol; (c) pure water; and (d) 1% acetic acid in water. In negative ion mode, spectra were recorded using:
(e) 1:1 water—-methanol and (f) pure water. In the positive ion mode spectra, the charge states of ubiquitin are indicated

by the numbers above the peaks.'"* Reproduced with permission from reference [114].

Ubiquitin contains four arginine residues, seven lysine residues, one histidine, and an N-
terminal amino group. As a result, it can exist in highly protonated forms, up to 13 positive
charges in the case of full protonation and highly deprotonated forms, with a maximum of
8 negative charges. The charge states of the ions are denoted as [M + zHJ*" in positive

ionization mode and [M - zH]*" in negative ionization mode.

The native structure of ubiquitin (referred to as the N state) has been well-characterized
by X-ray crystallography and NMR spectroscopy (refer to figure 24).116-119 This structure
is tightly folded and incorporates both a-helical and 3-sheet secondary structure elements
(refer to Figure 24). Even in the presence of substantial amounts of organic solvents, the
native conformation remains remarkably stable in aqueous solution and does not
denature. The N state persists across a broad pH range, including the conditions used in
experiments (b) through (f). However, under acidic conditions with high methanol content,
specifically in experimental condition (a) ubiquitin undergoes conformational
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reorganization into a less compact, partially folded form known as the A state (refer to
Figure 24).120-122
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Figure 24. The sequence of the 76-residue protein ubiquitin and its various conformational states are illustrated. H
represents a hypothetical fully a-helical conformation; U denotes an unfolded conformation observed in molecular
dynamics (MD) simulations of [M + 13H]'3* in a solvent-free environment; L corresponds to a hypothetical fully linear
conformation; N indicates the native state, as determined by X-ray crystallography and NMR; and A refers to the
unfolded state observed only under acidic conditions with high methanol concentrations.'?® The unbolded letters N and
C denote the N- and C-termini of each structure, respectively, with all structures oriented such that the N-terminus is
on the left and the C-terminus on the right.''* Reproduced with permission from reference [114].

lon mobility spectra as a function of charge state (z) are shown in Figure 25 for various
miz-selected ubiquitin ions, [M = zH]*2. The primary features of the arrival time
distributions (ATDs) appear across all spectra between 40 and 100 ms. However, as seen
in Figure 25, the drift times are normalized by helium pressure, drift voltage, and ion
charge (z). As a result, the drift time becomes directly proportional to the collision cross
section'?4125 and is reported in units of A2.

Highly charged ubiquitin ions (z = 10-13) produce one or two pronounced peaks in the
1700-2000 A? range. In contrast, lower charge state ions (z = +6, +7, and #8) display
sharp peaks centered around 1000 A2 (refer to Figure 25). Intermediate charge states (z
= 8-11) exhibit broad peaks in the 1300-1700 A? range, indicating the presence of
multiple unresolved conformers. These charge state dependent trends are consistently

observed across all solution conditions used in this study.
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Figure 25. Charge state dependent ion mobility spectra of mass-selected, positively charged ubiquitin ions are shown.
In each case, the drift times (x-axis) are normalized by ion charge, helium pressure, and drift voltage, making them
directly proportional to the collision cross sections, which are reported in units of A2. This normalization enables direct

comparison of spectral features across different charge states.''* Reproduced with permission from reference [114].

All spectra display ion drift times between 40 and 100 ms. A set of strong peaks, labeled
family C (highlighted in red), appears at approximately 1000 A2 and corresponds to ions
with charge states of +6 to +8. For charge states of +10 and higher, a second set of
intense, sharp peaks labeled E (highlighted in blue) is observed in the 1600-2000 A2
range. Broad features associated with intermediate charge states and cross sections are
marked by a large yellow dot. The solvent conditions used for acquiring the spectra are
as follows: pure water for z = +6 and +7, a 1:1 water—methanol mixture for z = +8 and +9,

and 1% acetic acid in a 1:1 water—methanol mixture for z = +10 to +13.

In the IM-MS experiment, the experimental collision cross section (CCSexp) was compared
to the dimensions of known ubiquitin structures. A collision cross section of 1150 A2 in

helium corresponds to the native structure (N) depicted in Figure 24 (protein data bank
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(PDB) ID: 1D3Z, geometry #1).1"7 However, upon solvent removal, this structure does not
correspond to a minimum on the potential energy surface. By optimizing the geometry in
vacuum using the Assisted Model Building and Energy Refinement (AMBER) force
field,'? a 10% reduction in cross section (to 1010 A2?) is achieved, without disrupting the
secondary and tertiary structure, as shown in Figure 24. This compaction in the z =0
geometry arises solely from side-chain rearrangement and annealing of unstructured C-

terminal residues after solvent removal.

According to AMBER simulations, the addition of 6, 7, or 8 positive charges to this z=0
structure results in an increase in CCS of approximately 5%, yielding values in the range
of 1050-1070 A2, while still preserving the native-like secondary and tertiary structures.
In contrast, the collision cross section of the unfolded A state, following solvent removal
and annealing is significantly larger, approximately 1690 A2, indicating a much less

compact conformation than the native form (refer to Figure 24).123
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Research Problem and Thesis Overview

Even though the use of metallo-folded SCNPs as nanoreactors is still in its infancy, %13
major challenges in the field have already been identified. First, most SCNPs are
synthesized via polymerization of co-monomers and ligand-grafted co-monomers,
resulting in complex samples containing many chains varying by composition, position of
ligands, and chain length. Depending on their chemical architecture and cross-linked
network, it can be envisioned that SCNPs will collapse into many different 3-dimensional
arrangements, exhibiting different catalytic activities. Polydisperse SCNPs are therefore
characterized by a distribution at two levels, i.e., chain composition and compactness,
clearly limiting the analogy between SCNPs and enzymes. To effectively mimic enzymes
and avoid the high versatility of structures, the synthesis of monodisperse sequence-
defined SCNPs with designed catalytic pockets is proposed as one of the next major

steps in the field."3

As outlined in recent reviews, the structural characterization of SCNPs remains
challenging.'?’-129 The goal of the current thesis is to investigate whether ion mobility—
mass spectrometry (IM-MS), coupled with molecular dynamics (MD) simulations is an
effective technique for the characterization of single-chain polymeric nanoparticle (SCNP)
precursor (or parent) polymers. Traditionally, SCNPs and their precursor polymers are
characterized by using conventional techniques such as nuclear magnetic resonance
(NMR) spectroscopy, dynamic light scattering (DLS), and size-exclusion chromatography
(SEC). Solution-phase characterization methods only provide averaged data over the
entire sample and do not allow to examine the structural features of individual chains. A
mass spectrometry (MS) approach would solve these issues by enabling the analysis of
isolated species in the gas phase. More recently, our group has also explored the use of
electrospray ionization mass spectrometry (ESI-MS) for SCNP characterization.30
However, to date, the application of IM-MS to SCNP and parent polymer analysis has not

been reported.

Our group developed a visible-light-induced, photo-switchable single-chain polymeric
nanoparticles (SCNPs). The design of these SCNPs is based on azobenzene cross-

linkers incorporated into a polystyrene backbone bearing pendent phosphine and hydroxy
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functionalities (refer to Scheme 1). The resulting system is of particular significance due
to its potentially remote light control catalytic nature, exhibiting high catalytic activity in the
intramolecular hydroamination of an alkyne with an amine. Importantly, the catalytic
performance of these SCNPs is envisaged to be remotely regulated by light, wherein

morphological changes within the SCNP internal architecture govern accessibility to the

active sites.
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Scheme 1. Light induced catalytically active SCNPs: (a) chemical structure of the SCNPs and (b) morphological

compaction of the SCNPs due to light induced cis-trans isomerization of the azobenzene unit.'3' Reproduced with
permission from reference [131].

SCNPs are complex systems, and therefore it was initially very challenging to apply IM-
MS directly to them. As a result, the current PhD thesis does not investigate SCNPs
themselves, but rather SCNP precursor polymers. Specifically, a bottom-up approach was
adopted, investigating precursor polymer systems of increasing complexity. Our SCNP
precursors are primarily based on polystyrene — as are the SCNPs shown in Scheme 1 —
and the investigation thus began with polystyrene polymers bearing different end groups,
specifically a 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO)-terminated polystyrene
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(TEMPO-PS) and sec-butyl-terminated polystyrene (BU-PS) (refer to Scheme 2). This
strategy helps to unravel the complexity of the precursor polymers and provides valuable
insights (folding process, position of the functional group and charged center) that

contribute to a deeper understanding of SCNPs.

Following the very promising results from the initial study of polystyrene polymers, the
approach was applied to more complex pre-polymer systems that precede the SCNPs
shown in Scheme 1, including copolymers of styrene (STY) and STY-CH2-OH monomers,
and eventually to the full SCNP precursor polymers that were ultimately transformed into
SCNPs. The precursors were composed of various monomers, such as STY, STY-CHa-
OH, STY-PPhz and AuCl attached STY-PPh2 (refer to Scheme 2), featuring a wide range
of degrees of polymerization (DP) and compositions. The study clearly demonstrates that
IM-MS, coupled with MD simulations, is a powerful technique for characterizing SCNP
precursors. It also provides in-depth insight into the chain collapse process of the

precursor SCNPs. 31
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Scheme 2. Chemical structures of the precursor polymers: (a) TEMPO-(styrene)x, (b) BU-(styrene)x, (c) TEMPO-
(styrene)x-(styrene-CH2-OH)y and (d) TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2)w-(styrene-PPh2-AuCl)..
Here, TEMPO refers to the 2,2,6,6-tetramethylpiperidine-N-oxyl end group'?*125 and BU refers to the sec-butyl end
group.

After the successful application of ion mobility—mass spectrometry (IM-MS) and molecular
dynamics (MD) simulations to SCNP precursors containing metal ions, the methodology

was further extended to a different class of SCNPs generated via photochemical
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reactions, namely photochemically-compacted SCNPs. Specifically, IM-MS and MD
simulations were employed to investigate the folding process as well as the separation of
stereoisomers arising from [2+2] cycloadditions of a trifunctional photoactive ene (TPE)
molecules (refer to Scheme 3).'32 This task proved to be extremely challenging, as the
resulting coexisting stereoisomers were very similar in size (refer to Scheme 3), making
their separation difficult. The ion mobility resolution of the employed Waters Synapt G2-
Si mass spectrometer was insufficient to distinguish these isomers. Therefore, the
investigation employed cyclic ion mobility spectrometry (cyclic-IMS). Following the cyclic-
IMS experiments, a large number of density functional theory (DFT) calculations were
performed alongside MD simulations. Ultimately, the dominant stereocisomer was
successfully identified using a combination of IM-MS, cyclic-IMS, DFT, and MD
simulations. The separation of sterecisomers also provides insight into the molecular
folding that occurs during the intramolecular [2+2] photocycloaddition reaction. This
reaction drives the photochemical formation of SCNPs from TPE molecules, thereby

offering a deeper understanding of the SCNP folding process.
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Scheme 3. Structure of the investigated trifunctional photoactive ene (TPE): (a) chemical structure of the trifunctional
photoactive ene molecule; (b) graphical representation of the two distinct isomers formed from the trifunctional

photoactive ene as a result of the [2+2] photocycloaddition reaction.'3?

The current PhD thesis thus opens a new chapter in the characterization of single-chain
polymeric nanoparticle (SCNP) precursor polymers (parent polymers) by employing ion
mobility spectrometry—mass spectrometry (IMS-MS) and molecular modelling. We
investigated the three-dimensional structure of the precursor SCNPs, the position of the
charge centers, the location of metal ions, and the stability of different isomers to obtain
detailed information about their structure prior to folding. In addition, the current PhD
thesis applied the developed methodologies to a small molecule folding systems

consisting of three photoreactive enes able to undergo a [2+2] cycloaddition.
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Determining the structure and morphology of precursor polymers to SCNPs using ion
mobility spectrometry (IMS) experiments is a critical aspect of the current PhD thesis. We
intend here to introduce IMS-MS as an original and powerful method for tracking the
structural morphology of precursor SCNPs. The current work thus investigates the
precursor polymers of single-chain nanoparticle characterization with ion mobility—mass
spectrometry (IM-MS) and molecular dynamics (MD) simulations, yielding valuable

insights into polymer folding and nanostructure characterization.

The high sensitivity of mass spectrometry-based methods enables the monitoring of the
collapse of precursor SCNPs in the presence of ions. IMS provides unprecedented
insights into the structure and conformational changes of collapsed precursor SCNPs.
Throughout the study, the influence of key instrumental parameters—such as solvent,
ionization conditions, and temperature—was carefully evaluated to ensure the reliability

and reproducibility of the results.
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The starting polymer for the investigation in the current chapter — polystyrene (PS) —is a
thermoplastic polymer commonly used in various applications due to its bulk properties.
Designing functional polystyrenes with well-defined structures for targeted applications is
of significant interest due to the rigid and apolar nature of the polymer chain, including for
SCNPs. Progress is to date hindered by the limitations of current analytical methods in
defining at the atomistic-level the folding of the polymer chain. The integration of ion
mobility spectrometry and molecular dynamics simulations is highly beneficial in
addressing these challenges. However, data on gas-phase polystyrene ions is rarely
reported in the literature. We herein investigate the gas phase structure of polystyrene
ions with different end groups to establish how the nature and the rigidity of the monomer
unit affects the charge stabilization. We find that — in contrast to polar polymers in which
the charges are located deep in the ionic globules — the charges in the PS ions are rather
located at the periphery of the polymer backbone leading to singly and doubly charged
PS ions adopting dense elliptic-shaped structures. Molecular dynamics (MD) simulations
indicate that the folding of the PS rigid chain is controlled by phenyl ring interactions with
the charge ultimately remaining excluded from the core of the globular ions, whereas the
folding of polyether ions is initiated by the folding of the flexible polyether chain around

typically a sodium ion that remains deeply enclosed in the core of the ions.

Introduction

Polystyrene is a thermoplastic polymer commonly used in various applications such as
packaging, insulation, medical devices and electronics, due to its bulk properties such as
transparency, low density, rigidity, low thermal conductivity, and low electrical
conductivity.'33 Designing functional polystyrenes for targeted applications such as drug
encapsulation,’* cell targeting, and catalysis is of significant interest due to the rigid and
apolar nature of the polymer chain. However, progress is hindered by the limitations of
current analytical methods in defining the atomistic-level folding and intramolecular
crosslinking of the polymer chain. The integration of ion mobility spectrometry (IMS) and
molecular dynamics (MD) simulations is highly beneficial in addressing these challenges.
However, data on gas-phase polystyrene ions is rarely reported in the literature. While
mass spectrometry analyses of polystyrene samples have been conducted, often utilizing
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Ag* to aid cationisation35136.137.138 the 3D structure(s) of the resulting ions are far less
understood. Bowers and co-workers'3® were one of the few groups to explore the 3D
structure of polystyrene ions (with alkali and silver ions) using a combination of IMS-MS
and molecular dynamics computations. Based on their investigation of oligomers (DP <
7) across a range of cationization agents, they proposed a “V” shape for all ion types,
including for silver cationized polymers, where the shape is induced by a cationic stacking

of styrene moieties.3°
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Scheme 1. Folding of polystyrene (PS) chains upon Electrospray lonization : the primary objective of this joint
experimental and theoretical investigation is to decipher at the atomistic-level the internal structure of gaseous PS ions.
Herein, as depicted in Scheme 2, we critically extend these investigations to much larger
polystyrenes and to higher charge states using the unique combination between IMS-MS
and MD, with particular emphasis on the impact of the apolar and rigid nature of the

polystyrene chain on the charge stabilization in the gas phase of the mass spectrometer.

The experimental and theoretical methodologies are described in the annexes.

Results and Discussion

Three polystyrene samples — refer to Scheme 2 — containing different end groups, namely

TEMPO-PS (Mh = 3,400 g mol*and & = 1.2), low molecular weight BU-PS, i.e. BU-PSLm

(here LM is used to indicate low molecular weight, = 1.01 — M» = 580 g mol-') and high
63



molecular weight BU-PS, i.e. BU-PSum (here HM is used to indicate high molecular
weight, © = 1.03 — Mn = 3,270 g mol'), have been selected to investigate the influence of
the nature of the end group and the chain length on the gas phase structure of the PS
ions. The selection of the polymer end-groups is motivated by the fact that the TEMPO
residue is anticipated to participate in the charge localization by catching a proton unlike
the butyl residue. Synthesized TEMPO-PS polymer has been fully characterized using
NMR and SEC (refer to Figure 1). The synthesis and initial characterization was

conducted by Dr. Aiden lzuagbe from our team.

TEMPO-PS BU-PS

Scheme 2. Chemical structures of the polystyrene samples used in the present investigation, TEMPO-PS : (M» = 3,400
g mol'and B = 1.2 ) and BU-PSLwnm (Mn = 580 g mol* and & = 1.01 and M = 3,270 g mol-' and D = 1.03 ).
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"H-NMR Spectroscopy was used to characterize the TEMPO-PS polymer (refer to Figure
1). Characteristic resonances between (6 = 7.21 — 6.21 ppm) are attributed to the
aromatic hydrogen atoms of the styryl group. Resonances between (6 = 2.36 — 0.82 ppm)
are assigned to the aliphatic hydrogen atoms of the polymer backbone. The number
average molecular weight of the polystyrene polymer was determined using Size
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Exclusion Chromatography (SEC) and found to be 3,400 g mol-' with a low dispersity of
1.2.131

MALDI-ToF is a widely used and valuable technique for polymer characterization.
Therefore, in the initial stage of this study, a polystyrene sample was analyzed using
MALDI-ToF. This investigation confirmed the successful synthesis of the polymer and
provided information about its molecular weight. The synthesized TEMPO-PS polymer
was characterized using MALDI-ToF experiments with two different matrices (refer to
Figure 2). Mass spectrometry experiments on TEMPO-PS involved cationization and
protonation events depending on the experimental conditions. DCTB and DHB
matrices, 40141 together with AgNO3s as the cationization agent,'#? allow characterizing
TEMPO-PS by MALDI-ToF. AgNOs was used as the cationization agent in the presence
of DCTB matrix (refer to Figure 2). In this case, intact polymer ions were not identified as
the labile TEMPO end group was dissociated creating two different ions, [H-(styrene)s-1-
CH=CH-Ce¢Hs + Ag]* and [H-(styrene),-2-CH2C(CeHs)=CH2 + Ag]* (refer to Table 1).'43 The
[H-(styrene)s-1-CH=CH-CsHs + Ag]* and [H-(styrene),-2-CH2C(CsHs)=CH2 + Ag]* ions
were produced by the irreversible fragmentation of the alkoxyamine bond via beta

hydrogen elimination and the dissociation of the TEMPO-PS, respectively.
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Figure 2. MALDI analysis of TEMPO-PS (0.1 mg mL™") in tetrahydrofuran/acetonitrile (1 : 9) using DCTB as the matrix
and AgNOs (0.4 mg mL™") as the cationizing agent. Blue circles correspond to [H-(styrene)s-2-CH2C(CsHs)=CHz2, Ag]*
ions, orange triangles are used to label [H-(styrene)n-1--CH=CH-CeHs, Ag]* ions, and red stars correspond to [H-

(styrene)n-2-CH2C(CsHs)=CHz, Ag]* AgNOs ions.

Table 1. Possible structures of the different ions of TEMPO-PS (0.1 mg mL™") in tetrahydrofuran/acetonitrile (1 : 9),
identified by MALDI analysis with DCTB matrix and AgNO3 (0.4 mg mL") as the cationization agent

lon structure n Monoisotopic peak (m/z)
[H-(styrene)y2-CH2C(CsHs)=CHz, Ag]* [ 17 2098.13
[H-(styrene),-1-CH=CH-CesHs, Ag]* A 19 2084.09
[H-(styrene)-2-CH2C(CeHs)=CHz, Ag]*. AQNOs * 19 2162.98

During the MALDI-ToF experiment, TEMPO-PS underwent dissociation in the presence
of the DCTB matrix and AgNOs as the ionization agent. As a result, intact TEMPO-PS
ions were not detected. Subsequently, TEMPO-PS was analyzed using DHB as the

matrix. No cationization agent was required in the case of the DHB matrix as DHB matrix
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has sufficient acidity to promote the protonation of the nitrogen atom of the TEMPO end

group. In this case, intact polymer ions, i.e. ([H-(styrene),-TEMPO + H]*, were identified

by MALDI-ToF (refer to Figure 3).
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Figure 3. MALDI analysis of TEMPO-PS (0.1 mg mL"" in tetrahydrofuran) using DHB matrix and without any cationizing
agent, singly charged intact polymer ions (DP = 19-34) are identified without any fragmentation.

