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Introduction

Synthesis of single chain polystyrene
nanoparticles via reversible ionic interactions

Anastasia Stergiou, Marileta Tsakanika and Georgios Sakellariou (= *

Advances in polymer science have enabled the synthesis of complex macromolecular structures, inspired
by the defined sequences found in natural molecules, such as proteins. In this light, the development of
single-chain nanoparticle (SCNP) polymeric systems is currently being intensively investigated. These
nanoparticles are formed through self-folding of the polymer chain at specified sites and depending on
the nature of the bonds, a dynamic system can be developed. Intramolecular networking through
dynamic bonds, such as interactions between ionic dipoles, allows for a change in nanoparticle
configuration in response to external stimuli. In this study, polystyrene-based SCNPs synthesized through
the development of ionic interactions are presented. Controlled radical RAFT polymerization was carried
out for the synthesis of linear polystyrene chains containing 4-vinylpyridine monomer units at a 1-3%
molar ratio. Through reaction with 1,3-propanesultone, the 4-vinylpyridine monomer serves as the site
for the introduction of ionic dipoles into the polymer chain via the quaternization of pyridine nitrogen. In
the presence of a nonpolar solvent, the ionic dipoles subsequently attract each other, forming reversible
intramolecular cross-links along the polymer chain. The molecular weight and polydispersity of the
polymeric samples were evaluated by size exclusion chromatography, while the percentage of
4-vinylpyridine and ion pairs incorporated into the polymer chain was determined by H-NMR
spectroscopy measurements. Differential scanning calorimetry (DSC) was employed to examine the
thermal properties of the linear polymer chain compared to the forming network. Additionally, viscosity
and dynamic light scattering (DLS) measurements were performed to verify network formation, by
comparing the intrinsic viscosity and hydrodynamic radius of the linear and cross-linked samples.

attention to single-chain nanoparticles (SCNPs) as a promising
model for achieving similar self-organizing capabilities in syn-

Developments in polymer science over recent decades have
facilitated the advancement of new methodologies for synthe-
sizing polymers with complex macromolecular architectures.
The interest in developing linear polymeric chains that permit
further development of complex macromolecular architectures
is noteworthy.! Biological macromolecules such as proteins
and enzymes attract research interest due to the strictly defined
sequence of just 20 amino acids in their primary structure,
which, in turn, govern the secondary and tertiary structure,
leading to perfectly defined self-organized quaternary
structures.” ® Since the synthesis of well-defined and functional
three-dimensional structures with uniform polydispersity, like
proteins, has not, to our knowledge, been achieved, efforts are
focused on synthesizing polymeric systems that have self-
folding properties, due to the active groups they carry.>”®

By emulating nature’s precision in constructing functional
three-dimensional architectures, researchers have turned their
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thetic systems. These nanoparticles are well-defined polymeric
systems in terms of size and arrangement of functional groups on
the linear precursor and have been synthesized through intra-
molecular cross-linking (Scheme 1),°*? as first reported by Kuhn
and Balmer in 1955."® The size of the nanoparticles formed is
determined by the length of the linear precursor chain and the
percentage of cross-linkers."*'"

Widely used techniques for the development of such systems
include “click” chemistry, Friedel-Crafts alkylation, radical cou-
pling, photochemical or thermal cycloadditions, the development
of disulfide bonds,"*" etc.>*'® These post-polymerization cross-
linking reactions are favored due to their high efficiency, selectivity,
and minimal side reactions, which are essential criteria for their
selection in SCNP formation."” Typical examples of SCNP applica-
tions are their use in nanomedicine, sensors and catalytic systems,
self-healing systems, electro-optical devices, viscosity modifiers, and
eye lens implants,'7/%1012,14718

Polymer chain networking can be achieved through the
formation of either reversible or irreversible covalent bonds
(e.¢. imine bonds and disulfide bonds') or non-covalent
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Scheme 1 Representation of intramolecular chain folding,
cross-linking.
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interactions (e.g. hydrogen bonding, n—r stacking, metal coordina-
tion, and hydrophobic interactions)."”*'%'*'® These bonds gov-
ern the stability and responsiveness of the resulting nanoparticles.
Nanoparticles cross-linked by irreversible covalent bonds tend to
remain stable under external stimuli, whereas those connected by
reversible bonds can undergo reversible collapse and reshaping in
response to environmental changes such as the presence of
oxidizing or reducing agents, fluctuations in pH or temperature,
and specific wavelengths of radiation (). Since the mid-1990s, the
variety of chemical reactions available for post-polymerization
modification has increased due to the development of con-
trolled/living radical polymerization techniques (RAFT, ATRP,
and NMP). These techniques allow the facile synthesis of polymers
with controlled architectures, exhibiting polydispersity indices
close to those of well-defined anionic “living” polymers.>”

Zwitterionic polymers are a class of macromolecules character-
ized by the presence of both positively and negatively charged
functional groups within the same repeating structural unit.
Depending on the anionic group, polyamphoteric materials — also
referred to as polybetaines - can be categorized into poly(carbo-
xybetaine), poly(phosphobetaine), or poly(sulfobetaine).’*>* The
coexistence of positive and negative charges within the same
monomer unit imparts hydrophilic properties to the polymer,
allowing for the synthesis of materials with excellent dipole torque
and high ionic conductivity due to the number of charges present.
Their dynamic nature enables the formation of dynamic polymeric
systems, where their morphology is influenced by the surrounding
environment. These systems can react to external stimuli such as
changes in the salt ion concentration or solvent polarity.”*>> These
polymers find broad applications across diverse fields including
oil recovery, cosmetics, catalysis, water desalination, artificial
leather for robotics, and cryoprotectors and as components in
flexible materials intended to replace carbon-based counterparts,
where optical transparency is critical and carbon’s black color
limits such applications.***~>>

Single-chain polymer nanoparticles consist of intramolecular
loops, particularly prominent when the degree of cross-linking is
low. Their viscoelastic behavior can be tuned, depending on the
desired application. Thus, SCNP nanocomposites with linear
polymer chains are of great interest. In particular, ultra-small
crosslinked polymeric particles with tailored softness have been
reported to significantly decrease the viscosity of all-polymer
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nanocomposites,”>*” in contrast to Einstein’s viscosity law.*® More
recently, the addition of varying amounts of SCNPs to entangled
linear polymer chains led to increased viscosity in the all-polymer
nanocomposites with the SCNP content lower than 20 wt%.*

Literature highlights instances where the reversible formation
of SCNPs is influenced by the surrounding environment during
crosslinking. Terashima et al.*® synthesized methacrylate-based/
PEGMA random amphiphilic copolymers designed to facilitate
SCNP formation via reversible hydrophobic interactions in aqu-
eous media. Various characterization techniques, including multi-
angle laser light scattering coupled with SEC (SEC-MALLS) and
DLS, were employed to investigate the development of intra-
molecular interactions. SEC-MALLS measurements, performed in
DMF and water, revealed that polymer chains exist as unimers in
DMF, whereas in water, polymers with a methacrylate monomer
content up to 40 mol% underwent dynamic intramolecular cross-
linking. At higher concentrations exceeding 50%, multichain
aggregates were observed. DLS measurements in various solvents
demonstrated that in good organic solvents, such as chloroform
(CHCl;) and dimethyl formamide (DMF), polymer chain confor-
mation remained unaffected by the monomer composition.
Furthermore, the alkyl side chain length played a significant role
in determining the final structure. Longer alkyl groups enhanced
single-chain folding efficiency, leading to a decreased nanoparticle
radius, especially for methacrylate monomer contents up to 40
mol%. Artar et al*' synthesized two types of methacrylate-based
amphiphilic polymers using RAFT polymerization, differing in
their selectivity within a hydrophobic environment. Their objective
was to design selective dynamic SCNPs capable of encapsulating a
non-selective active catalytic center, Ru(u), in an aqueous environ-
ment through hydrophobic interactions. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) measurements
revealed that each polymer chain incorporated 2-3 Ru centers,
while DLS results confirmed nanoparticle formation, with a slight
decrease in the hydrodynamic radius, preserving the system’s
single-chain characteristics. Similarly, Sanchez-Sanchez et al.*?
synthesized metallo-folded SCNPs under mild conditions via
metal coordination with Cu(u) ions. The formation of SCNPs
was confirmed through size exclusion chromatography (SEC),
multi-angle laser scattering (MALLS), and small-angle neutron
scattering (SANS), which demonstrated that metal complexation
served as the cross-linking mechanism.

In this work, we report the synthesis of linear random P(S--
4VP) copolymer chains via RAFT polymerization, using 4-
vinylpyridine as the precursor crosslinking monomer. Quater-
nization of the pyridine nitrogen was achieved through reaction
with 1,3-propanesultone, leading to the formation of ionic
dipoles along the polymeric chain. Intramolecular collapse
under dilute conditions in a nonpolar solvent resulted in the
formation of single-chain nanoparticles, capable of undergoing
shape transformation/reshaping (folding/collapse) in response to
the solvent’s polarity. To the best of our knowledge, although
ionic interactions have been previously utilized in the formation
of SCNPs, this study represents the first attempt employing this
specific ionic pair and marks an initial step toward exploring ionic
self-folding in high molecular weight polymers.