In the case of TEMPO-PS, the TEMPO end group is polar, containing both nitrogen and

oxygen atoms. These heteroatoms facilitate protonation during the ionization process,

thereby aiding the formation of polymer ions. Thus, the end group plays a critical role in

the ionization of the polymer. To investigate the effect of the end group, a polystyrene

sample with a non-polar end group was selected. For this purpose, a commercially

available polystyrene with a sec-butyl end group (BU-PS) was used.

In addition to the nature of the end group, molecular weight also influences the ionization

behavior and charge state of the polymer. Therefore, BU-PS samples with two different
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molecular weights were selected for this investigation (refer to Table 2). The commercially
available high molecular weight BU-PS (denoted as BU-PShm) formed singly charged ions
during MALDI-ToF experiments in the presence of AgNO3s as the ionizing agent and
DCTB as the matrix. In this case, the polymer ions formed due to coordination of the
polymer chain with silver ions (refer to Figure 4). Molecular weight and dispersity of all

these polymer samples are gathered in Table 2.

Table 2. Molecular weight and dispersity of the polystyrene samples (TEMPO-PS and BU-PS) used in the study, The
BU-PSLmmm polymers were supplied by Agilent Technologies, Diegem, Belgium. The molar mass and dispersity of the

BU-PS polymer were provided by Agilent Technologies.

Polymer M (g mol') D
TEMPO-PS 3,400 (SEC) 1.2 (SEC)
BU-PSLm 580 1.01
BU-PSHwm 3.270 1.03
DP =32
DP =30 3497.99
3289.86 DP =34
3707.11
DP =28
3081.75 e
4019.25
> DP = 39
T 4227.38
c DP=25
Q 2769.60 DP = 41
£ 4435.48
DP =23 DP =43
2561.48 4643.57
| 1 ] b } |
2330 3290 4750
mlz

Figure 4. MALDI analysis of BU-PSum (0.1 mg mL") in tetrahydrofuran/acetonitrile (1 : 9) using DCTB as the matrix
and AgNOs (0.4 mg mL™") as the cationizing agent. Singly charged intact polymer ions (DP = 21-44) are identified without

any fragmentation.
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After analyzing the high molecular weight BU-PS, the commercially available low
molecular weight BU-PS (denoted as BU-PSLm) was also analyzed using MALDI-ToF in
the presence of DCTB as the matrix. The low molecular weight BU-PS was detected as
singly charged ions during MALDI-ToF experiments with AgQNOs as the ionizing agent. In
this case, the polymer coordinates with one silver ion, resulting in singly charged species

(refer to Figure 5).

While TEMPO-PS underwent dissociation under the same MALDI-ToF conditions (using
DCTB matrix and AgNOs), BU-PS produced intact polymer ions. This highlights the

influence of the end group and molecular weight on the ionization behavior of polymers.
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Figure 5. MALDI analysis of BU-PSim (0.1 mg mL-") in tetrahydrofuran/acetonitrile (1 : 9) using DCTB as the matrix
and AgNOs (0.4 mg mL™") as the cationizing agent. Singly charged intact polymer ions (DP = 3-12 ) were identified

without any fragmentation.

The MALDI-ToF experiments on different polystyrene samples provided several

important insights. The polarity of the end group plays a significant role in the ionization
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process, and the nature of the polymer ions (i.e. whether they remained intact or

fragmented) is influenced by the choice of matrix and ionization agent.

Both polymer samples were also analyzed using ESI-MS. Unlike MALDI-ToF, ESl is a
soft ionization technique, thereby minimizing the risk of polymer ion fragmentation and

enabling the detection of intact polymer ions.

1. ESI-MS analysis of PS

The polystyrene samples were thus analyzed using electrospray ionization mass
spectrometry (ESI-MS) to assess their ionization behavior and establish a foundation for
the subsequent IM-MS analysis. Polystyrene is best analyzed by mass spectrometry,
either using MALDI or ESI, in the presence of Ag™ ions because of favorable interactions
between the r-electrons of the aromatic rings and the silver cations.'* TEMPO-PS
contains a polar TEMPO end group, which is prone to protonation during the ionization
process. TEMPO-PS was analyzed under two different experimental conditions: (i)
without any ionization agent and (ii) in the presence of AQNOs as an ionization agent.
When analyzed without any ionization agent, the TEMPO end group was protonated
during ionization, resulting in the formation of singly charged [TEMPO-PS + H]* ions (refer
to Figure 6a). In contrast, in the presence of AQNOs, TEMPO-PS produced two types of
polymer ions: singly charged [TEMPO-PS + H]* and doubly charged [TEMPO-PS + H +
Ag)?* (refer to Figure 6b).

Subsequently, high molecular weight BU-PS was also analyzed using ESI-MS. In this
case, the end group is non-polar and cannot undergo protonation. However, in the
presence of AQNO3 as an ionization agent, doubly charged [BU-PShu + 2Ag]?* ions were

detected (refer to Figure 6¢).
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Figure 6. ESI-MS mass spectra of (a) TEMPO-PS (0.01 mg mL™") in acetonitrile/acetone 80/20 ,(b) TEMPO-PS (0.01
mg mL™") in acetonitrile/acetone 80/20 with AgNO3 (0.0002 mg mL™") and (c) BU-PShm (0.01 mg mL-") in 80/20
acetonitrile/acetone with AgNO3 (0.0002 mg mL™"). Red diamonds correspond to [TEMPO-PS + H]*, blue squares
represent the [TEMPO-PS + H + Ag]?* and blue circles correspond to [BU-PShm + 2Ag]?* ions. The values reported on

the top of the peaks correspond to the DP of the corresponding polymer ions.
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Termination of the PS with the TEMPO group provides a basic site for protonation under
positive ionization ESI conditions and thus enables localization of at least one charge and
even facilitates ionization without the addition of a cationization agent. The TEMPO-PS
ESI-ToF mass spectrum is presented in Figure 6a and features a symmetrical peak
distribution centered at m/z 1823 (DP = 16), with the 104 u mass difference between two
consecutive signals that is typical of singly charged (+1) PS ions. These ions are assigned
to [TEMPO-PS + H]* ions based on the comparison between the isotope distribution with
the theoretical one (refer to Figure 7). TEMPO-PS was further analyzed by ESI-ToF in
presence of ANOs as a source of Ag™ cationization agent in Figure 6b and 7. Besides
[TEMPO-PS + H]" ions, already detected in Figure 6a, 2+ ions are detected for DP = 21-
44 and are clearly ascribed as [TEMPO-PS + H + Ag]?* ions (refer to Figure 7 for the

isotopic distribution analysis).

BU-PSLwhm was also subjected to ESI-ToF analysis in presence of AQNOs3 as the source
of cationizing agent. As expected, no protonated BU-PS was detected due to the absence
of proton binding site. Nevertheless, as seen in Figure 6¢c and Figure 8, abundant doubly
and singly charged ions are detected and correspond to [BU-PShum + 2Ag]?* and [BU-
PSwm + Ag]* ions , respectively. Note here that BU-PSLm mostly contains chains with DP
= 3-13, whereas BU-PSum contains chains with DP = 26-38. Again, the ion charge states
and the ion compositions for both the 1+ and 2+ Bu-PSLwHm ions have been established
based on the comparison between the experimental isotopic distributions and the

simulated ones (refer to Figures 8 and 9).
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Figure 7. Electrospray analysis of TEMPO-PS (0.01 mg mL™") in acetonitrile/acetone 80/20 without (a-c) and with (d-e)
cationizing (Ag*) agent (0.0002 mg mL™"): (a) and (d) present partial views of the ESI mass spectra highlighting the
presence of [TEMPO-PS + H]* (red diamonds), [TEMPO-PS + H + Ag]?* (blue rectangles) ions and [2 TEMPO-PS + 2
H]?* adduct ions (pink diabolos). (b), (c) and (e) present the comparison between experimental and simulated isotope
patterns for [TEMPO-PS + H]* (DP = 15), [2 TEMPO-PS + 2HJ?** (DP = 51) ions and [TEMPO-PS + H + Ag]** (DP =
31).

After the analysis of high molecular weight BU-PS, the low molecular weight BU-PS
sample, referred to as BU-PSwm, was also analyzed using ESI-MS. In the presence of
AgNOs as the ionization agent, BU-PSLm produced only singly charged ions, [BU-PSim +
Ag]*(refer to Figure 8a). Since the end group is non-polar, it did not lead to ion formation
via protonation. Therefore, the polymer ions were generated through complexation of a
single silver ion. The isotopic distribution of these ions—both experimental and

simulated—match exactly (refer to Figure 8b).
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Figure 8. Electrospray analysis of BU-PStm (MW = 580 g mol', 0.01 mg mL" in acetonitrile/acetone: 80/20) with
AgNO3 (0.0002 mg mL") as a cationizing agent : (a) partial view of the ESI mass spectrum highlighting the presence
of [BU-PSLm + Ag]* and (b) comparison between experimental and simulated isotope patterns for singly charged BU-
PSwm ( [BU-PSwm + Ag]*, (DP = 5)).
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After the identification of the polymer ions and their charge states, the isotopic
distribution was analyzed and compared with the simulated spectrum to ensure that
the identified ions corresponded to the correct polymer species. High molecular
weight BU-PS generated doubly charged ions, [BU-PShu + 2Ag]?*. The isotopic
distribution of these ions was also examined and compared with the simulated
spectrum. The experimental spectrum matches perfectly with the simulated one,
confirming that the identified ions are indeed the expected polymer ions (refer to

Figure 9).
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Figure 9. Electrospray analysis of BU-PSym (0.01 mg mL™" in acetonitrile/acetone: 80/20) with AgNO3 (0.0002 mg mL-
") as a cationizing agent : comparison between experimental and simulated isotope patterns for doubly charged BU-
PShtm ([BU-PShm + 2Ag]?*, (DP = 32)).

2. IMS experiments on gaseous TEMPO-PS and BU-PS ions

After analyzing all polystyrene samples using ESI-ToF mass spectrometry, the

investigation was extended to the advanced and highly promising technique of ion

mobility—mass spectrometry (IM-MS), for polymer characterization. All PS ions, ie.,

[TEMPO-PS + HJ*, [TEMPO-PS + H + Ag]?*, [BU-PSLm + Ag]* and [BU-PSHm + 2Ag)?*

ions, have been subjected to ion mobility experiments to investigate the influence of the
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nature of the end-group (TEMPO vs BU), of the chain length, of the charge state (1+ vs
2+), and of the cationizing agent (H* vs Ag*) on the gas phase structure of the polymer

ions.

The effects of the end group, chain length, charge state, and ionization agent have been
investigated experimentally by (i) analyzing for all the ions the symmetry of the Arrival
Time Distribution (ATD), (i) determining the ion CCSexp, and (iij) monitoring the CCSexp
evolution over the mass range (DP = 6-23 for [TEMPO-PS + H]*, DP = 21-44 for [TEMPO-
PS + H + Ag]?*, DP = 3-13 for [BU-PSLm + Ag]* and DP = 26-38 for [BU-PShm + 2Ag]?*).
Asymmetrical ATD would reveal the presence of non-interconverting gas phase
structures, %2 whereas plotting the CCS evolution as a function of mass (m/z) — the so-
called trend line analysis — enables (i) assessing the global 3D structure of the ions
(sphere vs cylinder, for instance)'4>'46 and (i) detecting subtle modifications in the
structure of macroions, typically the transition between extended and folded structures
upon mass increase.'*’ Charged polymer ions often adopt globular conformations in the
gas phase, for which the evolution of CCS as a function of the mass is described by a
power law, i.e. CCS = A MP where M is the molecular weight, B is ~2/3 that of the
characteristic value for a spherical evolution and A is related to the ion density."4¢ Polymer
ions with B ~ 2/3 are compact with the spherical structure being considered as the densest
arrangement, while ions with B > 2/3 are increasingly extended, with a value of B ~1
characteristic of fully extended structures growing linearly with the number of monomer
units (or the mass). Based on theoretical calculations, we recently demonstrated that
extended objects such as helices have their B parameter tending to 1 as their mass (or
length) tends to infinity, but at a different rate depending on the chemical nature of the

side chains.147.148

Figures 10-13 contain the IMS data for  TEMPO-PS + HJ*, [TEMPO-PS + H + Ag]**, [BU-
PSwvm + Ag]* and [BU-PShm + 2Ag]J?* ions. As shown in Figures 11-13, sharp and
symmetrical arrival time distributions (ATD) have been recorded for all the 1+ and 2+ ions,
indicating the presence of unique ion structures or structures that are interconverting very
fast over the sampled mass ranges, as also confirmed by the quasi constant CCS
resolution (R~40, that is the instrument resolution4°) for all the analyzed ions (refer to

77



Figure 14). For TEMPO-PS ions, the CCS/Mass evolutions for both the 1+ and 2+ ions
are fitted by CCSexp = A MB, as shown in Figure 10a/b, with the B values determined at
0.69 and 0.70, respectively, indicating that the 3D structures cannot be considered as
fully spherical (B = 2/3). Indeed, the B value is really sensitive to the 3D structure, implying
that slight differences in the B value could indicate strong modifications in the
structures.' For example, we recently determined a B value at 0.72 for helical anionic
peptoid ions (DP = 3 — 15).146
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Figure 10. lon mobility mass spectrometry analysis of TEMPO-PS and BU-PSvLwhm: trend line analysis (CCS evolution
with mass) of (a) [TEMPO-PS + HJ*, (b) [TEMPO-PS + H + Ag]?*, (c) [BU-PSim + Ag]* and (d) [BU-PSum + 2Ag]?*. The
blue curves and the fitting equations correspond to the experimental CCS evolutions. The red curves correspond to the
theoretical (MD) CCS evolutions.

lon mobility spectrometry—mass spectrometry (IM-MS) measures the time required for
ions to travel from the ion source to the detector through the mobility cell under the
influence of an electric field. Within the mobility cell, ions are separated based on their
mobility; therefore, different ions take different amounts of time to traverse the cell. By
subtracting the time spent traveling from the analyzer to the detector from the total arrival
time, the resulting value is referred to as the drift time. The collision cross section (CCS)
is calculated from these drift times. The nature of the arrival time distribution (ATD)
spectrum is highly informative, as it reveals whether a single ion species or multiple ion
species are present within a given time frame. Here, the ATD spectra of polystyrene ions

are shown for selected degrees of polymerization (refer to Figures 11, 12, and 13).
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Figure 11. lon mobility mass spectrometry analysis of 0.01 mg mL™" in acetonitrile/acetone (80/20) TEMPO-PS
(Waters Synapt G2-Si mass spectrometer) : arrival time distribution (ATD) of selected ) [TEMPO-PS + H]* ions
(DP = 12-15).
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Figure 12. lon mobility mass spectrometry analysis of 0.01 mg mL"" in acetonitrile/acetone (80/20) TEMPO-PS with

AgNO; (0.0002 mg mL™") as a cationizing agent (Waters Synapt G2-Si mass spectrometer) : arrival time distribution
(ATD) of selected [TEMPO-PS + H + Ag]?* ions (DP = 23, 24, 26 and 28).
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Figure 13. lon mobility mass spectrometry analysis of 0.01 mg mL™" in acetonitrile/acetone (80/20) BU-PSxm with

AgNOs (0.0002 mg mL™") as the cationizing agent (Waters Synapt G2-Si mass spectrometer) : arrival time distribution

(ATD) of selected [BU-PSHm + 2Ag]?* ions (DP = 28, 32, 33 and 36).
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Figure 14. lon mobility mass spectrometry analysis of TEMPO-PS (Waters Synapt G2-Si mass spectrometer) :
evolution of the CCS resolution (R = CCS/A50%CCS) over the DP range for TEMPO-PS 1+ ions with proton and 2+

ions with proton and silver ion. Note that the maximal Waters Synapt CCS resolution is close to 40.

By approximating globular proteins as spheres, Ruotolo et al.’®® established that the ion
density can be determined using equation 1 based on CCS trend line analysis. Doing so,
i.e., by assuming that the PS ions were quasi spherical, we obtained pccs = 0.40 Da A3
and 0.47 Da A for respectively [TEMPO-PS + H]* and the [TEMPO-PS + H + Ag]?* ions.
Based on the reported density of bulk polystyrene, 0.96-1.05 g cm™ say 0.57-0.62 Da A
3,151 pecs are thus calculated by far lower for both the 1+ and 2+ ions. This indicates, in
conjunction with the determined B parameters, that the 1+ and 2+ ions do not adopt

spherical structures in the gas phase.

3 s .
pecs =7 \/; (Da/A3) equation 1

Polyether and polyester polymer ions are characterized by the charge(s) positioned deep
in the core of the ion structure with the flexible (and polar) polymer chain folded around
the cationizing particle(s).’? In the case of PS ions, we may imagine that the silver ion

stabilization by the phenyl rings also induces the PS chain folding with the silver ion(s)
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incorporated within the globular ion. We thus analyzed [BU-PS.m + Ag]* and [BU-PShm +
2Ag]?* ions, in which the butyl group is not participating in any cationization or protonation
process. As shown in Figures 10c and 10d, the fitting process affords B = 0.81 and pccs
=1.43 Da A (A=0.95), B =0.68 and pccs = 0.33 Da A (A = 2.48) for 1+ and 2+ BU-

PSLwHm respectively, values that clearly deviate from the bulk PS density.

A wealth of important information regarding polymer folding, as well as the size and shape
of the ions, was obtained from the IM-MS investigations. These findings demonstrate that
IM-MS is a highly suitable technique for the characterization of precursor SCNPs.
However, to gain deeper insight into the polymer collapse process and the three-
dimensional structures of the polymer ions across a range of degrees of polymerization

(DP), IM-MS must be combined with molecular dynamics (MD) simulations.
3. Molecular modeling and theoretical CCS calculation
3.1 Polystyrene ion shape analysis

Atomistic simulations constitute an efficient approach to generate accurate information
about the ion structure with a description at the atomistic level. CCS is used here to
identify the best structure candidates amongst a set of generated ion geometries, upon
direct comparison between the CCSexp and CCSth.'3 Using Molecular Dynamics
simulations, we optimized the structures of all gaseous 1+ and 2+ PS ions detected in the
ESI experiments. In the case of the protonated polymers, we first used DFT calculations
to establish the preferential position of the added proton on the TEMPO end group. As
shown in Figure 15, the N-protonation is favored over the O-protonation, with a

stabilization energy of ~32 kcal mol-".

|
H
| © %
n n

E =0 kcal mol! E = 32 kcal mol™!

Figure 15. DFT calculations were performed using B3LYP functional and 6-31G** basis set for the determination of the
energetically more stable protonation center in TEMPO-PS. Protonation at the nitrogen center of TEMPO was found to be

32 kcal mol™* more stable than protonation at the oxygen center.
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CCSih were calculated from the atomistic simulations using the Trajectory Method
implemented in Collisdoscope'®* and then compared with the CCSexp in Figure 10. For
[TEMPO-PS + HJ*, [BU-PSLm + Ag]* and [BU-PShwm + 2Ag]?* ions, the CCSi values are
in very good agreement with the experimental ones, whereas, in the case of [TEMPO-PS
+ H + Ag]?* ions, the CCSw values are consistently overestimated by ~9% compared to
the experimental ones.'®* Since the CCSth curve is parallel to the CCSexp evolution for the
[TEMPO-PS + H + AgJ?* ions, there is most likely a systematic error made theoretically
for these systems. For di-cations, a parameter that is not accounted for by our calculations
is the screening of the Coulomb repulsion between the two cations by the intervening
medium. The description of such screening would require exploring the use of more
complex polarizable force fields, which is beyond the scope of the present work. The
screening effects are expected to condense further the ions and to be more pronounced
when there is a large separation between the ions (i.e., a wider polarizable medium). This
is actually the case for the [TEMPO-PS + H + Ag]?* compared to the [BU-PShm + 2Ag]**
ions (refer to Figure 16 and 17), in line with the fact that the cross sections are

overestimated for the former ions.
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Figure 16. Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of TEMPO-PS ions : (a) snapshot of the
last frame of the MD for [TEMPO-PS + H]* (DP = 23); (b) snapshot of the last frame of the MD for [TEMPO-PS + H +
AgJ?* (DP = 33). The coloured styrene rings are involved in the cation-r interaction; (c) evolution of the distance between
the charged center (H* or Na*) and the center-of-mass (COM) normalized by the ion radius of gyration (Rg) for  TEMPO-
PS + H]* (blue dots) and [PEG + Na]* (red dots) (PEG stands for polyethylene glycol, refer to Figure 18 for the optimized
ion structure); (d) evolution of the distance between the H* (cyan dots) and Ag* (green dots) and the center-of-mass
(COM) normalized by the ion radius of gyration (Ry) for TEMPO-PS + H + Ag]?*. Refer also Figure 19 for the evolution
of the inter-charge distance for [TEMPO-PS + H + Ag]?* ions.

Figure 16 shows the optimized structures of [TEMPO-PS + H]* (DP = 23) and [TEMPO-
PS + H +Ag]** (DP = 33), as typical examples selected for the 1+ and 2+ series of ions.
We observe that both the 1+ and 2+ ions appear as compact structures with the
protonated TEMPO end group located on the edge of the folded chain. For the 1+ ions,
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this is clearly different from the situation encountered with a classical (traditional) polymer
such as Na*-cationized polyethers and polyesters, where the Na* ion is stabilized deeply
into the core of the globular structure, % refer to Figure 18 for a typical polyethylene glycol
(PEG) ion. To illustrate this particularity, the distance between the charged center
(protonated TEMPO or Na*) and the center-of-mass of the ion for, respectively, [TEMPO-
PS + H]" or [PEG + Na]* ions, has been divided by the radius of gyration (Rg) of the ion
to generate normalized data for increasing DP. As shown in Figure 16c, the normalized
distance is between 0.1 and 0.4 for the [PEG + Na]* ions but increases up to ~1 for the
[TEMPO-PS + H]* ions, implying that the charged end group clearly remains at the
surface of the ion structure over the investigated DP range. As shown in Figure 16b for
the [TEMPO-PS + H + Ag]?* ions, the protonated TEMPO remains on the surface of the
ion and the added Ag™ cation is located at a diametrically opposite position (Figure 16d),
although also at the surface of the ion. The H* or Ag* distance remains nearly constant
around 15-20 A over the whole investigated DP range (that extends from DP = 21 to 44)
to minimize the electrostatic repulsion between both charged centers (refer to Figure 19).
Again these [TEMPO-PS + H + Ag]?* ions appear as compact structures. In a recent study
related to gas phase dendrimer ions,'#® the so-called solvent-accessible surface area
(SASA) has been introduced to estimate the effective ion density to be compared to the
CCS-determined density (pccs).’®® SASA corresponds to the total area of the ion
envelope and, in our simulations, helium is considered as the probing atom (refer to
experimental section). The respective molecular volume (Vsasa) can subsequently be
used to determine the ion effective density, namely psasa, that is only equal to pccs for
hard spheres.™® We determined the SASA for all the [TEMPO-PS + H]* and [TEMPO-
PS+ H + Ag]%* ions, see Tables 3 and 4, and calculated an average <psasa> = 0.62 Da A-
3 and 0.65 Da A= for respectively the 1+ and 2+ ions. These calculated effective densities
(0.62-0.65 Da A) lie close to the bulk PS density (0.57-0.62 Da A-3),'5 revealing that the
ion folding ends up with dense PS ions, whose high density is mainly caused by the PS
chain compaction (refer to Table 3-4). Therefore, molecular dynamic simulations assist in
obtaining deep knowledge about the 3-dimensional shape of the polymer chain for a
broad range of the DP in addition to the IM-MS. Detailed information regarding the size

and shape of the polymer ions was obtained through IM-MS and molecular dynamics
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(MD) simulations. These studies also provided insights into the effects of polarity and the
nature of the end group on the behavior of polymer ions. It was observed that the end
group consistently remains at the edge of the ion aggregate. The charged center is
stabilized by interactions with the styrene rings and is also located near the periphery of
the polymer ion aggregate. Therefore, it was anticipated that IM-MS, coupled with
molecular dynamics (MD) simulations, would be a highly effective technique for

investigating the size, shape, and collapse behavior of precursor SCNPs.
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Figure 17. Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of BU-PS ions : (a) snapshot of the last
frame of the MD for [BU-PSim + Ag]* (DP = 13); (b) snapshot of the last frame of the MD for [BU-PSum + 2Ag]?* (DP =
28); (c) evolution of the distances between the charged centers (Ag* ions) and the center-of-mass (COM) normalized
by the ion radius of gyration (Ry) for [BU-PS + 2Ag]?*; blue and red dots correspond to both silver ions; (d) evolution of
the effective density, psasa, from DP = 26 to DP = 38 for [BU-PSHm + 2AgJ?*.
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In the case of polystyrene, the charged center consistently remains at the edge of the ion
aggregate. This behavior is attributed to the non-polar nature of polystyrene, which lacks
strong interactions with the charged species. In contrast, for a polar polymer such as
polyethylene glycol (PEG), the charged center is located at the center of the ion
aggregate. PEG contains multiple polar oxygen atoms that strongly interact with the
charged center, effectively stabilizing it within the core of the polymer ion aggregate (refer

to Figure 18).

Figure 18: Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of singly charged polyethylene glycol

ions with sodium : snapshot of the last frame of the MD for [Polyethylene glycol + Na]* (DP = 22), with the sodium
ion present in the center of the polymer ion.

In the case of doubly charged polymer ions, such as [TEMPO-PS + H + Ag]%*, two
charged centers are present: the protonated TEMPO group and the silver ion. Both
charged centers are located at the edge of the ion aggregate, and the distance
between them remains consistently in the range of 15-20 A across all degrees of

polymerization (refer to Figure 19).
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Figure 19. Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of TEMPO-PS ions : Evolution of the
inter-charge distance in [TEMPO-PS + H + Ag]?* ions.

TEMPO-PS produced two different types of ions: singly charged ions [TEMPO-PS +
H]* and doubly charged ions [TEMPO-PS + H + AgJ?*. The solvent-accessible surface
area (SASA) was calculated for both ion types across the full range of degrees of
polymerization (DP). Subsequently, the volume corresponding to the SASA (Vsasa)
was determined, and the density (psasa) of the polymer ions was calculated (refer to
Tables 3 and 4).

Table 3. lon mobility mass spectrometry and Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of
[TEMPO-PS + H]" ions : experimental and theoretical collision cross sections, Solvent Accessible Surface Area
(He atom as the probe), the volume Vsasa corresponds to the volume delimited by the SASA and allows calculating

an effective density, psasa.

[TEMPO-PS + HJ"

DP miz  CCSep(R?) CCSn(A2)  SASA (A2  Veasa (A%  psasa(DaA?d)
782 230 238 910 1293 0.60
886 255 263 1020 1459 0.61
990 275 286 1077 1641 0.60
1094 292 319 1272 1797 0.61

10 1198 308 325 1169 1928 0.62
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11 1302 324 333 1247 2101 0.62

12 1406 340 350 1351 2254 0.62
13 1510 357 369 1455 2434 0.62
14 1615 376 386 1578 2605 0.62
15 1719 392 407 1666 2764 0.62
16 1823 410 410 1648 2872 0.63
17 1927 426 437 1738 3060 0.63
18 2031 443 449 1843 3262 0.62
19 2135 458 467 1908 3410 0.63
20 2239 478 492 2015 3615 0.62
21 2343 495 500 2037 3772 0.62
22 2447 510 508 2052 3863 0.63
23 2551 525 537 2214 4049 0.63

Table 4. lon mobility mass spectrometry and Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of
[TEMPO-PS + H + AgJ?* ions : experimental and theoretical collision cross sections, solvent Accessible Surface
Area (He atom as the probe), the volume Vsasa corresponds to the volume delimited by the SASA and allows

calculating an effective density, psasa.

[TEMPO-PS + H+Ag}®*

DP m/z CCSexp(A?) CCSn(A?) SASA(A?2)  Veasa (A%  psasa(DaA?d)
21 1225.18 470 508 2262 3715 0.66
22 1277.21 481 505 2301 3862 0.66
23 1329.24 493 539 2612 4093 0.65
24 1381.27 511 548 2611 4226 0.65
25 1433.3 522 571 2665 4353 0.66
26 1485.33 540 577 2780 4533 0.66
27 1537.36 551 603 2934 4715 0.65
28 1589.39 567 600 2959 4873 0.65
29 1641.42 578 624 3102 5062 0.65
30 1693.45 594 641 3072 5161 0.66
31 1745.48 604 650 3262 5376 0.65
32 1797.51 620 671 3203 5501 0.65
33 1849.54 630 675 3330 5630 0.66
34 1901.57 645 690 3457 5819 0.65
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35 1953.6 655 692 3390 5964 0.66

36 2005.63 665 702 3693 6178 0.65
37 2057.66 675 728 3644 6308 0.65
38 2109.69 689 741 3854 6456 0.65
39 2161.72 699 741 3877 6619 0.65
40 2213.75 713 753 3966 6785 0.65
41 2265.78 723 775 4180 6991 0.65
42 2317.81 737 780 3936 7040 0.66
43 2369.84 751 776 4299 7275 0.65
44 2421.87 760 807 4373 7460 0.65

The charged center always stays at the edge of the ion aggregate, for doubly charged
ions, the two charged centers maintain a constant distance throughout the DP range
observed when examining the optimized geometries of [Bu-PS.m + Ag]™ and [BU-PSHm +
2Ag]?* ions, as shown in Figure 17 and gathered in Tables 5-6. Indeed, for the 1+ ions
(DP = 3-13), the Ag* cation remains at the surface of the globular ions while, for the 2+
ions, both Ag* ions are diametrically positioned at the surface of the globular ion with a
quasi-constant distance of ~18-20 A from DP 26 to 38 (refer to Figure 20) and an effective
density staying constant at 0.65 Da A3 (Figure 17d). All the detected ions can therefore

be considered as highly compact and fully folded structures.

Low molecular weight BU-PS formed singly charged ions [BU-PS + Ag]*, while high
molecular weight BU-PS formed doubly charged ions [BU-PS + 2Ag]?*. The solvent
accessible surface area (SASA) were calculated for both series of ions across the DP
range. Subsequently, the volume corresponding to the SASA (Vsasa) was determined,
and finally, the density (psasa) of the polymer ions was calculated (refer to Tables 5 and
6). The densities obtained from these calculations were compared with the reported
density of bulk polystyrene density (0.57-0.62 Da A-3).757
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Table 5. lon mobility mass spectrometry and Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of
[BU-PSLM + Ag]* ions : experimental and theoretical collision cross sections, solvent Accessible Surface Area (He
atom as the probe), the volume Vsasa corresponds to the volume delimited by the SASA and allows calculating an

effective density, psasa.

[BU-PSww + Ag]*

DP m/z CCSexp(A?)  CCSn(A?) SASA(A2)  Veasa (A%)  psasa(Da Ad)
3 477.19 138 146 541 685 0.70
4 581.26 165 174 642 837 0.69
5 685.33 189 201 769 1014 0.68
6 789.4 212 223 876 1182 0.67
7 893.46 237 244 914 1320 0.68
8 997.52 257 262 1045 1501 0.66
9 1101.59 280 283 1083 1636 0.67
10 1205.66 298 302 1235 1821 0.66
11 1309.71 319 325 1381 2001 0.65
12 1413.79 339 340 1456 2126 0.67
13 1517.87 358 362 1545 2316 0.66

Table 6. lon mobility mass spectrometry and Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of
[BU-PSHM + 2AgJ?* ions : experimental and theoretical collision cross sections, solvent Accessible Surface Area
(He atom as the probe), the volume Vsasa corresponds to the volume delimited by the SASA and allows calculating

an effective density, psasa.

[BU-PStu + 2AgF*

DP m/z CCSexp (A2) CCSin (A?) SASA (A?) Vsasa (A%)  psasa(Da A7)
26 1488.78 582 595 2538 4376 0.68
27 1540.83 598 587 2660 4540 0.68
28 1592.86 611 610 2857 4734 0.67
29 1644.89 627 622 2961 4901 0.67
30 1696.93 639 628 3123 5079 0.67
31 1748.96 652 640 3168 5288 0.66
32 1800.99 667 643 3183 5384 0.67
33 1853.02 679 667 3263 5527 0.67
34 1905.06 691 690 3350 5708 0.67

91



35 1957.09 703 705 3392 5852 0.67

36 2009.14 715 715 3453 6028 0.67
37 2061.16 729 719 3494 6147 0.67
38 2113.68 741 745 3566 6364 0.66

As far as the doubly charged polymer ions, [BU-PS + 2Ag]?* contains two silver ions as
charged centers. Both charged centers are located at the edges of the ion aggregate, and
the distance between them remains constant at 18—20 A throughout the entire DP range

(refer to Figure 20).
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Figure 20. Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of BU-PS ions : evolution of the inter-
charge distance in [BU-PSpym + 2Ag]?*.

Globally, a globular ion with an egg-like shape represents the best structure to account
for the experimental and theoretical data that can be summarized as follows: (i)
regardless of the charge state and the chain ends, the PS chain folds into the most
compact structure with a constant effective density (psasa) close to the bulk PS density;
(i) the charge(s) is (are) excluded from the PS core and remain(s) at the surface of the

globular ions; and (iii) the inter-charge distance in 2+ ions remains constant ~15-20 A
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over the entire investigated DP range for both Ag*/H* (refer to Figure 19) and Ag*/Ag*
pairs (refer to Figure 20).

3.2 Polystyrene ion molecular structure analysis

In addition to establishing the global shape of the ions, MD simulations also allow
analyzing the ion structure at the atomistic level by examining the intramolecular

interactions responsible for the chain folding.

Figure 21. Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of [TEMPO-PS + H + AgJ?* ions (DP =
33). Snapshot of the last frame of the MD with enlarged views of the charged centers : (a) proton-r interaction around

the TEMPO end group and (b) cation-r interaction involving the Ag* ion and three phenyl rings of the PS backbone.

As featured in Figure 21, protonated TEMPO is stabilized by a cation (H*) - = interaction
involving only the first styrene residue, with a proton - phenyl ring distance at ~3.1 A
whatever the charge state of the polymer ion. On the other hand, the silver ions (1+ and
2+ ions) are strongly interacting with three phenyl rings in a cage arrangement with
distances around 3.25 A between Ag* and the geometrical center of the phenyl
rings.'#41% Using DFT calculations, we optimized the geometry of a model complex
associating three benzene molecules to a single Ag* cation. As shown in Figure 22, in the
optimized geometry, the silver cation is located in the center of the benzene triad with

cation-benzene distances around 2.9 A, thus corroborating our MD calculations. DFT also
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allows determining the interaction energy that stabilizes the folded polymerions. DFT was

used for the investigation of the interaction energy between styrene and silver ion.

Figure 22. Cation-r interaction between 3 benzene rings and silver ion in [TEMPO-PS + H + AgJ?** as established
by DFT calculations using the B3LYP functional, a cc-pVTZ basis set for carbon and hydrogen, a LANL2DZ basis
set for silver ion and the van der Waals corrections GD3BJ. Here 2.9 A corresponds to the distance between the

geometrical center of phenyl ring and the silver ion.

Another aspect to be discussed is the spatial arrangement of the PS backbone within the
globular ions or, in other words, to determine whether there is a preferred three-
dimensional folding for the polymer chain. We examined the folding of the polymer
backbone within the optimized [BU-PS + 2Ag]?* ions whose CCSt are reported in Figure
10c. As sketched in Figure 23, we identified two different scaffolds that are described as
U-folding and S-folding in the following discussion. The U-folding terminology reflects that
the polymer backbone adopts a loop-like structure with one silver cation lying around in
the middle of the chain and the second one associating the two extremities of the linear
polymer, see Figure 23a. The S-folding is characterized by a spatial arrangement with
two loops and one Ag+ cation at each extremity of the backbone, see Figure 23b. Both
scaffolds are randomly observed over the entire DP range without any trend, implying
that the chain randomly folds during the MD simulations.
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(a) (b)

Figure 23. Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of [BU-PS + 2Ag]?* ions (DP = 26) :
snapshots of the last frame of the MD featuring U-shape and S-shape folding for the PS backbone. As described in the
main text, these two geometries have been obtained from different input geometries presented in Figure S18. Here,
blue is used to indicate the end groups and pink for the polymer backbone : a) “U” shape structure for [BU-PS + 2Ag]?*
ions (DP = 26), and b) “S” shape structure for [BU-PS + 2Ag]?* ions (DP = 26).

As for a typical example, in Figure 23, U-folding and S-folding are generated by MD
simulations from two different input structures for DP = 26 (refer to Figure 24 for the input
structures). Moreover, these ions, both characterized by CCSw = 584/585 A2, are not

experimentally distinguishable and are likely to coexist in the gas phase.

(@)

Figure 24. “U” and S-shape folding for [BU-PS + 2Ag]?* (DP = 26): a) input structure for Molecular Dynamics
simulations (PCFF force field, 300 K, 25 ns) that drives the U-shape folding of the polystyrene backbone; and b)
input structure for Molecular Dynamics simulations that drives the S-shape. The final structures generated after
MD are presented in Figure 23.
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3.3 Polystyrene ion vs polyether ion folding in the gas phase: what is the role of

the charge?

There is thus an intrinsic difference between the gas phase structures of [PS + Ag]* ions
and [PEG + Na]* ions since the Na* ion is located close to the center of mass of the
globular ions (Figures 16¢ and 18) whereas the Ag™* ion (or protonated TEMPO) remains
mostly at the surface of the globular ions. For the BU-PSuwim 1+ and 2+ ions, we also
noticed that the butyl end-group is invariably excluded from the PS core of the globular
ions, see Figure 17 for typical examples. To understand the folding mechanism of [BU-
PS + Ag]* ions, we performed 36 MD simulations starting from three different linear input
structures for DP = 44, j.e., with the Ag* positioned close to the butyl end group, near the
middle of the chain and close to the hydrogen atom end-group, refer to Figure 25. In order
to obtain a statistical relevant folding mechanism, each input geometry was submitted to
12 independent MD runs to generate 12 independent equilibrated geometries. We then
evaluated the relative position of the Ag* in the equilibrated structures by calculating the
distance between the charged center and the center-of-mass normalized by the radius of
gyration (Rg), see Table 7. We noticed (i) that the Ag* ion does not diffuse along the
polymeric chain (refer to Figure 26); and (ii) that, in all folded structures, the Ag* ion is
stabilized at the surface of the coiled chain, as the ratio between the charged/center-of-
mass distance normalized by the radius of gyration is systematically around 0.7 and 0.8.
The same methodology has been applied to the case of the [PEG + Na]* ion (DP = 44)
folding, starting from two initial uncoiled states where the Na* ion was placed near the
beginning and into the middle of the polymeric chain (refer to Figure 27). Regardless of
the initial geometry, all MD simulations ended up with coiled chains where the sodium
cation is stabilized at the core of the polyether globule at an average position (distance
between the sodium ion and the center-of-mass (COM) normalized by the ion radius of

gyration) of ~ 0.4, refer to Table 7.
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Figure 25. MD simulations (PCFF force field, 300 K, 2 ns) of [BU-PS + Ag]" ions (DP = 44): influence of the position
of the charge center (Ag®) in the input geometry on the output geometry. For the BU-PS ion, the Ag* ion is
sandwiched phenyl rings located (a) close to the sec-butyl end-group (PSgu), (b) near the middle of the chain
(PSmiddle) and (c) close to the H end-group (PSH). The geometries shown in (a)—(c) were used as inputs for the
MD simulations, in which the charged center was placed at different positions along the polymer chain. The styrene
unit holding the silver ion was marked in green. At the end of the simulation, the charged center was always

retained by the marked styrene unit.

Table 7. MD simulations (PCFF force field, 300 K, 2 ns) of [BU-PS + Ag]* ions (DP = 44) and [PEG + Na]" ions
(DP = 44) : influence of the position of the charged center (Ag*/Na*) in the input geometry to the output geometries.
Statistical average and standard deviation of the charged center in the globular ion by calculating the distance
between the charged center and the center-of-mass (COM) divided by the radius of gyration.

Position of the charged center (Ag*/Na*) in  Statistical average of the distance between Standard

the input geometry of [BU-PS + Ag]*ions  the charged center and the center-of-mass deviation

(DP =44) and [PEG + Na]* ions (DP = 44) (COM) divided by the radius of gyration (Ry) (SD)
PSeu 0.77 0.20
PSmiddle 0.78 0.18
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PSH 0.74 0.14
PEG 042 0.02

When examining frame-by-frame MD trajectories for both the [BU-PS + Ag]* and [PEG +
Na]" ions (DP = 44), we realized that the folding mechanisms are intrinsically different for
both families of ions. In the case of PS ions, as illustrated in Figure 26, the charge does
not participate in the folding process, and coiling is initiated by the phenyl ring interaction
in the middle of the chain on the way to PS-only core, from which the butyl end group and
the silver ion are excluded, leading to the final compaction of the ions. In Figures 28 and
29, similar behaviors were detected during the MD starting from the input geometries
presenting the Ag* ion in the middle or at the other extremity of the PS backbone,
revealing that the ion folding is mostly driven by n-r interactions rather than by the charge
stabilization. The MD simulations helped to visualize the folding processes of both polar
and non-polar polymers (refer to Figure 26 and Figure 28-30). Based on the analysis of
the polystyrene samples, it became clear that IM-MS, when combined with molecular

dynamics simulations, is a highly valuable technique for polymer characterization.

Figure 26. Molecular Dynamics simulations (PCFF force field, 300 K, 2 ns) of [BU-PS + Ag]* ions (DP = 44) with the

Ag* ion initially positioned close to the sec-butyl end-group of the PS backbone (PSsu) : snapshots at different times of
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the trajectory revealing that the folding process is mostly initiated by n-r interactions between phenyl rings with the
charge and the sec-butyl end group remaining at the surface of the equilibrated structure. The styrene residues

highlighted in green pinpoint the initial and final positions of the Ag* ion.

The folding process of the non-polar polymer BU-PS ions was examined, where the
styrene ring responsible for coordinating the silver ions was highlighted in green. The
positions of the silver ions and the marked styrene rings were monitored throughout the
folding process. Initially, the silver ion was located between the marked styrene rings,
near the sec-butyl end group. During the entire folding process, the silver ion remains
coordinated by the marked styrene units, and the charged center consistently stays at the

edge of the polymer ion aggregate.

Following the investigation of the non-polar polymer, the folding process of a polar
polymer, polyethylene glycol (PEG), was examined. In this case, a sodium ion (Na*) was
initially placed either at one end of the polymer chain (refer to Figure 27a) or at the center
of the chain (refer to Figure 27b), and its position was tracked throughout the folding

process. The sodium ion consistently remains at the core of the polymer ion aggregate.

These two investigations clearly demonstrate that the position of the charged center is

governed by the nature of interactions between the polymer chain and the charged ion.
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Figure 27. MD simulations (PCFF force field, 300 K, 2 ns) of [PEG + Na]* ions (DP = 44) : influence of the position

of the charge center (Na*) in the input geometry on the output geometries. (a) The Na* ion is positioned close to

oxygen atoms located near the end-group and (b) the Na* ion is positioned at the middle of the polymer chain.
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t=20 ps

Figure 28. Molecular Dynamics simulations (PCFF force field, 300 K, 2 ns) of [BU-PS + Ag]" ions (DP = 44) with
the Ag* ion initially positioned at the middle of the PS backbone (PSmiddle) : snapshots at different points of the
trajectory revealing that the folding process is mostly initiated by z-r interactions between phenyl rings with the
charge and the sec-butyl end group (blue) remaining at the surface of the equilibrated structure. The styrene

residues highlighted in green correspond to the initial and final positions of the Ag* ion.

t=13 ps

Figure 29. Molecular Dynamics simulations (PCFF force field, 300 K, 2 ns) of [BU-PS + Ag]™ ions (DP = 44) with
the Ag* ion initially positioned at the extremity of the PS backbone (PSy) : snapshots at different points of the
trajectory revealing that the folding process is mostly initiated by 7-rz interactions between phenyl rings with the

charge and the sec-butyl end group (blue) remaining at the surface of the equilibrated structure. The styrene

residues highlighted in green correspond to the initial and final position of the Ag* ion.

On the other hand, for the [PEG+Na]* ions, see Figure 30, the folding of the chain is
triggered by the stabilization of the Na* ion by the flexible polymer chain. When the cation
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is fully stabilized by the polyether chain, the rest of the polyether chain progressively
collapses around the initial nucleus to generate a globular dense structure with the Na*
ion settled deep in the core of the ion. Such a behavior is also allowed by the greater

flexibility of the PEG chain compared to the PS backbone.
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Figure 30. Molecular Dynamics simulations (PCFF force field, 300 K, 2 ns) of [PEG + Na]* ions (DP = 44) with the Na*
ion initially positioned close to the extremity of the PEG backbone : snapshots at different points of the trajectory
revealing that the folding process is mostly initiated by Na*-dipole interactions between the oxygen atoms and the
charge, generating globular ions with the Na* ion deeply settled in the PEG core, here position of the Na* ion at the

end of dynamics does not depends on the position of the Na* ion in the input structure.

Conclusions

A combination between IMS-MS and molecular dynamics simulations has been used to
investigate the structure of polymer ions constituted by rigid and apolar monomer units,
i.e. styrene residues, and hydrophilic or hydrophobic end groups, i.e., TEMPO and sec-
butyl end-groups. Experimental and theoretical CCS were determined to establish the 3D
shape of 1+ and 2+ PS ions. Trend line analyses (CCS vs mass plots) have been shown
to be inefficient in predicting the exact shape of the ions. Experimental CCS became much
more structure informative when compared to theoretical data generated using molecular
dynamics simulations at the atomistic level of the ion structure. By computing the solvent

accessible surface area (SASA), we initially established that the PS backbone is densely
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packed within elliptic-shaped ions, with an effective density close to the bulk PS density.
We further established that the charges (1+ and 2+ ions) are systematically positioned
close to the surface of the folded ions, at variance with polyether ions in which the sodium
ions are settled deep in the core of the ion structure. We also demonstrated by performing
MD simulations starting from different input structures that the PS backbone can fold in
different structures, generating U- and S-shapes, possessing quasi-identical theoretical
CCS that cannot be distinguished by experiment. Such a behavior is reminiscent of
solution phase processes where random coils are often involved to account for the
hydrodynamic volumes of floppy polymers. Finally, to account for the intrinsic differences
between the PS and the PEG ions, we used MD simulations to demonstrate that the
folding of the PS rigid chain is induced by phenyl ring interactions with the charge
ultimately remaining excluded from the core of the globular ions, whereas the folding of
polyether ions is initiated by the folding of the flexible polyether chain around the sodium
ion that remains deeply settled in the core of the ions. Critically, compared to literature
results, our data reveal that in large PS structures charges — typically the silver cations —
are not merely sandwiched between two phenyl rings but ligated in 3-dimensions inducing

the overall collapse of the tertiary structure.

This investigation yielded several important findings. It revealed how polymer folding is
influenced by the polarity of the end group and how the location of the charge center
affects the three-dimensional structure of the collapsed polymer ions. These insights
provided a deeper understanding of the polymer collapse process. After gaining a
thorough understanding of the shape and 3D structure of the polystyrene samples, the
technique could now be applied to more complex systems first to copolymers composed
of styrene (STY) and STY-CH2-OH monomers, and finally to even more complex
precursor SCNPs incorporating STY, STY-CH2-OH, and STY-PPh2-AuCl monomers (refer
to Chapter 2). Our group has previously reported an azobenzene-containing photo-
switchable SCNP.'3! This SCNP is composed of STY, STY-CH2-OH, and STY-PPh2-AuCl
monomers and exhibits catalytic activity. Their catalytic activity can potentially be linked
to the position and accessibility of the metal center. Therefore, understanding the three-

dimensional shape and the position of functional groups is critical for controlling the
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catalytic activity. In this context, IM-MS coupled with MD simulations is an excellent

technique to elucidate the three-dimensional structure.
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Annexes

Polystyrene Chain Geometry Probed by lon Mobility Mass Spectrometry and

Molecular Dynamics Simulations

based on Naskar et al, “Polystyrene Chain Geometry Probed by lon Mobility Mass Spectrometry and Molecular
Dynamics Simulations.” J.Am.Soc.Mass Spectrom., 35 (2024) 2408-2419.

Experimental Section

HPLC grade tetrahydrofuran (>99.8%), acetonitrile (>99.9%), acetone (>99.8%),
methanol (>99.8%), toluene (>99.8%), chloroform (>99.9%) solvents were purchased
from Chem-Lab (Zedelgem, Belgium). Silver nitrate (>99%) and sodium iodide were
purchased from VWR (Leuven, Belgium) and used without any further purification.
Polyethylene glycol was acquired from Sigma-Aldrich and utilized as IMS-MS calibrant.
TEMPO-PS (2,2,6,6-tetramethylpiperidine-N-oxyl end group - £ = 1.2 — M = 3,400 g mol
1) was prepared according to literature,’3' whereas BU-PSLv and BU-PShw (sec-butyl end
group - © = 1.03 — Mh = 3,270 g mol! (BU-PShm) and & = 1.01 — M = 580 g mol' (BU-
PSLm)) were purchased from Agilent Technologies (GPC or SEC Calibration Kits). LM and
HM in subscript stand for low mass and high mass, respectively. Agilent BU-PS
Standards are prepared by living anionic polymerization with a sec-butyl initiating

substituent that is attached to the CH2 group of styrene.’”

lon Mobility Experiments

Polystyrene stock solutions of 1.0 mg mL~' were prepared in acetone and acetonitrile
(20:80, v/v). TEMPO-PS was analyzed with and without AgNOs3 as cationizing agent. BU-
PS.wmm were only analyzed using AgNOs as cationization agent, because the lack of the
basic functional groups precludes significant protonation under ESI conditions. The
AgNOs solution (10.0 mg mL~") was prepared in THF and acetonitrile (1:9, v/v) and 2 uL

of the cationization agent solution and 1 mL of the polystyrene solution were combined.

104



The PS solutions (with and without AgNO3s) have been 100x diluted with acetone and

acetonitrile (20:80, v/v) before ESI analysis.

MS spectra and CCS measurements were performed on a Waters Synapt G2-Si mass
spectrometer. The solutions were infused at a flow rate of 5 yL min-! with a capillary
voltage of 3.1 kV, a source temperature of 100 °C and a desolvation temperature of 150
°C. The standard IMS-MS parameters were : wave height = 40 V, wave velocities = 350
or 600 or 800 m s~', mass range = m/z 50-4,000; N2 flow rate = 60 mL min~', He flow rate
= 180 mL min~" and trap bias = 45.0 V. A pre-established calibration procedure'®® was
used to convert the experimentally determined arrival time distributions to TWCCSn2-He, 159
which will be referred to as CCSexp. We performed our experiments in an N2 drift gas;
however, the CCS calibration was carried out using He. Therefore, the reported CCS

values are based on the He calibration.

Molecular Dynamics Simulations

All calculations were carried out for a run lasting 25 ns with 1 fs time step in the NVT
ensemble at 300 K (as temperature does not create much effect due to the high pressure
in the IMS chamber) with the Materials Studio software (BIOVIA, San Diego, CA)."® The
PCFF force field was used and validated by the fact that the calculated effective density
of TEMPO-PS (0.62-0.66 Da/A3) is in good agreement with the reported density of bulk
polystyrene (0.57-0.62 Da/A3)."5" At first, a geometrical optimization was performed
starting from a linear polymer chain (without charge) using the forcefield assigned
algorithm for charge assignment. The final geometry was further reoptimized after
addition of a charge (H* for TEMPO-PS and Ag* for BU-PS) to the optimized polymer
chain. For the 2+ ions, a second geometry optimization was performed after addition of
the second charge (Ag*) to the polymer chain. A quenched dynamics was then executed
for 20 ns using 1 fs timestep and 100 A van der Waals and electrostatic interaction cutoff
at 300 K. A MD run was then performed starting from the most stable structure obtained
from the quenched dynamics until the calculated radius of gyration reaches equilibrium.
The CCS calculations were carried out by taking average of 400 frames utilizing the

trajectory method'®' (TM) model implemented within the Collidoscope software.’>* We
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also determined the Solvent Accessible Surface Area (SASA) and this value against the
molecular volume (Vsasa) used to estimate the effective density of the PS ions. Note that
Vsasa was estimated only from the last frame of the dynamics with the Materials Studio
7.0 “Atom Volumes & Surfaces”'®® module using He as the probe. This implies that the
SASA value also includes the contribution of the He atom, as an additional layer covering
the ion surface. The SASA value reflects the rugosity of the surface except for the small
surface irregularities that are too small to be probed by the helium atom. For the
investigation of the folding process of PS and PEG ions with DP = 44, we performed a
geometry optimization starting from a linear polymer chain (without charge) using the
forcefield assigned charges. After that we performed a second geometry optimization
after adding a charge at different positions. Finally, we run a NVT MD simulation for 2 ns

at 300 K, using 1 fs timestep and 100 A van der Waals and electrostatic interaction cutoff.

Density Functional Theory (DFT) Calculations

Calculations were performed at the Density Functional Theory (DFT) level using a 6-
31G** double zeta basis set and the B3LYP functional, as implemented in the Gaussian
09 (D01 revision) suite, to determine the most favorable protonation center for the
TEMPO end group.'®? To describe cation Ag*-r interactions, the B3LYP functional has
been used together with a cc-pVTZ basis set for carbon and hydrogen and a LANL2DZ
basis set for silver ion,'3 respectively. To properly describe the dispersion interactions,

Grimme's empirical dispersion correction GD3BJ was applied.'%
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The main objective of the current thesis is to apply ion mobility—mass spectrometry (IM-
MS) as a tool for the characterization of single chain polymeric nanoparticles (SCNPs)
starting from the precursor polymers and copolymers. After the successful
characterization of polystyrene ions bearing various end groups across a wide range of
degrees of polymerization (DP) in Chapter 1, we will here proceed further toward
complexity by submitting to our IMS/MD combination copolymer ions, composed of
styrene (STY) and hydroxyl-functionalized styrene (STY-CH2-OH) monomers. These
copolymers exhibit a wide variety of compositions, with the number of STY-CH2-OH units
ranging from zero to six. All compositional variants will be thoroughly analyzed over a
broad range of DPs. After gaining in-depth knowledge of the three-dimensional shape of
the copolymer ions, the position of the functional groups, and their folding behavior, the
IM-MS/MD combination will be applied to the characterization of an even more intricate

copolymer on the way to SCNPs, namely copolymers constituted by styrene, styrene-
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CH2-OH and styrene-PPh2-AuCl monomers, and bearing a TEMPO unit as the initiator

end group.

Herein, IM-MS - coupled with molecular dynamics (MD) simulations — will be
demonstrated to be a powerful technique to probe the three-dimensional structure and

the position of functional groups within complex copolymer ions.

Introduction

Our team recently reported the synthesis and characterization of polystyrene-based gold
containing photo-switchable copolymers and their subsequent folding into SCNPs."®' The
chains are decorated with pendent phosphine ligands complexed with catalytically active
gold motifs (AuCl unit). "H Nuclear Magnetic Resonance (NMR) spectroscopy and size
exclusion chromatography (SEC) were used to characterize the pre-polymers as well as

evidence the formation of the SCNPs. 131

In the bottom-up approach toward the use of IMS-MS/MD for prepolymer and ultimately
SCNP precursor characterization, we investigated in Chapter 1 the gas phase structure
of polystyrene ions with different end groups to establish how the nature and the rigidity
of the monomer unit affect the charge stabilization. We demonstrated that — in contrast to
polar polymers wherein the charges are located deep in the ionic globules — the charges
in the PS ions are rather located at the periphery of the polymer backbone leading to

singly and doubly charged PS ions adopting dense elliptic-shaped structures. '

In the present chapter, we move one step further towards detailed SCNP characterization
using the IMS-MS/MD combination by examining in detail the conformation of gaseous
Au-functionalized SCNP pre-copolymer ions containing three styrene derivatives, i.e.
styrene, styrene-CH2-OH and styrene-PPh2-AuCl, refer to Scheme 1. The examined
copolymer — with its chain distribution and statistical incorporation of the three monomer
units — is a highly information rich system, where each chain is part of a unique subset of
identical chains, making is a highly worthwhile system to carefully characterize well
beyond the standard analysis methodologies used for SCNP pre-polymer analysis. We
submit that while the current analysis is conducted in the gas phase, important learnings
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about the copolymer structure can be deduced, including on the all-important chain
folding geometry. While the coil geometry in solution will certainly be affected by the
solvent, gas phase methods provide detailed insight into chain conformations. We believe
that only via the combination of a range of analytical techniques applied to a specific
polymer system — including both solution and gas phase — can an encompassing picture
of its folding geometry be established. Finally, the current study does not seek to
sequence each polymer chain to determine the order of the co-monomer units, but rather

provides overarching composition formation and folding for subsets of identical chains.

Catalytically active
styrene-based copolymer

carrying Au units IMS-MS & MD

Position of the charge
and catalytic center

Scheme 1. Establishing the folding of complex copolymer ions using the IMS-MS/MD approach.
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The experimental and theoretical methodologies are described in the annexes.

Results and Discussion

The copolymers, i.e. TEMPO-(styrene)x-(styrene-CH2-OH)y (Mn = 3,200 g mol-'and D =
1.2, determined via SEC, refer to Figure A1, prepared by Dr. Aiden Izuagbe) and TEMPO-
(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2)w-(styrene-PPh2-AuCl). (Mn = 2400 g mol™’
and D = 1.1, determined via SEC, refer to Figure A2), are presented in Scheme 2. We
defined the 2,2,6,6-tetramethylpiperidine-N-oxyl end group (TEMPO) as “E”, the styrene
residue as “S”, and the styrene-CH2-OH residue as “B”, whereas “Au” is assigned to the
styrene-PPh2-AuCl moiety. Note also that some free styrene-PPh2 have also been
detected and were marked as “P”. Herein, the degree of polymerization (DP) will be
defined as the sum of the numbers of all different monomer units (x + y + w + z) in the

copolymers.

(a)
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Scheme 2. The abbreviation used in the current study alongside the chemical structures of the selected copolymers:
(@) TEMPO-(styrene)x-(styrene-CH2-OH)y and (b) TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2)w-(styrene-
PPhz-AuCl); .

1. ESI-MS analysis of the copolymers

Figures 1 and 2 present the ESI mass spectra recorded for both copolymers. Singly
charged ions (+1) are predominantly detected as proton adducts, such as [TEMPO-
(styrene)x-(styrene-CHz2-OH)y + H]* and [TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-
PPh2)w-(styrene-PPh2-AuCl); + H]*. From Figure 1, we observe that the TEMPO-
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(styrene)x-(styrene-CH2-OH)y copolymers are mostly detected as [E-Sx-Bo + H]* (red
circles), [E-Sx-B1 + H]* (blue triangles) and [E-Sx-B2 + H]* (green squares) ions. The ion
compositions have been confirmed based on the measured m/z values and by
comparison between experimental and simulated isotope patterns (refer to Figure A3 for
selected examples). Beside these dominant monomer combinations, less abundant ions

with different compositions are also detected, typically [E-Sx-Bs-s + H]".
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Figure 1. ESI-MS mass spectrum of TEMPO-(styrene)x-(styrene-CH2-OH)y, (0.01 mg mL™") in acetonitrile/
tetrahydrofuran (80/20) (v/v). Red circles correspond to [E-Sx-Bo + H]" ions (exemplified as xo in the figure), light blue
triangles represent [E-Sx-B1 + H]* ions (x1), green squares correspond to [E-Sx-B2 + H]* ions (x2) ions and blue stars
indicate [E-Sx-Bs + H]" ions (x3) ions.

The ESI-MS analysis of the second copolymer, i.e. TEMPO-(styrene)x-(styrene-CHo-
OH)y-(styrene-PPh2)w-(styrene-PPh2-AuCl);, affords a more complex mass spectrum
presented in Figure 2. This copolymer is mostly detected as [E-Sx-Bo-Po-Auo + H]* (purple
triangles), [E-Sx-Bo-Po-Au1 + H]* (green stars), [E-Sx-B1-Po-Aut + H]" (red squares), and
[E-Sx-B4-P1-Auo + H]* (blue circles) ions. The ion compositions have been confirmed
based on the measured m/z values and by comparison between experimental and
simulated isotope patterns (refer to Figures A4-5 for selected examples). Beside these

dominant monomer combinations, less abundant ions with different compositions are also
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detected, typically [E-Sx-B1-2-Po-Auo-1 + H]*, [E-Sx-B2-P2-Auo + H]" and [E-Sx-B4-P1-Auo-1
+ HJ*.
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Figure 2. ESI-MS mass spectra of TEMPO-(styrene)x-(styrene-CHz-OH)y-(styrene-PPhz)w-(styrene-PPh2-AuCl); (0.01
mg mL") in acetonitrile/ tetrahydrofuran (80/20) (v/v). Blue circles correspond to [E-Sx-Bs-P1-Auo + H]* ions (exemplified
as x4,1,0 in the Figure), purple triangles represent [E-Sx-Bo-Po-Auo + H]* ions (xo0,0,0), green stars correspond to [E-Sx-Bo-

Po-Au+ + HJ* ions (xo0,0,1) ions and red squares indicate [E-Sx-B1-Po-Au1 + H]* ions (x1,0,1) ions.

2. IMS-MS experiments on gaseous copolymer ions

lon mobility experiments have been performed on all detected copolymer ions, and the
experimental collisional cross sections (CCSexp) have been determined. We further
analyzed the symmetry of the Arrival Time Distribution (ATD) for all ions to exclude the
existence of non-interconverting gas phase structures (refer to Figure A6 for selected
examples). Facing the large dataset of determined CCSexp, we decided to use the “CCS
vs DP’ graphical representation (the so-called trend line analysis) for data visualization.
Figure A7a presents the evolution of the CCSexp vs DP for the [E-Sx-By + H]" ions (DP =
x +y), whereas Figure A7(b-f) features the data for the detected [E-Sx-By-Pw-Auz + H]*
ions (DP = x +y +w + z). From Figures A6 and A7a, for a given DP, we respectively

observed that the impact of the copolymer sequence heterogeneity on the CCSexp is very
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limited and that the incorporation of 1 to 6 styrene-CH2-OH residue(s) in the polymer
backbone does not significantly influence the CCSexp. For the second copolymer, i.e.,
TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPhz2)w-(styrene-PPh2-AuCl), the
incorporation of styrene-PPh2 and/or styrene-PPh2-AuCl units in the copolymer backbone
strongly impacts the CCSexp due to their bulkiness. Thus, it is challenging to establish the
influence of these residues on the 3D structures, i.e. the folding, of the copolymer ions
only based on comparison of CCSexp and molecular modeling appears mandatory to

generate candidate structures for an atomistic description of the ion folding.

3. Molecular modeling and theoretical CCS calculation for [E-Sx-By + H]* ions

When investigating copolymers, the comonomer arrangement along the polymer
backbone, i.e. their sequence, determines the behavior of individual chains; in the context
of copolymer ion folding, the impact of the sequence on the ion CCS deserves to be
discussed. From Figure A6, we can infer that the expected sequence heterogeneity for a
given composition does not translate into broad or asymmetrical ATD characteristics of
different ion structures. To further assess whether alternating, block or random
copolymers behave differently upon ionization and desolvation, we generated two
copolymers, namely [E-Ss-Bs + H]* ions (DP = 12) and [E-S12-Bs + H]* ions (DP = 18)
presenting higher proportions of B monomers than the detected ones (see Figure 1). We
executed MD simulations on a large diversity of hypothetical sequences and calculated
the corresponding CCSi. As shown in Figure A8, for the [E-Se-Bs + H]* ions and the [E-
S12-Bs + H]* ions, the CCSi ranges expand from 365 to 385 A2 and from 455 to 490 A2,
respectively. Since the CCSrwhm (FWHM stands for Full Width Half Maximum — 50%)
resolution of our Waters Synapt G2-Si is 40, i.e. Rccs = CCS/A**CCS = 40, A**CCS ~
9 and ~ 12 A? would characterize the CCS distribution for both ion compositions,
respectively. When analyzing Figure A8, we predict that for the considered hypothetical
copolymer ions, the Waters Synapt G2-Si mass spectrometer would be able to
discriminate different sequences, even if most of the different sequences will be hidden
under a given CCS distribution centered ~ 375 and 475 A2, respectively for the [E-Se-Bs

+ H]* ions and the [E-S12-Bes + H]* ions.
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To obtain atomistic insights into our experimental results, we selected one specific
copolymer composition ([E-S22-B1 + H]" ions (m/z 2581.6)) for the theoretical modelling
and created three different sequences, namely E-B1-S22, E-S11-B1-S11 and E-S22-B1. In
these sequences, the alcohol moiety is positioned close to the TEMPO end group, in the
middle of the chain and at the extremity of the chain, respectively. The CCSexp has also
been measured around 540 A2 with a AS*CCS ~ 17 A2 and a Rccs ~ 32, as shown in
Figure 3. The MD geometries are characterized by CCSi at 53048, 54348 and 554+7 A2,
respectively, for the E-S11-B1-S11, E-S22-B1 and E-B1-S22ions. Interestingly, the sequences
with the styrene-CH2-OH moiety lying away from the TEMPO end group fit the
experimental values, whereas the [E-B1-S22 + H]* ions appear less folded, i.e. with higher
CCS.
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Figure 3. lon mobility mass spectrometry analysis and Molecular Dynamics simulations of [TEMPO-(styrene)zz-
(styrene-CH2-OH)1 + H]* ions presenting three different sequences, namely E-S11-B1-S1, E-S22-B1 and E-B+-Szz: (a)
experimental CCS distribution and theoretical CCSi for the [M+H]* ions; (b-c-d) snapshots of the last frame of the MD
simulations for (b) E-S11-B1-S11 (CCSin = 530 A2), (c) E-S22-B1 (CCSt = 543 A2) and (d) E-B1-Sz2 (CCSt = 554 A2) ions.
From the MD simulations (refer to Figure 3), we detected strong H-bonds associating
protonated TEMPO (H atom) and the styrene-CH2-OH group (O atom) for the more
compact E-S11-B1-S11 (3b) (1.69A + 0.11A) and E-S2-B1 (3¢) ions (1.60A + 0.08A),
whereas this H-bond is not present when the styrene-CH2-OH group is directly attached
to the TEMPO initiator in the E-B1-S22 ions (3d) (4.96A + 0.40A). The strong H-bonds
between the protonated TEMPO and the styrene-CH2-OH group have also been
measured for other copolymer compositions which have been experimentally identified
(refer to Figure A9 and Figure A10). This has been confirmed on model systems using
Density Functional Theory (DFT) calculations which point to a hydrogen bond length of
1.81 A and an interaction energy between the two subunits involved in the hydrogen bond

of 8.1 kcal/mol.

We further exposed to MD simulations all detected [E-Sx-B1 + H]* ions by selecting the E-
Sx-B1 sequence, i.e., with the styrene-CH2-OH group at the extremity of the copolymer
chain. As featured in Figure A11, we found an excellent agreement between CCSt and
CCSexp over the whole investigated mass range (m/z = 750 — 2750), allowing us to
propose the optimized geometries as promising candidates for the detected ions. In the
previous chapter related to the TEMPO-initiated polystyrene (PS) ions, we reported that
the folding of the PS rigid chain is controlled by phenyl ring interactions with the charge
ultimately remaining excluded from the core of the globular ions. From the structures
presented in Figure 3, we observe that protonated TEMPO is associated with the styrene-
CH2-OH group through a strong H-bond. To better understand its role on the structure of
the copolymer, the distance between the charged center (protonated TEMPO) and the
center-of-mass of the ion has been divided by the radius of gyration (Rg) for all [E-Sx-B+1
+ H]* ions (x = 5-22) to generate normalized data for increasing DP (= x+1). As shown in
Figure 4, the normalized distance is ~0.8 for DP = 6 and decreases continuously upon

chain elongation to reach ~0.3 for DP = 23, revealing that, when an H-bond is present,

117



the charged end group is progressively integrated at the center of the ions (refer to Figure

4) with increasing DP.
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Figure 4. Molecular Dynamics simulations (PCFF force field, 298K, 25 ns) of [TEMPO-(styrene)x-(styrene-CH2-OH)1 +
H]*ions: (a) represents the evolution of the distance between the charged center and the center-of-mass (COM)
normalized by the ion radius of gyration (Rg) that is marked by normalized distance. (b) presents a snapshot of the last
frame of the MD for [TEMPO-(styrene)s-(styrene-CH2-OH)1 + H]*ions (DP = 7). ). (c) presents a snapshot of the last
frame of the MD for [TEMPO-(styrene)z2-(styrene-CH2-OH)1 + H]*ions (DP = 23).
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In the previous chapter on the gas phase structure of PS ions, %> we used MD simulations
to demonstrate that the folding of the PS rigid chain is induced by phenyl ring interactions,
with the charge ultimately remaining excluded from the core of the globular ions, whereas
the folding of polyether ions is initiated by the folding of the flexible polyether chain around
the sodium ion that remains deeply settled in the core of the ions. The data of Figure 4,
i.e. polymer ions with the charge remaining localized in the core of the ions upon DP
increase, prompted us to examine frame-by-frame MD trajectories for the E-S22-B1, E-B1-
S22 and E-S11-B1-S11ions. As shown in Figures 5 and A12, the chain folding again appears
to be triggered by the phenyl ring interactions for all ions. For the more compact [E-S22-
B1 + H]* (CCSw = 543 A2) and [E-S11-B1-S11 + H]* (CCSin = 530 A2) ions, once created,
there is the appearance of a H-bond between protonated TEMPO and styrene-CH2-OH
that further stabilizes them in the core of the globular ions, see Figure 5 for a typical
example. However, for the less compact [E-B1-S22 + H]* (CCSin = 554 A2) ions (refer to
Figure A12b) the direct proximity of the TEMPO end-group and the styrene-CH2-OH first
residue does not allow to form an H-bond so that the protonated TEMPO remains at the

surface of the globular ion.

Figure 5. Molecular Dynamics simulations (PCFF force field, 300 K, 2 ns) of [E-S22-B1 + H]* ions (DP = 23): snapshots
at different times of the trajectory revealing that the folding process is mostly initiated by n-r interactions between
phenyl rings with the H-bonded protonated TEMPO and styrene-CH2-OH ultimately incorporated in the core of the
equilibrated structure. The styrene-CH2-OH and the TEMPO residues are highlighted in grey and blue for visualization.
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4. Molecular modeling and theoretical CCS calculations for [E-Sx-By-Au: + H]*

ions

In our bottom-up approach, we further examined selected TEMPO-(styrene)x-(styrene-
CH2-OH)y-(styrene-PPh2-AuCl): copolymer ions via our IMS-MS/MD approach, namely
the [E-Sx-By-Auz + H]* ions detected in the ESI mass spectrum presented in Figure 2.
PCFF was used in the previous chapter.’®® However, due to the absence of the Au
descriptors in the PCFF force field, we turned to Universal Force Field (UFF) for the
TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2-AuCl);  copolymer ions. As
described in Annexes (refer to Figure A13), we tested whether UFF was able to reproduce
the CCSexp and CCSpcrr by calculating, using both UFF and PCFF, the CCSy, for TEMPO-
initiated polystyrene homopolymer ions (DP = 8-17) and TEMPO-initiated
styrene/styrene-CH2-OH copolymer ions (DP = 8-19). The three different CCS, i.e.
CCSexp, CCSurr and CCSpcrr being nearly identical over the investigated DP-ranges for
both copolymer ions, we consider that both force fields are able to generate reliable

molecular structures without any further validation or parametrization.

We were thus interested in the comparison between the [E-Sx-B1-Auo + H]* (Figure 1) and
the [E-Sx-Bo-Au1 + H]" (green stars in Figure 2) ions to question the impact of the bulky
Au-containing group on the ion structure. To start our MD simulations, we created [E-Sx-
Bo-Au1 + H]* input structures by positioning the gold-containing residue at the extremity
of the PS backbone, i.e. by formally replacing the styrene-CH2-OH group within the [E-
Sx-B1-Auo + H]* ions. As shown in Figure 6a, for both ion series the CCSexp and CCSt are
nicely fitting. Obviously, the CCS of the Au-containing ions are larger for a given DP due
to the presence of the bulky triphenylphosphine ligand. As featured in Figure 6b, for the
specific case of the [E-S13-Au1 + H]* ions, an H-bond is formed between the protonated
TEMPO end group and the chlorine atom of the distal triphenylphosphine-AuCl moiety
(refer to Figure A14), associating hereby both extremities of the polymer backbone. This
is reminiscent of the styrene/styrene-CH2-OH case, except that the N-HeeO-H bond is
here replaced by a N-HeeCl bond. A second difference is the position of the charged
center in the globular ions. Indeed, as shown in Figure 6¢, from DP =7 to 16, the charged

center remains at the surface of the ion globule because of the steric hindrance created
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by the PPhs unit, which prevents the charged center from getting incorporated in the
center of the globular ion, as also sketched in Figure 6b. MD simulations indicate that the
H-bond distance remains between 2.5 and 3 A (refer to Figure A15). We also calculated
this H-bond length using the same DFT approach on model systems as before except
that the gold atom is described using the LANL2DZ basis set. The average N-HeeCl H-
bond length amounts to 2.2 A, and the corresponding interaction energy between the
styrene-PPh2-AuCl and the protonated TEMPO units was estimated as 15.4 kcal/mol,
twice that calculated for the styrene-CH2-OH/TEMPO interaction (8.12 kcal/mol).
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Figure 6. lon mobility mass spectrometry analysis and Molecular Dynamics simulations (UFF/PCFF force field, 298K,
25 ns) of [E-Sx-B1 + H]* (PCFF force field) and [E-Sx-Au1 + H]* ions (UFF force field): (a) comparison between the
CCSexp and CCS over the full DP range, (b) snapshot of the last frame of the MD (UFF force field, 298K, 25 ns) for
[E-S13-Au1 + H]* ions revealing the presence of an H-bond between protonated TEMPO and the chlorine atom of the
triphenylphosphine-AuCl moiety, and (c) represents the evolution of the distance between the charged center and the

center-of-mass (COM) normalized by the ion radius of gyration (Rg) that is marked by normalized distance.
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As shown in Figure 2, copolymer ions combining the three different monomers, i.e.
styrene, styrene-CH2-OH and styrene-PPh2-AuCl, were also detected upon ESI analysis,
with the specific case of [E-Sx-By-Au1 + H]* ions (y = 1 and 2). We determined their CCSexp
and CCSw that are compared in Figure 7 and we once again observed excellent

agreement between the experimental and theoretical values.
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Figure 7. lon mobility mass spectrometry analysis and Molecular Dynamics simulations of [E-Sx-B1-Au1 + H]* and [E-
Sx-B2-Au1 + H]* ions: (a-b) comparison between the CCSexp and CCSt over the full DP range, and (c-d) snapshots of
the last frame of the MD (UFF force field, 298K, 25 ns) for [E-S13-B1-Au1 + H]" and [E-S7-B2-Au1 + H]* ions, respectively.
The hydroxyl/chloride groups of the styrene-CH2-OH/styrene-PPh2-AuCl monomer units
are thus H-bonded with protonated TEMPO (NH group) via the charged center (refer to
Figure 8). When the chlorine atom rather than the hydroxyl group is involved in a hydrogen

bond, the DFT results demonstrate that the ion is significantly more stabilized. Although
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depending on the composition, there may be also additional weak hydrogen bonds (refer
to Figure A14).

(a)

Figure 8. Molecular Dynamics simulations (UFF force field, 298K, 25 ns) of [TEMPO-(styrene)x-(styrene-CH2-OH),-
(styrene-PPh2-AuCl); + H]* ions, snapshot of the last frame of the MD : (a) DP=15(x=13,y=1,z=1)and (b) DP =
10 (x =7,y =2,z =1), ) where the hydrogen bond and the bonding distance are represented in red. Here, the styrene
monomer unit is indicated by dark green, the styrene-CH2-OH is indicated by light blue, styrene-PPhzrepresent by the

plum and the end group is indicated by grey.

Conclusions

The macromolecular architecture and coil folding of gaseous polystyrene complex
copolymer ions have been examined using molecular dynamics simulations in
conjunction with IMS-MS on the way to SCNP characterization. We examined the
conformation of gaseous Au-functionalized copolymer ions consisting of three different
monomer units in detail, i.e. styrene, styrene-CH2-OH and styrene-PPh2-AuCl. All
copolymers were prepared via nitroxide mediated radical polymerization (NMP) using
TEMPO as the initiator. All copolymer ions correspond to [M+H]" ions with the proton
anchored on the nitrogen atom of the TEMPO end group.

The styrene/styrene-CH2-OH ions were shown to be stabilized by a strong H-bond
established between protonated TEMPO and the oxygen atom of the styrene-CH2-OH
group and the charge center gradually migrates from the surface of the ion structure
toward the center of the ion aggregate as the DP increases. On the other hand, an N-

HeeCl H-bond, associating protonated TEMPO to the chlorine atom, was also detected
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via MD simulations and confirmed through DFT calculations for the styrene/styrene-CHa-
OH/styrene-PPh2-AuCl ions. Due to the steric hindrance of the PPhs unit, the charged
center of the gold copolymer remains at the surface of the globular ions, pointing to a
strong impact of the chemical structure of the subunits on the three-dimensional

conformation of the SNCP pre-polymers and hence on their resulting properties.

This investigation yielded several important findings. It demonstrated how polymer folding
is influenced by the polarity of the end group and how the location of the charge center
affects the three-dimensional structure of the collapsed polymer. These insights provided
a deeper understanding of the polymer collapse process. After establishing a detailed
understanding of the shape and 3D structure of polystyrene samples, the methodology
was extended to more complex systems—first to copolymers composed of styrene (STY)
and STY-CH2-OH monomers, and ultimately to precursor SCNPs incorporating STY, STY-
CH2-OH, and STY-PPh2-AuCl monomers.

Our group has previously reported an azobenzene-containing, photo-switchable SCNP
composed of STY, STY-CH2-OH, and STY-PPh2-AuCIl monomers, which exhibits catalytic
activity.’3' The catalytic function is directly linked to the position and accessibility of the
metal center. Consequently, understanding the three-dimensional shape and spatial
distribution of functional groups is essential for controlling catalytic activity. In this context,
IM-MS combined with MD simulations provides a powerful approach to elucidate the

three-dimensional structure.

The primary focus of this thesis, however, is the investigation of precursor SCNPs. A
bottom-up approach was adopted, beginning with polystyrene, then gradually increasing
polymer complexity by incorporating additional monomers stepwise, ultimately
culminating in the precursor SCNP.

The next step should be the analysis of the folded SCNPs via the methodology described

herein, which includes a comparison of their catalytic ability in different solvents.3
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Annexes

lon Mobility Mass Spectrometry Coupled with Molecular Dynamics Simulations: In-

depth Structural Analysis of Polystyrene-based Au-Containing Copolymers

based on Naskar et al, “lon Mobility Mass Spectrometry Coupled with Molecular Dynamics Simulations: In-
depth Structural Analysis of Polystyrene-based Au-Containing Copolymers.” Polym.Chem., 16 (2025) 2143-
2153.

Experimental Section

HPLC grade tetrahydrofuran (>99.8%), acetonitrile (>99.9%) and acetone (>99.8%)
solvents were purchased from Chem-Lab (Zedelgem, Belgium). Sodium iodide was
purchased from VWR (Leuven, Belgium) and used for ESI-MS calibration. Polyethylene
glycol was acquired from Sigma-Aldrich and utilized as IMS-MS calibrant. TEMPO-
(styrene)x-(styrene-CH2-OH)y (2,2,6,6-tetramethylpiperidine-N-oxyl end group - B =1.2 —
Mhn = 3,200 g mol') and TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2)w-(styrene-
PPh2-AuCl): (2,2,6,6-tetramethylpiperidine-N-oxyl end group - = 1.1 — Mh = 2,400 g

mol-') were synthesized according to reference.’

lon Mobility Experiments

1.0 mg mL"" solutions of the copolymer were obtained by dissolving it in acetonitrile and
tetrahydrofuran (80:20, v/v). The stock solutions were 100x diluted with acetonitrile and
tetrahydrofuran (80:20, v/v) before ESI analysis. MS spectra and CCS measurements
were performed on a Waters Synapt G2-Si mass spectrometer. The solutions were
infused at a flow rate of 5 uL min-! with a capillary voltage of 3.1 kV, a source temperature
of 100 °C and a desolvation temperature of 150 °C. The standard IMS-MS parameters
were : wave height = 40 V, wave velocities = 350 or 600 or 800 m s~', mass range = m/z
50 — 4000; N2 flow rate = 60 mL min~", He flow rate = 180 mL min-"! and trap bias = 45.0
V. A pre-established calibration procedure’® was used to convert the experimentally
determined arrival time distributions to ™CCSn2sHe,'™® which will be referred to as
CCSexp.
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Molecular Dynamics (MD) Simulations

All MD simulations were performed with the Materials Studio software (BIOVIA, San
Diego, CA)."® For the TEMPO-(styrene)x-(styrene-CH2-OH)y copolymer, the PCFF force
field was used and validated by the fact that the calculated effective density of TEMPO-
polystyrene (0.62-0.66 Da/A3%) is in good agreement with the reported density of bulk
polystyrene (0.57-0.62 Da/A3).'65 For the TEMPO-(styrene)x-(styrene-CHz2-OH)y-(styrene-
PPh2-AuCl)z copolymer, we switched to the UFF force field since the parameters for gold
are not available in PCFF. Both the PCFF and UFF force field were found to provide
similar collisional cross sections for chains without styrene-PPh2-AuCl units, thus
validating our choice of using the UFF force field to model the behavior of polymer chains
including the styrene-PPh2-AuCl units. Force field assigned atomic charges were used
for the simulations with the PCFF force field, while Gasteiger charges'®® were used in
combination with the UFF force field. At first, geometry optimization was performed
starting from a linear polymer chain (without charge). After adding a charge (H*) to the
optimized polymer chain, the geometry underwent additional optimization; the TEMPO
group is chosen as the proton carrier due to the presence of the basic nitrogen atom.6°
Next, a quenched dynamics (frames quenched every 5 ps) was run for 20 ns at 300 K,
with a 1 fs timestep, and a cutoff of 100 A for the van der Waals and electrostatic
interactions. The most stable structure obtained from the quenched dynamics was then
used as the starting point for a 25 ns-long MD run (NVT ensemble; constant number of
particles, N, volume, V, and temperature (T = 300 K) and using a 1 fs time step). From
this MD trajectory, 500 structures were extracted and used to obtained an average
theoretical CCSth computed by using the trajectory method'®' (TM) model implemented

within the Collidoscope software.>*
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Density Functional Theory (DFT) Calculations

Density Functional Theory (DFT) calculations were performed using the Gaussian 09
(D01 revision)'62 suite to estimate the strength of the interactions between the fragments
which are interacting through an hydrogen bond in the polymer.'®” In practice, the
interaction energies have been estimated as the energy difference between the energy
of the assembly made of the two interacting fragments and the energy of the isolated
molecules. All the geometry optimization calculations were conducted using the B3LYP
functional combined to the 6-31G** double zeta basis set for C, H, N, O, CI, P and
LANL2DZ basis set for gold."'®8 To properly describe the dispersion interactions, Grimme's
empirical dispersion correction GD3BJ was applied.'®* In all cases, the interaction
energies have been corrected from the basis set superposition error (BSSE) through the
use of the Counterpoise method.®® Note that, in all DFT calculations, the complex
structure of the macromolecules has not been considered, as only the two interacting

fragments were taken into account.

1D NMR Spectroscopy Measurements

'H and 3'P spectra were recorded on a Bruker Avance Ill HD 600 MHz spectrometer,
equipped with a BBO-Probe (5 mm) with z-gradient ('H 600.13 MHz). All measurements
were carried out in deuterated solvents. The chemical shift (&) is reported in parts per
million (ppm) relative to the residual solvent protons. The measured coupling constants
were calculated in Hertz (Hz). MESTRENOVA 11.0 software was used to analyze the

spectra.

Size Exclusion Chromatography

The SEC measurements were conducted on a PSS SECurity2 system consisting of a
PSS SECurity Degasser, PSS SECurity TCC6000 Column Oven (35°C), PSS SDV
Column Set (8x150 mm 5 um Precolumn, 8x300 mm 5 ym Analytical Columns, 100000 A,
1000 A and 100A) and an Agilent 1260 Infinity Isocratic Pump, Agilent 1260 Infinity
Standard Autosampler, Agilent 1260 Infinity Diode Array and Multiple Wavelength
Detector (A: 254 nm, B: 360 nm), Agilent 1260 Infinity Refractive Index 5 Detector (35 °C).
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HPLC grade THF, stabilized with BHT, is used as eluent at a flow rate of 1 mL-min-'. Low
disperse linear poly(styrene) (Mn 266 g-mol' to 2.52:10° g-mol! ) standards (PSS
ReadyCal) were used as calibrants. All samples were passed over 0.22 um PTFE
membrane filters. Molecular weight and dispersity analysis was performed in PSS
WinGPC UniChrom software (version 8.2).

General Procedure for NMP of Styrene Based Monomers

Styrene (1.27 g, 12.21 mmol, 133 eqv), styryl alcohol (0.25 g, 1.84 mmol, 20 eqv) and
NMP initiator, 2,2,6,6-Tetramethyl-1-(1-phenylethoxy)piperidine, (0.024 g, 0.092 mmol, 1
eqv) were added to a Schlenk tube. Dry toluene was added (0.8 mL) and the combined
solution was subjected to four freeze pump thaw cycles. The Schlenk tube was
subsequently placed into an oil bath heated to 135 °C and left to stir for 90 minutes. The
reaction mixture was quenched upon exposure to atmosphere and cooling in liquid
nitrogen and concentrated under reduced pressure, redissolved in a minimal amount of
dichloromethane and precipitated three times into cold methanol. The precipitate was
centrifuged and dried at 40 °C in a vacuum oven affording TEMPO-(styrene)x-(styrene-

CH2-OH)y as an off white powder.

A styrene based, triphenylphosphine containing polymer was synthesized according to
the same general NMP procedure'’%'71 to synthesize TEMPO-(styrene)x-(styrene-CHo-
OH)y, with modified stoichiometry and a reaction duration of 45 minutes. Styrene (0.18 g,
1.77 mmol, 66 eqv), styryl alcohol (0.035 g, 0.27 mmol, 10 eqv), 4-(diphenylphosphino)
styrene (0.039 g, 0.13 mmol, 5 eqv) and nitroxide initiator (0.007 g, 0.027 mmol, 1 eqv)

combined in dry toluene (0.4 mL).

The resulting phosphine polymer (0.025 g, 0.012 mmol) was dissolved in dry
dichloromethane (0.2 mL) and ethanol (0.4 mL), and HAuCls « 3H20 (0.006 g, 0.015
mmol) was dissolved separately in ethanol (0.4 mL) and added dropwise to the first
solution. The combined reaction mixture was subsequently stirred at room temperature
for 1.5 hours. After stirring the solvent was removed under reduced pressure and the

resulting light-yellow solid was redissolved in a minimal amount of dichloromethane and
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precipitated once into ice cold methanol and then dried at 40 °C in a vacuum oven
affording TEMPO-(styrene)x-(styrene-CHz2-OH)y-(styrene-P-Ph2-AuCl):.

TEMPO-(styrene)x-(styrene-CH2-OH)y Copolymer analysis by SEC and 'TH NMR
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Figure A1. SEC and 'H NMR spectrum of TEMPO-(styrene).(styrene-CH2-OH)y, (® = 1.2 — M = 3,200 g mol"),
styrene-CH2-OH monomer unit present at 14 mol % with respect to styrene monomer unit.

"H-NMR Spectroscopy was used to characterize the TEMPO-(styrene)x-(styrene-CHa-
OH)y (refer to Figure A1). Characteristics resonances between (6 = 7.23 — 6.28 ppm) are
attributed to the aromatic hydrogen atoms of the styryl groups. Benzylic hydrogens
belonging to the alcohol containing styryl units are characterized by a distinct resonance
at (0 = 4.69 — 4.45 ppm). The resonances between (6 = 2.47 — 0.81 ppm) represent the
aliphatic hydrogens belonging to the backbone of the polymer. The number average
molecular weight of the polymer was determined using Size Exclusion Chromatography
(SEC) and found to be 3,200 g mol-" with a low dispersity of 1.26.

TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2-AuCl); analysis by SEC and 'H
NMR

(@) | s © ] ©)

Normalised Detector Response
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Figure A2. SEC and 'H NMR analysis of TEMPO-(styrene)x-(styrene-CHz-OH),~(styrene-PPhz-AuCl)z, (B = 1.15 — My
= 2,400 g mol"). Styrene-CH2-OH monomer unit present at 9 mol % and styrene-PPh,-AuCl monomer unit present 12
mol % with respect to the styrene monomer unit.

"H-NMR Spectroscopy was used to characterize the TEMPO-(styrene)x-(styrene-CHa-
OH)y-(styrene-P-Ph2-AuCl): (refer to Figure A2). Resonances between (6 = 7.85 — 7.34
ppm) are attributed to the aromatic hydrogens of gold complexed triphenylphosphine. The
31P-NMR spectrum further corroborated the complexation of gold to phosphine showing
a resonance at (& = 32.36 ppm). Characteristics resonances between (6 = 7.2 — 6.22
ppm) are attributed to the aromatic hydrogen atoms of the styryl groups. Benzylic
hydrogens belonging to the alcohol containing styryl units are characterized by a distinct
resonance at (0 = 4.73 — 4.42 ppm). The resonances between (6 = 2.59 — 0.77 ppm)
represent the aliphatic hydrogens belonging to the backbone of the polymer. The number
average molecular weight of the polymer was determined using Size Exclusion
Chromatography (SEC) and found to be close to 2,400 g mol-" with a low dispersity of D
=1.15.

lon mobility Experiments

Tetrahydrofuran and acetonitrile (20:80, v/v) were used to prepare copolymer stock
solutions containing 1.0 mg mL™". Without the use of a cationizing agent, the copolymers
were examined. Before ESI analysis, the copolymer solutions were diluted 100 times with

tetrahydrofuran and acetonitrile (20:80, v/v).

Using a Waters Synapt G2-Si mass spectrometer, MS spectra and CCS measurements
were taken. The solutions were infused at a rate of 5 yL min-!, with a source temperature
of 100 °C and a desolvation temperature of 150 °C, and a capillary voltage of 3.1 kV. The
standard IMS-MS parameters were as follows: trap bias = 45.0 V, N2 flow rate = 60 mL
min-!, He flow rate = 180 mL min-', mass range = m/z (50-4,000), wave height = 40 V
and wave velocities = 350, 600, or 800 m s-'. A pre-recognized calibration procedure8
was used to transform the experimentally determined arrival time distributions to

TWCCSN2sHe, ' which will be represented to as CCSexp.
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Molecular Dynamics Simulations
a) Details procedure of CCS calculations

All calculations were performed with the Materials Studio software (BIOVIA, San Diego,
CA)."%0 For TEMPO-(styrene)x-(styrene-CH2-OH)y copolymer, PCFF force field was used
and validated by the fact that the calculated effective density of TEMPO-polystyrene
(0.62-0.66 Da/A3%) is in good agreement with the reported density of bulk polystyrene
(0.57-0.62 Da/A%)."5" For the TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2-
AuCl)z copolymer, we switched to the UFF force field since the parameters for gold are
not available in PCFF (refer to the specific section in Annexes “Universal Force Field
(UFF) Validation” and Figure A13). Force field assigned atomic charges were used for the
simulations with the PCFF force field, while Gasteiger charges'®® were used in
combination with the UFF force field. At first, geometry optimization was performed
starting from a linear polymer chain (without charge). After adding a charge (H*) to the
optimized polymer chain, the geometry underwent additional optimization; the TEMPO
group is chosen as the proton carrier due to the presence of the basic nitrogen atom.
Subsequently, a quenched dynamics (frames quenched every 5 ps) was run for 20 ns at
300 K, with a 1 fs timestep, and a cutoff of 100 A for the van der Waals and electrostatic
interactions. The most stable structure obtained from the quenched dynamics was then
used as the starting point for a 25 ns-long MD run (NVT ensemble; constant number of
particles, N, volume, V, and temperature (T = 300 K) and using a 1 fs time step). From
this MD trajectory, 500 structures were extracted and used to obtained an average
theoretical CCSth computed by using the trajectory method (TM)'®" model implemented

within Collidoscope software.'%*
b) Details procedure for the investigation of the folding process

Since the folding process occurs on short timescales one must save snapshots very
frequently to visualize it. In practice, instead of running a 25 ns-long MD with frames saved
every 5 ps, we performed shorter MDs (2 ns-long) with snapshots saved every 0.5 ps,

keeping all the other MD parameters constant.
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Figure A3. ESI-MS mass spectra of TEMPO-(styrene)x-(styrene-CH2-OH)y (0.01 mg mL™") in acetonitrile/
tetrahydrofuran (80/20) (v/v); Comparison between experimental and simulated isotope patterns: (a) [TEMPO-
(styrene)s-(styrene-CH2-OH)+ + H]* (DP = 6) and (b) [TEMPO-(styrene)7-(styrene-CH2-OH)s + H]* (DP = 10) ions, as

selected examples.
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patterns.

134



1749.83

174883 1750.83
1751.84
Simulation
1752.84
H
{ 1753.84 Elx,'qé?
H
4 T J T LI T T 7 gl 9 1 1
1749 1750 1751 1752 1753 1754 ‘ ‘ O
< oho
Alu
1749.91 . o]
—— Experimental
1750.91
1751.02
1752.91
1753.89
1749 1750 1751 1752 1753 1754
m/z

Figure A5. ESI-MS mass spectra of TEMPO-(styrene)x-(styrene-CH2-OH)y-(styrene-PPh2-AuCl). (0.01 mg mL") in
acetonitrile/tetrahydrofuran (80/20) (v/v). Comparison between experimental and simulated isotope patterns and
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Figure A6. lon mobility mass spectrometry analysis of the copolymer (0.01 mg mL™") in acetonitrile/tetrahydrofuran

(80/20) (v/v) using Waters Synapt G2-Si mass spectrometer; arrival time distribution (ATD) of selected [TEMPO-
(styrene)x-(styrene-CH2-OH)y + H]* ions: () x=9,y=0; (b)x=8,y=1;(c)x=7,y=2;(d)x=6,y=3;(e)x=5,y =
4; (f) x =4, y = 5; here total DP = 9 in every case.
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Figure A7. lon mobility mass spectrometry analysis of copolymer (0.01 mg mL-") in acetonitrile/ tetrahydrofuran (80/20)
(vlv); (a)TEMPO-(styrene)x-(styrene-CHz2-OH)y, and  (b) TEMPO-(styrene)x-(styrene-CHz-OH)y-(styrene-PPhz)w-
(styrene-PPh2-AuCl)o ions, (a) and (b) are represent by the blue-green-yellow palette, (c) TEMPO-(styrene)x-(styrene-
CH2-OH)o-(styrene-PPh2)o-(styrene-PPh2-AuCl)oi1 (d) TEMPO-(styrene)x-(styrene-CH2-OH)1-(styrene-PPh2)o-(styrene-
PPh2-AuCl)on, (e) TEMPO-(styrene)x-(styrene-CH2-OH)2-(styrene-PPh2)o-(styrene-PPh2-AuCl)or and (f) TEMPO-
(styrene)x-(styrene-CHz-OH)s-(styrene-PPhz)i-(styrene-PPh2-AuCl)ot; in this case ((c) to (f)), blue colour used to
represent (styrene-PPh2-AuCl)o containing copolymer and red colour corresponds to the copolymer containing (styrene-
PPh2-AuCl)1 units.
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Figure A8: Theoretical CCS estimation using molecular dynamics simulation of the TEMPO-(styrene)x-(styrene-CHa-
OH)y: (a) theoretical CCS evolution for different sequences of S6B6 and (b) theoretical CCS evolution for different
sequences of S12B6.

@) DP=18 Y (b) DP=15

Figure A9. Molecular Dynamics simulations (PCFF force field, 298K, 25 ns) of [TEMPO-(styrene)x-(styrene-CHz2-OH)y
+ HJ*ions, snapshot of the last frame of the MD that represent the hydrogen bond by red colour : (a) DP =18 (x = 17,
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y=1),(b)DP=15(x=13,y=2),(c)DP=21(x=18,y=3),(d)DP =21 (x=17,y=4), (e) DP=19 (x = 14,y = 5)
and (f) DP = 20 (x = 14,y = 6).

Figure A10. Molecular Dynamics simulations (PCFF force field, 300 K, 25 ns) of [TEMPO-(styrene)22-(styrene-CHa-
OH)1 + H]" ions (DP = 23, x = 22, y = 1). Snapshot of the last frame of the MD with enlarged views of the charged
centers : H-bonding interaction between the protonated TEMPO end group and hydroxyl group of the styrene-CH2-OH
unit. Here in the zoom section, the light blue represents the styrene-CHz2 unit of styrene-CH2-OH, while the conventional

color represents the remaining portion.
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Figure A11. lon mobility mass spectrometry analysis and Molecular Dynamics simulations of [TEMPO-(styrene)x-
(styrene-CH2-OH)1 + H]* ions: comparison between the CCSexp and CCSin over the full mass range.
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(@)

Figure A12. Molecular Dynamics simulations (PCFF force field, 300 K, 2 ns) of (a) [E-S11-B1-S11 + H]" ions and (b) [E-
B1-S22 + H]* ions (DP = 23): snapshots at different times of the trajectory revealing that the folding process is mostly
initiated by n-n interactions between phenyl rings (a) with the H-bonded protonated TEMPO and styrene-CH2-OH for
the E-S11-B1-S11 ions ultimately being incorporated in the core of the equilibrated structure and (b) the TEMPO / styrene-
CH2-OH sequence remaining at the surface of the globular ion. The styrene-CH2-OH and the TEMPO residues are

highlighted in blue and grey for visualisation.

Universal Force Field (UFF) and PCFF Comparison

Since the parameters for the gold metal are not incorporated into the PCFF force field
used successfully in our first study,'®® we turned to UFF (Universal Force Field) with
charges assigned on the different atoms using the Gasteiger method for the Au-containing
copolymer ions. We calculated — using both UFF and PCFF — the CCSw for TEMPO-
initiated polystyrene homopolymer ions (DP = 8-17) and TEMPO-initiated
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styrene/styrene-CH2-OH copolymer ions (DP = 8-19) in order to check whether PCFF will
reproduce the UFF data without further parametrization or validation. The UFF and PCFF-
computed CCSih were further compared with the CCSey,, (refer to Figure S13). Since the
three different CCS are nearly identical over the investigated DP-ranges, we will consider

that both force fields are able to generate reliable molecular structures.
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Figure A13. lon mobility mass spectrometry and molecular dynamics simulations using (PCFF and UFF) force fields
for TEMPO-initiated styrene homopolymer ions and TEMPO-initiated styrene/styrene-CH2-OH copolymer ions : (a)
CCS evolution with DP for [TEMPO-PS + H]* and (b) CCS evolution with DP for [TEMPO-(styrene)x-(styrene-CH2-OH)+

+ HJ* ions.
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S15BoPoAU,

() DP=15
S43BPoAU,

)  DP=10
S,B,P,AU,

Figure A14. Molecular Dynamics simulations (UFF force field, 298K, 25 ns) of [TEMPO-(styrene)x-(styrene-CH2-OH)y-
(styrene-PPhz)w-(styrene-PPh2-AuCl); + H]*ions, snapshot of the last frame of the MD that represent the hydrogen bond
by red colour: (@) DP=16 (x=11,y=4,w=1,z=0),(b) DP=15(x=11,y=2,w=2,z=0),(c) DP=13 (x =7,y =
4,w=1,z=1),(d)DP=14 (x=13,y=0,w=0,z=1),(e) DP=15(x=13,y=1,w=0,z=1)and (f) DP =10 (x =
7,y=2,w=0,z=1).
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Figure A15. Molecular Dynamics simulations (UFF force field, 298K, 25 ns) of [TEMPO-(styrene)1s-(styrene-CH2-OH)1-
(styrene-PPh2-AuCl)1 + H]*ions (DP = 15, x = 13, y = 1, z = 1). Snapshot of the last frame of the MD with enlarged views
of the charged center : H-bonding interaction between the protonated TEMPO end group and chloride group of the
styrene-PPh2-AuCl unit. Here, the styrene monomer unit is indicated by dark green, the styrene-CH2-OH is indicated
by light blue, styrene-PPhzrepresent by the plum and the end group is indicated by grey.
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On the discrimination between regio- and stereoisomeric photo-products using
Cyclic lon Mobility Mass Spectrometry in combination with Molecular Dynamics
Simulations

Introduction

Light-driven reactions are very important for biology,’”? green chemistry, and modern
industry.’”® However, their large-scale application in industry is limited due to low yields,
poor selectivity, and scalability challenges. Photoreactivity is typically assessed by the
quantum vyield,"* which depends on factors such as solvent,'”® temperature,'”® and
wavelength.'”” The efficiency of photochemical reactions can be increased using
confinement in nanoreactors.'”® Further, self-assemblies can enhance efficiency by
controlling local concentration and geometry. However, the influence of molecular
architecture in solution has not been systematically addressed. Our group reported the
enhancement of the efficiency of photochemical reactions by increasing local
concentrations.’”® A library of monodisperse, trifunctional macromolecules with variable
spacers between photoreactive units was designed and synthesized. The study revealed
a “goldilocks zone” where steric and entropic factors balance to maximize quantum
yields.'”® Importantly, these findings are translated into two-photon microprinting, directly
linking molecular design to material performance and print quality. The materials
synthesized mostly using chalcone derivatives as chalcone has good light controlling
properties.

Chalcone derivatives substituted with simple n-conjugated units, such as pyrene and
anthracene, display moderate non-linear optical responses.'®'8" Among these, pyrene
is regarded as a highly promising nonlinear optical building block for w-extended
derivatives, owing to its strong n-electron delocalization that can markedly enhance two-
photon absorption processes.'® Pyrene-containing chalcone derivatives exhibit
enhanced nonlinear optical effects, rendering them well-suited for applications in all-
optical switching and optical limiting.'818 The activity of the molecules is generally
governed by their architecture. However, precise monitoring of their activity may remain
challenging due to limited knowledge of the structure—activity relationship.
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Photopolymerization employs light as a clean and non-invasive stimulus for
macromolecular synthesis, offering spatiotemporal control'® and compatibility with green
chemistry. In general, photoreactive molecules can initiate chain-growth mechanisms'86
(radical,'®=18 jonic,19%-192 or ring-opening'®3), but more recently, catalyst-free systems
using direct light activation have emerged. Step-growth photopolymerizations via [2+2]
and [4+4] cycloadditions'94-197 (e.g., cinnamates,'®*'% coumarins,'%.1%7 anthracenes, %
chalcones’®®) enable the preparation of controlled macromolecular assemblies, with a key
importance being their reversibility. Shorter-wavelength irradiation can trigger

cycloreversion,2%° enabling depolymerization and recyclability of photopolymers.

In general, (cyclization) reactions form only a single bond. An important advantage of
photocycloaddition reactions is that they can form two or more bonds successively.?°' For
example, the [2+2] photocycloaddition reaction is one of the most well-known
transformations of this type. Here, two olefins undergo [2+2] photocycloaddition to form a
cyclobutane ring in the presence of visible or ultraviolet (UV) light. Upon irradiation, one
of the olefins is excited from its ground state (So) to the first excited state (S1), where it

can react with another olefin in the ground state to yield the cyclobutane product.292-205

Pyrene-substituted chalcone derivatives also undergo [2+2] photocycloaddition reactions.
When more than one pyrene-substituted chalcone unit is present within the same
molecule, both intramolecular and intermolecular [2+2] photocycloaddition can occur. The
pyrene chalcone-based system that will be investigated in the present chapter contains
three pyrene-substituted chalcone units (refer to Scheme 1). The left and right sides of
the molecule are identical, with equal bridge lengths, whereas the head segment differs
due to a difference in linker length. This molecule is designated as trifunctional
photoactive ene (TPE), indicating that the bridge chains on the left and right sides consists

each of three monomer units.'”®
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Scheme 1. Chemical structure of the investigated molecule, designated as TPE.'™®

The TPE molecule contains a total of three double bonds: two located on the left and right
sides, highlighted in blue, and one in the head segment, highlighted in green. Upon
exposure to light, the TPE molecule undergoes both intramolecular and intermolecular
[2+2] photocycloaddition reactions. Due to its asymmetric structure, multiple isomers can
be formed through these photocycloaddition processes. In the current chapter, a
photocycloaddition between the left and right sides of the molecule (i.e., between the two
blue double bonds) will be designated as “Q,” while a photocycloaddition between either
the left or right side and the head unit (i.e., between one blue and one green double

bonds) will be referred as “P” (refer to Scheme 2).

hv
[2+2]

“Q” isomer

9

“P” isomer

Scheme 2. Schematic representation of the “P” and “Q” isomers.

In addition to the “P” and “Q” isomers, two configurations may be generated during the
cycloaddition process, i.e. a head-to-head and a head-to-tail arrangements. In the head-

to-head configuration, both pyrene rings are positioned on the same side, whereas in the
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head-to-tail configuration, the two pyrene rings are located on opposite sides (refer to
scheme 3). In addition, both head-to-head and head-to-tail configurations can give rise to
multiple possible stereoisomers, such as cis—cis, cis—trans, and trans—trans, depending

on the relative positions of the substituents.
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Scheme 3. Head-to-head and head-to-tail isomers.

Consequently, numerous isomers are formed upon intramolecular [2+2]
photocycloaddition of the TPE molecule. Identifying the specific isomers produced by this
reaction is challenging. In the current chapter, we will challenge ion mobility mass
spectrometry (IM-MS), cyclic ion mobility spectrometry (cyclic IMS), molecular dynamics
simulations, and density functional theory (DFT) map the isomeric diversity of the photo-

adduct products.
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Experimental section

Synthesis of parent TPE molecules and cyclic molecules

The TPE molecule — prepared at the Queensland University of Technology (QUT) by Fred
Pashley-Johnson — was mainly designed for investigating how two-photon microprinting
is influenced by intramolecular photocycloadditions.?79:206.207 ¢.Caprolactone was used as

a tether between the photoreactive units.208.209

Initially, the cyclic TPE species were prepared by [2+2] photocycloaddition. Both parent
and cyclic TPE molecules were characterized using SEC (refer to Figure 1) and NMR
(refer to Figure A1). The SEC chromatogram of the cyclic TPE molecules was shifted
slightly towards the lower molecular weight after irradiation. The SEC trace shows a
bimodal curve (refer to Figure 1a) that corresponds to two different hydrodynamic
volumina, suggesting that two different types of cyclic molecules are formed (refer to
Figure 1b). Here, the pink curve corresponds to one isomer and blue curve corresponds

to another curve (refer to Figure 1b).

(a)

1000 10000 1000 10000
Apparent Molar Mass | g mol-! Apparent Molar Mass / g mol
Figure 1. Size Exclusion Chromatographs of TPE recorded in THF. (a) Size-exclusion chromatographs of the TPE
macromolecules: solid curve corresponds to the parent TPE molecules and the dashed curve corresponds the cyclic

molecules created due to intramolecular folding upon irradiation of a 12.5 yM solution of the analyte in acetonitrile with
a 10 W LED, Amax = 445 nm; (b) Deconvolution of SEC traces by fitting with two monodisperse peaks to show the large
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and the small isomer that form upon irradiation: here pink curve and blue curve correspond to the two different

isomers.

Results and discussions

ESI-MS analysis of the TPE molecules

The parent TPE molecule (i.e., the reactant) and their [2+2] photocyclization products
(cyclic molecules, i.e., the products) were initially analyzed by electrospray ionization
mass spectrometry (ESI-MS) to evaluate whether they can be detected by MS and to
determine what the nature of the detected ions is. TPE ionizes most effectively by Na* ion
capture, generating [M + Na]* and [M + 2Na]?* ions, likely due to favorable interactions
between Na* and the oxygen atoms of either the C=0 carbonyl groups or the CH3-O-

methoxy groups (refer to Figure 2 and Figure 3).
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Figure 2. ESI-MS spectra of singly charged [M + Na]* (a) Cyclic TPE molecules (i.e., product) at 0.01 mgmL™" in
acetonitrile/tetrahydrofuran (80/20) (v/v), and (b) parent TPE molecules (i.e., reactant) at 0.01 mgmL" in
acetonitrile/tetrahydrofuran (80/20) (v/v) with Nal (0.0002 mg mL"). Red circles indicate singly charged [M + Na]* ions.
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Figure 3. ESI-MS spectra of doubly charged [M + 2Na]?* (a) Cyclic TPE molecules (i.e., product) at 0.01 mgmL™" in
acetonitrile/tetrahydrofuran (80/20) (v/v), and (b) parent TPE molecules (i.e., reactant) at 0.01 mgmL" in
acetonitrile/tetrahydrofuran (80/20) (v/v) with Nal (0.0002 mg mL-"). Blue circles indicate doubly charged [M + 2NaJ?**
ions.

As shown in Figure 2 and Figure 3, both parent TPE molecules and cyclic molecules
generate two characteristic ion species: singly charged [TPE + Na]* and doubly charged
[TPE + 2NaJ?* ions. The consistent generation of singly and doubly charged states
confirms robust sodium coordination for both cyclic isomer and parent molecules. In this
chapter, the discussion will focus on the doubly charged [TPE + 2Na]?* ions for both the
parent TPE molecules and cyclic molecules. The entire ESI-MS spectrum of the parent
TPE molecules and cyclic TPE molecules is provided in the Annexes (refer to Figure A2).
The isotopic distribution of the simulated spectrum, parent TPE molecules and the cyclic

TPE molecules is also shown in the Annexes (refer to Figure A3 for [TPE + Na]® and
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Figure A4 for [TPE + 2Na]?* ions). All ions detected in the ESI-MS are listed in the

Annexes (refer to Table 1 in the Annexes).

IMS experiments on gaseous parent TPE molecules and cyclic molecules

Following the ESI-ToF mass spectrometric analysis of parent TPE molecules and cyclic
molecules (i.e., reactant and product), the doubly charged TPE ions, [TPE + 2Na]?*, were
subjected to ion mobility measurements (refer to Figure 4) on a Waters Synapt G2-Si

mass spectrometer to attempt a separation of the isomeric folded ions.

4.30

4.41

A J

Arrival time distribution (ms)

Figure 4. lon mobility-mass spectrometry analysis of TPE molecules (0.01 mgmL"' in
acetonitrile/tetrahydrofuran, 80/20) (v/v) using a Waters Synapt G2-Si mass spectrometer: (a) arrival time
distribution (ATD) of cyclic isomer [TPE + 2Na]?* ions, and (b) arrival time distribution (ATD) of parent [TPE +

2NaJ?* ions.

Figure 4 depicts the arrival time distributions (ATDs) of the cyclic isomer and parent [M +
2NaJ?* TPE ions that are nearly indistinguishable, indicating that IM-MS is unable to

separate the cyclic isomeric and parent ions, likely due to the weak resolution of the
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Waters Synapt G2-Si instrument.’#® Further, it is not possible to detect any isomers
formed via the [2+2] photocycloaddition. Therefore, cyclic IMS analysis is required to
achieve separation of the different isomers (refer to Figure 5). Cyclic ion mobility mass
spectrometry (cIM-MS) experiments were performed on the same ion using a SELECT
SERIES Cyclic IMS instrument (Waters Corporation, Wilmslow, UK). The number of
passes through the cIMS cell was optimized to maximize separation (30 passes in this
case). MassLynx exported the ATD as plain text files, which were subsequently fitted
using Igor Pro (Version 8.02, 64-bit). Additional experimental details are provided in the
Annexes. Cyclic IMS allows multiple passes of ions through the mobility cell, thereby
increasing resolving power. After 30 passes through the cIMS, the ion mobilogram of the
parent TPE molecules [TPE + 2Na]?*, m/z 1087.48, displayed a single peak, whereas the
cyclic TPE molecules [TPE + 2Na]?*, m/z = 1087.49, showed two distinct peaks. This
observation indicates the formation of at least two different isomers as a result of the [2+2]
photocycloaddition of the TPE molecules (refer to Figure 5). Although the parent
molecules show a very small peak at 30.5 ms, its intensity is negligible compared to the

others; therefore, we exclude it from our discussion.
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Figure 5. Cyclic ion mobility—mass spectrometry analysis of TPE molecules (0.01 mg mL™" in MeOH); arrival
time distribution (ATD) of cyclic TPE molecules [TPE + 2Na]?* ions shown in blue and arrival time distribution
(ATD) of parent TPE molecules [TPE + 2Nal?* ions shown in orange after 30 pass.
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In Figure 5, two distinct ATD peaks are observed for the cyclic isomer (i.e., product)
doubly charged TPE ions using cyclic IMS, whereas only a single ATD peak is detected
for the parent (i.e., reactant) doubly charged TPE ions. The Collisional Cross Section
(CCS) values were calculated from the arrival times obtained in the cyclic IMS analysis.
The CCS value for the parent (i.e., reactant) doubly charged TPE ions is 398.5 A2, while
the cyclic isomer (i.e., product) doubly charged TPE ions exhibit two CCS values at 403.6
A2 and 413.8 A2. The size order obtained from cyclic ion mobility mass spectrometry
(cIMS) does not match the order observed in SEC or TWIMS. This discrepancy arises
from differences in physical environment, operating principles, timescales, path lengths,
and ion heating. SEC measures hydrodynamic size in solution and is therefore influenced
by intramolecular solvation and polymer—solvent interactions. TWIMS, uses a shorter drift
path and travelling waves that can introduce varying degrees of ion heating and
compaction. These differences influence the distribution of gas-phase conformers and
can change the observed arrival-time order. In contrast, cIMS employs a cyclic, extended
path length—often with multiple passes (e.g., 30)—which enables high-resolution
sampling of ion conformational ensembles. However, it remains difficult to assign the
specific isomers formed via [2+2] photocycloaddition based solely on this analysis.
Therefore, DFT calculations and molecular dynamics simulations will be performed to

identify the isomers detected by cyclic IMS.

Density Functional Theory (DFT) calculations

Initially, DFT calculations were performed to identify the most stable isomer for the cis
and trans pyrene-substituted chalcone derivatives. All calculations were carried out using
the B3LYP functional and the 6-31G** basis set. The results indicated that the frans
isomer is energetically more stable than the cis isomer by 9.5 kcal mol-*! (refer to Figure
6).
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Figure 6. DFT calculations were performed using B3LYP functional and 6-31G** basis set to determine the energetically
more stable isomer of the pyrene-substituted chalcone derivative. The frans isomer was found to be 9.5 kcal mol-! more
stable than the cis isomer.

The above DFT calculations established that the trans isomer is energetically more stable
than the cis isomer. Therefore, the cis isomer was excluded, and all subsequent
calculations were performed using the frans isomer. For both the “P” and “Q” isomers,
two possibilities exist: head-to-head and head-to-tail connectivity. Subsequently, DFT
calculations were carried out to identify the most stable isomer between the head-to-head

and head-to-tail configurations (refer to Figure 7).
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Figure 7. DFT calculations were performed using B3LYP functional and 6-31G** basis set to determine the energetically
more stable isomer resulting from the [2+2] photocycloaddition of the pyrene-substituted chalcone derivative. The head-
to-tail isomer was found to be 8.27 kcal mol™" more stable than the head-to-head isomer.

The DFT calculations show that the head-to-tail isomer is 8.27 kcal mol! more stable than the
head-to-head isomer. However, it is important to note that these results were obtained using
a small fragment of the molecule. When the calculations were performed using the full TPE
molecule, but with a shorter bridge chain (i.e., one monomer in the bridge instead of three),
the results were completely reversed. For the “P” isomer, the head-to-head configuration is
13.38 kcal-mol' more stable than the head-to-tail configuration. Similarly, for the “Q” isomer,
the head-to-head isomer is 15.79 kcal-mol™' more stable than the head-to-tail isomer. In the
full molecules, steric hindrance and n—n stacking interactions stabilize the head-to-head

isomer compared to the head-to-tail isomer.

Therefore, DFT calculations provide two important pieces of information: the trans isomer is
more stable than the cis isomer, and the head-to-head isomer is more stable than the head-
to-tail isomer. Following the DFT calculations, molecular dynamics (MD) simulations were

performed to assign the peaks observed in the cyclic IMS analysis.
Molecular dynamics simulation and theoretical CCS calculation

To further assign experimental peaks, i.e. the peak in the cyclic IMS mobilogram,
molecular dynamics (MD) simulations are performed starting from four different isomers
of the cyclic TPE molecules, i.e., the isomers formed via [2+2] photocycloaddition of TPE.
The selected isomers for the MD simulations include the head-to-head and head-to-tail
isomers for both “P” and “Q.” MD simulations were also performed on the parent TPE
molecules (i.e., the reactant). The simulations employed a modified DREIDING force field,
which has been previously established by our group.'9%219 In the modified DREIDING force
field, the van der Waals equilibrium distance (Ro) for hydrogen was adjusted. An equilibrium
distance of 2.83 A was used instead of the default value of 3.195 A. All molecular dynamics
simulations were performed using this modified DREIDING force field. After the molecular
dynamics simulation, Collisional Cross Section (CCS) calculations were performed. The CCS
values for all different isomers are presented below (refer to Table 1). Please go through

the Annexes for details about the MD simulation procedure.
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Table 1. Molecular dynamics simulations of [TPE + 2NaJ?* ions (modified DREIDING force field, 300 K, 25 ns):

theoretical collision cross sections and standard deviation for all isomers

Name of the isomer CCSin (A?) SD
"P" head-to-head 400 6
"P" head-to-tail 404 5
"Q" head-to-head 412 5
"Q" head-to-tail 415 7
Parent TPE 408 7

From the theoretical CCS calculations, it is observed that the “P” isomers are
systematically more compact than the “Q” isomers, whereas the head-to-head isomers
are characterized by weaker CCS than the head-to-tail isomers. These theoretical CCS

values are then compared with those obtained from cyclic IMS in Figure 5.

The parent TPE ions are characterized by only one peak, with an experimental CCS value
at 398.5 A2 the theoretical value (CCSh = 408 A2) being 2.3% higher than the
experimental one. Three-dimensional structures of the doubly charged TPE molecules
are shown in Figure 8. Doubly charged cyclic TPE molecules present two peaks in the
cyclic IMS spectrum, with CCS values at 403.6 A2 and 413.8 A2. Since the theoretical
CCS values are very close to each other, it is difficult to assign the peaks based solely on
theory. It is here proposed that the 403.6 A2 peak corresponds to the “P” head-to-head
isomer (404 A?)and that the 413.8 A2 peak corresponds to the “Q” head-to-head isomer
as the head-to-head configurations are calculated more stable than the head-to-tail ones

due to n-n stacking interactions between two pyrene rings.
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Figure 8. Molecular dynamics simulations (modified DREIDING force field, 300 K, 25 ns) of [TPE + 2NaJ?** ions:
snapshots from the last frame of the MD simulation showing (a) the head-to-head isomer of “P”, (b) the head-to-head
isomer of “Q”, and (c) the parent (i.e., reactant) TPE molecules.

DFT calculations only consider thermodynamics and are not suitable for photoreactions.
We started with three trans bonds initially, then gradually decreased the number of frans
bonds while increasing the number of cis bonds—for example, combinations of 2 trans +
1 cis, 1 trans + 2 cis, and 3 cis. However, when shifting from trans to cis, the CCS value
increased significantly (the combinations of the two frans and one cis units are provided

in Table 2). Therefore, we excluded the cis isomers from further consideration.

Table 2. Molecular dynamics simulations of [TPE + 2Na]?* ions (modified DREIDING force field, 300 K, 25 ns): the
resulting theoretical collision cross sections and standard deviations for all isomers containing two frans and one
cis units are summarized. In the notation used, “L” denotes the left side, “R” the right side, “H” the head region

(refer to Scheme 1), “C” represents the cis configuration, and “T” represents the trans configuration.

Name of the isomer (2 trans and 1 cis) CCS,, SD
"P" head-to-head (LC_HT_RT) 434 6
"P" head-to-tail (LC_HT_RT) 416 8

"P" head-to-head (LT_HT_RC) 423 6
"P" head-to-tail (LT_HT_RC) 425 8

"Q" head-to-head (LC_RT_HT) 426 6
"Q" head-to-tail (LC_RT_HT) 421 5
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"Q" head-to-head (LT_RT_HC) 418 6
"Q" head-to-tail (LT_RT_HC) 439 7
Unfolded (LC_RT_HT) 417 6

Unfolded (LT_RT_HC) 420 6

Conclusion

The current study demonstrates that intramolecular [2+2] photocycloaddition in TPE
generates multiple folded isomers that cannot be distinguished by standard IM-MS.
However, it can be resolved by cyclic IMS. DFT calculations and MD simulation reveal
that the predominant species are the ‘P’ and ‘Q’ head-to-head isomers, stabilized by
favorable n—n stacking interactions. These findings provide new insights into the
structure—function relationship of pyrene-substituted chalcone derivatives, underscoring
the role of molecular architecture in governing photoreactivity and conformational

diversity.
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Annexes

On the discrimination between regio- and stereoisomeric photo-products using
Cyclic lon Mobility Mass Spectrometry in combination with Molecular Dynamics

Simulations

Synthesis of the parent TPE molecules and cyclic TPE molecules:

The compound was synthesized in Queensland University of Technology by Pashley-
Johnson et al'’®. Initially, a difunctional alcohol containing a PyChal was synthesized,
which will serve as the initiator for subsequent stepwise additions. An acid with a
protected hydroxyl group was then coupled to this initiator, yielding a doubly protected
diol with an additional linker unit. Importantly, the intrinsic hydrophobicity of the chalcone
initiator—and the resulting oligomers—enabled purification solely by aqueous extraction
from the organic reaction mixture, thereby eliminating the need for labor-intensive and

costly column chromatography throughout the sequence.

The terminal protected diol of the growing macromolecule could be rapidly and efficiently
deprotected using tetrabutylammonium fluoride, affording a free diol that was readily

available for further chain extension.

After synthesizing linkers of the desired length, the chain end was capped by coupling
with a carboxylic acid—functionalized PyChal. This afforded a trifunctional macromolecule,

that was characterized by NMR.7®

[2+2] photocycloaddition of the parent TPE molecules was performed using a 25 uM
solution in acetonitrile of the parent TPE molecules and irradiating by a tunable
monochromatic pulsed laser. The formation of the cyclic isomer was characterized using
NMR (refer to Figure A1), investigating the resonance of the proton of cyclobutane ring.
However, in that case both intermolecular and intramolecular [2+2] photocycloaddition
happened together. Another different [2+2] photocycloaddition reaction was performed
using a low concentration of the parent TPE molecules to suppress the intermolecular

reactions and to make intramolecular reactions dominant for a small timescale. The
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reaction was performed using 12.5 uM solution in acetonitrile of the parent TPE molecules

and irradiating using a light emitting diode of 10W at Amax = 445 nm.

Confirmation of parent TPE molecules and cyclic TPE molecules

TPE (1 mg) was dissolved in acetonitrile to obtain a 12.5 yM solution and irradiated with
a 10 W LED light source (Amax = 445 nm) for 3.5 min. Following irradiation, the solvent
was removed, and the resulting residue was subjected to NMR analysis (refer to Figure
A1).

Parent T3 molecules

J H‘lU d mmeill L

Cyclic T3 molecules \

S/ ppm

Figure A1. '"H NMR spectra of TPE before (green) and after (blue) irradiation, with blue highlights showing the

formation of cyclobutane resonances.

lon Mobility Experiments

Stock solutions of parent and cyclic TPE molecules of 0.01 mg mL~" were prepared in
tetrahydrofuran and acetonitrile (20:80, v/v). Both molecules was characterized using Nal
(0.0002 mgmL") as a ionization agent. The stock solutions were 100x diluted with

acetonitrile and tetrahydrofuran (80:20, v/v) before analysis.
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MS spectra and CCS measurements were performed on a Waters Synapt G2-Si mass
spectrometer in positive ion mode. The solutions were infused at a flow rate of 5 L min’
with a capillary voltage of 3.1 kV, a source temperature of 100 °C and a desolvation
temperature of 150 °C. The standard IMS-MS parameters were : wave height = 40 V,
wave velocities = 350 or 600 or 800 m s~', mass range = m/z 50-4,000; N2 flow rate = 60
mL min~', He flow rate = 180 mL min~" and trap bias = 45.0 V. A pre-established calibration
procedure’® was used to convert the experimentally determined arrival time distributions

to TWCCSn2-He, "% which will be referred to as CCSexp.
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Figure A2. ESI-MS spectra of (a) Cyclic TPE molecules (i.e., product) at 0.01 mg mL" in acetonitrile/tetrahydrofuran
(80/20) (viv), and (b) parent TPE molecules (i.e., reactant) at 0.01 mg mL™" in acetonitrile/tetrahydrofuran (80/20) (v/v)
with Nal (0.0002 mg mL™"). Red circles indicate singly charged [M + NaJ* ions, and blue circles indicate doubly charged
[M + 2Na]?* ions.
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Figure A3. ESI-MS mass spectra of singly charged [TPE + Na]* (0.01 mg mL™") in acetonitrile/tetrahydrofuran (80/20)
(v/v) with Nal (0.0002 mgmL"); comparison between experimental and simulated isotope patterns: (a) simulated
spectrum of [TPE + Na]*, (b) experimental spectrum of cyclic TPE molecules (i.e. product) and (c) experimental

spectrum of parent TPE molecules (i.e. reactant).
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Figure A4. ESI-MS mass spectra of doubly charged [TPE + 2NaJ** (0.01 mg mL™") in acetonitrile/ tetrahydrofuran
(80/20) (v/v) with Nal (0.0002 mgmL"); comparison between experimental and simulated isotope patterns: (a)

simulated spectrum of [TPE + 2Na]?*, (b) experimental spectrum of cyclic TPE molecules (i.e. product) and (c)

experimental spectrum of parent TPE molecules (i.e. reactant).

Table 1. ESI-MS mass spectra of TPE molecules (0.01 mg mL") in acetonitrile/tetrahydrofuran (80/20) (v/v) with
Nal (0.0002 mg mL-"): The ions that were detected, along with their simulated and experimental m/z values, are

reported for both the parent TPE molecules and the cyclic TPE molecules

Name of the isomer Simulated m/z Experimental m/z Experimental m/z

(Parent TPE molecules) (Cyclic TPE molecules)
M+ H]+ 2129.99 2129.98 2130.02

[M + Na]’ 2151.92 2151.97 2151.99
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M+K] 2167.89 2167.94 2167.96

M+ 2H] 1065.47 1065.49 1065.51
M+ 2Na] " 1087.45 1087.48 1087.49
M+ 2K]*" 1103.43 1103.46 1103.46
[M+H+Na] 1076.46 1076.49 1076.51
M+ H+K 1084.45 1084.47 1084.49
[M+Na+K[" 1095.44 1095.47 1095.48
[M+ K + NHd]*" 1092.96 1092.97 1093.00

Cyclic lon Mobility Experiments

Solutions of TPE molecules (both parent and cyclic forms, 0.05 mg mL-" in methanol)
containing sodium acetate were infused into the MS system at a constant flow rate of 5
uL min-! using a syringe pump (Pump 11 Elite, Harvard Apparatus). Data were acquired
in positive ion mode under the following conditions: capillary voltage = +4 kV; cone voltage
= 140 V; desolvation gas flow = 800 L h'; desolvation temperature = 250 °C; source
temperature = 120 °C; helium cell pressure = 2.3 mbar; and cIM cell pressure = 1.7 mbar.

The traveling wave amplitude and velocity were set at 22.0 V and 600 m s™', respectively.

Calibration Procedure of Cyclic lon Mobility Mass Spectrometry

Cyclic ion mobility mass spectrometer (cIM-MS) (Waters Select Series; Wilmslow, UK),2!
was utilized in both positive and negative ion modes. Samples of concentrations 0.1 — 1
MM were loop injected into the instrument using the Waters Acquity Premier UPLC, with
injections of 10 yL into a flow of 0.1 mL/min of methanol for the positive ions or 10 mM
ammonium acetate in methanol to assist the negative ion visibility. CCS calibrations
included the infusion of major mix through the onboard sample fluidics at a flow rate of 1

uL/min, mimicking the experimental process outlined in recent publications.?'?
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Density Functional Theory (DFT) calculations

Density functional theory (DFT) calculations were carried out with Gaussian 09 (Revision
D.01).162 The B3LYP functional®'3-2'5 in combination with the 6-31G** double zeta basis
set was employed. To account for dispersion interactions, Grimme’s empirical dispersion

correction (GD3BJ) was included. %4

Molecular Dynamics Simulations

All calculations were carried out for a run lasting 25 ns with 1 fs time step in the NVT
ensemble at 300 K (as temperature does not create much effect due to the high pressure
in the IMS chamber) with the Materials Studio software (BIOVIA, San Diego, CA)."® The
modified DREIDING force field was used for all calculations. At first, Charges were assigned
using the COMPASS force field for the initial polymer chain. Subsequently, two sodium ions
were added, followed by geometry optimization. Next, a quenched dynamics was then
executed for 25 ns using 1 fs timestep and 100 A van der Waals and electrostatic
interaction cutoff at 450 K. After that, a second quenched dynamics was then executed
for 10 ns using 1 fs timestep and 100 A van der Waals and electrostatic interaction cutoff
at 300 K using the lowest-energy structure obtained from the first quench dynamics. A MD
run was then performed starting from the most stable structure obtained from the second
quenched dynamics until the calculated radius of gyration reaches equilibrium. The CCS
calculations were carried out by taking average of 500 frames utilizing the trajectory

method’®! (TM) model implemented within the Collidoscope software.!%*
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Conclusion and Outlook

The objective of the current thesis was to evaluate the potential of ion mobility—mass
spectrometry (IM-MS), in combination with molecular dynamics (MD) simulations, as a
method for characterizing pre-polymers that can lead to single-chain polymer
nanoparticles (SCNP). Conventionally, SCNPs and their precursors are studied using
techniques such as nuclear magnetic resonance (NMR) spectroscopy, dynamic light
scattering (DLS), and size-exclusion chromatography (SEC). More recently, our group
has extended this toolbox by applying electrospray ionization mass spectrometry (ESI-
MS) to SCNP characterization. To the best of our knowledge, however, the use of IM-MS

for the analysis of SCNPs and their precursor polymers has not yet been reported.

The current PhD thesis study demonstrates the power of combining ion mobility—mass
spectrometry (IM-MS) with molecular dynamics (MD) simulations to unravel the three-
dimensional structures of polymer ions and their functional derivatives such as precursor
SCNP. For polystyrene (PS) ions, we established that the rigid aromatic backbone
collapses into compact, elliptic globular structures with effective densities comparable to
the density of bulk polystyrene. Solvent accessible surface area (SASA) analyses
revealed that these globular forms are densely packed, with minimal internal void volume,
emphasizing the role of backbone rigidity in enforcing compaction. Importantly, the
positive charges in both singly and doubly charged ions consistently localize at the
periphery of the ions aggregate, in sharp contrast to polyethylene glycol ions where
sodium ions are deeply buried within the core of the ions aggregate. This distinction
reflects two fundamentally different folding mechanisms: in polystyrene, cation-n
interaction in addition with the n-rt staking interaction between styrene unit drive backbone
collapse while simultaneously excluding charges from the interior due to the hydrophobic
nature of the polymer chain, whereas in polyethylene glycol, flexible polymer chains fold
around the cation, encapsulating it in the core. Furthermore, MD simulations initiated from
diverse starting conformations revealed that PS chains can fold into multiple U- and S-
shaped motifs that nevertheless display nearly identical CCS values, underscoring a
degeneracy of gas-phase conformations reminiscent of random coil ensembles in

solution. For larger PS ions, we further demonstrated that cations such as Ag* are not
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simply sandwiched between two phenyl rings but instead participate in three-dimensional

coordination, ultimately promoting global tertiary collapse of the ion.

Extending these insights to styrene-based copolymers (STY and STY-CH2-OH) and
precursor SCNP (STY, STY-CH2-OH, STY-PPhz and STY-PPh2-AuCl) revealed how
hydrogen bonding, end-group polarity, and steric effects govern charge localization and
polymer folding. In STY and STY-CH2-OH containing copolymers, strong hydrogen
bonding between protonated TEMPO and hydroxyl groups of STY-CH2-OH monomer unit
stabilize the folded structures, with the charge center gradually migrating towards the
center of the ion aggregate as the degree of polymerization increases. In contrast, for
gold-functionalized copolymers i.e. precursor SCNP, an N-H---Cl hydrogen bond was
identified (confirmed by DFT), but steric hindrance from the bulky PPhs moiety prevents
charge migration, the charge remaining localized at the edge of the ion aggregate. These
investigations establish how the nature of the monomer unit directly impacts folding
processes, charge distribution, and ultimately the accessibility of functional groups in

SCNP precursors, with clear implications for their catalytic performance.

Finally, application of this integrative methodology to pyrene-substituted chalcone
derivatives underscores its broad applicability beyond polymer systems. Here,
intramolecular [2+2] photocycloaddition generates multiple folded isomers that cannot be
distinguished by conventional IM-MS due to the resolution limitation of SYNAPT-G2-Si.
However, isomers were successfully resolved using cyclic IMS. Complementary MD and
DFT calculations revealed that the predominant conformations correspond to head-to-
head “P” and “Q” isomers stabilized by favorable n—n stacking interactions, thereby
providing detailed insight into the structural origins of their photoreactivity and

conformational diversity.

In general, these studies provide a unifying framework for understanding how backbone
rigidity, end-group polarity (hydrophobic/hydrophilic), charge localization, hydrogen
bonding (O—H---H/ N—H---Cl), steric effects, and secondary interactions dictate the folding
and collapse of polymer ions. By bridging experiment with atomistic simulations, IM-
MS/MD emerges as a uniquely powerful platform for mapping hidden structure—function

relationships across a broad range of macromolecular and supramolecular systems
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including precursor SCNP. This comprehensive approach not only deepens our
understanding of polymer collapse and conformational diversity in the gas phase but also
lays the foundation for the rational design of functional SCNPs and advanced polymeric

nanomaterials with tailored catalytic, responsive, and photochemical properties.

On the way of detecting intact SCNP ions in the gas phase, charge detection mass
spectrometry (CD-MS) may be envisaged as an innovative method for large ion detection,
including the charge and mass analysis. In CD-MS, the charge of the ions is measured
directly as they pass through the analyzer, enabling the determination of the true charge
state. This technique is particularly powerful for ionized molecules with very high
molecular weights and could,?'¢ therefore, be applied in the future for the characterization

of single-chain polymeric nanoparticles (SCNPs).

In the future, we aim to investigate the SCNPs previously reported by our group (refer to
Figure 1),3" which exhibit catalytic activity. A particularly intriguing possibility is that the
catalytic activity of the SCNPs can potentially be regulated by changing its compaction
state around the catalytically active metal-complex due to the cis/trans isomerization of
the azobenzene units that are installed during the compaction process. This raises an
important research question: how do the folding process and structural features of SCNPs
govern the catalytic behavior of the e.g. trans isomer dominated SCNP, and to what extent
can catalytic activity be modulated by the reversible shaping of the catalytic pocket?
Addressing this question using the methodology developed in the present thesis will yield
valuable information regarding the position and accessibility of functional groups within
different morphological states, each of which exhibits distinct catalytic activities. Such
insights into the accessibility of functional groups across varying morphologies will
provide a fundamental understanding of the structure—function relationship in photo-
switchable SCNPs.
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Figure 1. Structure of the light induced catalytically active SCNPs.'3! Reproduced with permission from reference [131].

Beyond our future plan of examining the more complex SCNPs described above (refer to
Figure 1), we also carried out some preliminary investigations using a simple model
SCNP. This model SCNP was created by coupling azobenzene-4,4'-dicarbonyl dichloride
with the copolymer TEMPO-(styrene)x-(styrene-CH2-OH)y, which has already been
investigated in detail using ion mobility—mass spectrometry (IM-MS) in combination with
molecular dynamics (MD) simulations (refer to Chapter 2). Our preliminary study was
based solely on molecular dynamics simulations. Since no experimental results are yet
available, we did not include this work in the main chapter; instead, we present it here in

the Outlook section.

To gain deeper insight into the folding process, as well as the position and role of
functional groups in a copolymer compared to a single-chain nanoparticle (SCNP), this
model system was analyzed. Specifically, we investigated a model SCNP by MD
simulations in which the TEMPO-(styrene)x-(styrene-CH2-OH)y copolymer was
intramolecularly cross-linked through azobenzene units. In this design, the azobenzene
moieties serve as dynamic crosslinkers, bridging two STY-CH2-OH units along the

polymer backbone.
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Figure 2. Model structure of an SCNP prepared by bridging the TEMPO-(STY )x-(STY-CH2-OH)y copolymer with an
azobenzene-4,4'-dicarbonyl dichloride. The bond lengths and angles shown in the structure do not represent the actual
relative bond lengths and angles.

Molecular dynamics (MD) simulations were carried out using the PCFF force field
according to the following procedure. First, geometry optimization was performed starting
from linear model molecules using forcefield assigned charge. After introducing a proton
(H*) to the optimized polymer chain, an additional geometry optimization was conducted.
The TEMPO group was selected as the proton carrier due to the presence of its basic
nitrogen atom. Subsequently, quenched dynamics were performed for 20 ns at 300 K,
with frames quenched every 5 ps, a time step of 1 fs, and a cutoff of 100 A for both van
der Waals and electrostatic interactions. The most stable structure obtained from this
quenched dynamics run was subsequently used as the starting configuration for a 25 ns
MD simulation in the NVT ensemble (constant number of particles, volume, and
temperature, with T = 300 K) using a 1 fs time step and a cutoff of 100 A for both van der

Waals and electrostatic interactions.

Preliminary MD simulations reveal that the cis—trans isomeric state of the azobenzene
unit is governed by the spacing of the bridging monomer unit (STY-CH2-OH) within the
polymer chain. When the two STY-CH2-OH groups are separated by up to three monomer
units (y = 3), the azobenzene preferentially adopts the cis configuration, whereas for
larger separations (y > 3), the trans configuration is stabilized. These results demonstrate
a direct correlation between local chain architecture and the possible photochemical state
of the azobenzene linker, highlighting how the folding pattern of the polymer influences

the configuration of the cross-linking units.

171



Importantly, this structural dependence also provides a mechanistic basis for
understanding the link between the SCNP morphology and its potential catalytic
performance. Since the cis and trans isomers differ in their steric and electronic
environments, their distribution directly impacts the accessibility and organization of
catalytic sites within the nanoparticle. Thus, the ability to modulate azobenzene
configuration through polymer folding and photo-switching establishes a clear structure—
function relationship, offering a strategy to regulate catalytic activity and selectivity in
photo-switchable SCNPs. This investigation provides insights into the folding process of

the molecules as well as the cis—trans isomerization of the azobenzene unit.

In future work, we are also interested in investigating the following molecules in addition
to the SCNPs developed our team earlier.’™> Pomposo and colleagues (2014),'4
developed single-chain polymer nanoparticles (SCNPs) that fold around Cu(ll) ions,
forming compact, enzyme-like structures. These soft nanoparticles act as catalysts,
showing substrate selectivity in oxidative coupling of terminal acetylenes — something

that simple Cu salts (like CuCl2 or Cu(OAc)2) cannot achieve (refer to Figure 3).

The selectivity is likely associated with the presence of multiple local catalytic sites,
specifically Cu(AEMA)2 complexes, which are structurally shielded by the surrounding
polymer environment. This environment is thought to stabilize certain reaction transition
states more effectively than others. The SCNPs therefore exhibit highly selective catalytic
activity, with the selectivity being intrinsically linked to the polymer folding and overall
morphology. The position of the catalytic centers and their local polymer environment can
be systematically investigated using the methodology developed in the present thesis.
The above approach enables a deeper understanding of the folding process,
morphological features, and polymer environment, thereby providing critical insights into

the origins of catalytic selectivity in SCNPs.
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Figure 3. Structure of the catalytically active metallo-folded SCNPs."* Reproduced with permission from reference [14].

Furthermore, we are interested in investigating SCNPs developed by our group,
specifically heterobimetallic single-chain polymeric nanoparticles (SCNPs) that exhibit
recyclable homogeneous catalytic activity.?'” The design of this system is based on three
distinct monomer units: STY, STY-PPh2 and STY-CO2zH (refer to Figure 4). STY-PPh2 and
STY-CO2H showing selective binding affinity for different metal ions. The STY-CO2H unit
coordinates with Eu(lll) ions, which induces intramolecular chain collapse and thereby
drives the formation of SCNPs. In contrast, the STY-PPh2 unit binds selectively to AuCl,
generating well-defined STY-PPh2-AuCl complexes that serve as catalytically active

centers, displaying high activity in hydroamination reactions.

A particularly attractive feature of this system is that it operates as a homogeneous
catalyst while being readily recyclable. The two types of monomer units thus fulfill entirely
different functions: one acts as a catalytic site, while the other dictates SCNP formation
through metal coordination. As a result, both the catalytic activity and selectivity are

intimately linked to the morphology of the SCNPs.

The close connection between morphology and function makes it ideal to understand the
polymer architecture surrounding the different metal ions. However, conventional
characterization techniques are often unable to provide precise information about these

local environments. In this context, the methodology developed in the present thesis
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offers a powerful approach to probe such architectures and to rationalize the relationship

between SCNP morphology, catalytic activity, and selectivity.
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Figure 4. Schematic structure of the heterobimetallic catalytically active Au(l)/Y(lIl)-SCNPs.?'7 Reproduced with
permission from reference [217].

In summary, the current thesis presents a detailed investigation of precursor single-chain
nanoparticles and photochemically driven SCNPs using ion mobility—mass spectrometry
(IM-MS) in combination with molecular dynamics (MD) simulations provides a fascinating
and highly resolved view of the folding mechanisms of such macromolecules. As research
on single-chain nanoparticles is expanding, the IM-MS/MD protocols established herein
are expected to significantly extend the toolbox of conventional characterization
techniques—including size exclusion chromatography (SEC), dynamic light scattering
(DLS), diffusion-ordered NMR spectroscopy (DOSY NMR) and small-angle X-ray
scattering (SAXS)—by offering a unique perspective on chain folding processes, the
position of functional groups and end groups, as well as the influence of sequence on
SCNP architecture, this approach facilitates understanding of the relationship between
structure and catalytic activity. Such insights are essential for the rational design of more

efficient, externally stimuli-responsive SCNPs.
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