This journal is © The Royal Society of Chemistry 2026
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Experimental section

Materials

Styrene (St) (99%, Acros Organics) and 4-vinylpyridine (4VP)
(96%, Alfa Aesar) were dried over CaH,, stirred overnight,
vacuum distilled to remove inhibitors, and stored under
2,2'-Azobis(isobutyronitrile) (AIBN) (98%, Acros
Organics) was recrystallized from methanol and dried under
vacuum. 1,3-Propanesultone (98%) and 4-cyano-4-[(dode-
cylthio)carbonothioylthio]pentanoic acid (CDTPA) (>97.0%,
TCI Chemicals) were used as received. Toluene (>99.8%,
Fischer Chemicals) was purified by refluxing over metallic
sodium chunks in a round-bottom flask and used as the solvent
for dynamic light scattering (DLS) measurements. Tetrahydro-
furan (THF) (>99.9%, Fischer Chemicals) was stirred with
CaH, overnight and distilled under vacuum in a round-
bottom flask containing metallic sodium chunks and for high
purity, the dried THF was stored under vacuum in a round-
bottom flask containing a Na/K alloy (1:3 Na/K) and was used
to prepare the AIBN and CDTPA solutions. Dimethylformamide
(DMF) (=99.5%, Fischer Chemicals) was used as a polar solvent
for the betainization reaction of the tertiary amine of 4-
vinylpyridine. Prior to use, DMF was added to a round-
bottom flask containing activated molecular sieves 4 A and left
unstirred overnight followed by distillation.

vacuum.

Molecular characterization

Size exclusion chromatography (SEC) was used to determine
the M,, and molecular weight distribution values, Dy = My,/M,,.
The analysis was performed using a system composed of a
Waters model 510 pump, a U6K sample injector, a Waters 401
differential refractometer, and a set of 5u-Styragel columns with
a continuous porosity range of 500 to 10° A. CHCI; was used as
the carrier solvent at a flow rate of 1 mL min~". The system was
operated at 40 °C and calibrated with polystyrene standards
with molecular weight in the range of 970-600.000 g mol .

Dynamic light scattering (DLS) measurements were per-
formed on a Brookhaven Instruments NanoBrook Omni system
at a wavelength (1) of 640 nm and a laser power of 40 mW.
Correlation functions were analyzed using Contin software with
the cumulant method at a 90° scattering angle. The light source
was a 22 mW He-Ne laser from JDS Uniphase. Each concen-
tration was measured five times, and the results were averaged.
Prior to measurements, the solutions were passed through
Millipore’s Millex-LCR hydrophobic poly(tetrafluoroethylene)
(PTFE) filters (pore size of 0.22 pm).

Viscometric data were analyzed using the Huggins equation:**

nsp/c = [’7] + kH[”]ZC
as well as the Kraemer equation:*?
Inn./c =[] + ke[0T,

where 7, #sp and [y] are the relative, specific, and intrinsic
viscosities, respectively, and ky and kg are the Huggins and
Kraemer constants, respectively. All measurements were carried
out at 25 + 0.01 °C in a temperature-controlled bath using
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Cannon-Ubbelohde dilution viscometers equipped with a
Schott-Gerate AVS 410 automatic flow timer. Toluene was used
as the solvent.

Calorimetric measurements were performed employing a TA
Q200 DSC apparatus (TA Instruments, USA). Calibration took
place with sapphires for heat capacity and indium for tempera-
ture and enthalpy, on samples of ~5-11 mg in mass closed in
Aluminum Tzero pans (TA), in the temperature range of 20 to
220 °C and a nitrogen atmosphere of high purity (99.9995%). In
the first heating scan from RT to 180 or 220 °C at 10 °C min ™/,
the thermal contact between the sample and the pan was
optimized, whereas any thermal history was erased and any
remaining humidity/solvents had evaporated. The melted sam-
ples were then cooled to 20 °C at 10 °C min~" and, subsequently,
heated to the maximum temperature at 10 °C min .

NMR measurements were carried out on a 400 MHz Bruker
Avance Neo instrument, using CDCl;-d at 298 K.

Polymerization of P(St-r-4VP) via RAFT polymerization

4-Cyano-4-(dodecylthio)carbonothioylthio]pentanoic acid (CDTPA)
was used as the chain transfer agent (CTA), and 2,2’-azobis(iso-
butyronitrile) (AIBN) was used as the radical initiator for the
reversible addition fragmentation chain transfer polymerization
(RAFT). Solutions of AIBN and CDTPA were prepared in THF to
facilitate accurate dosing. Specifically, AIBN (16 mg) was dissolved
in 10 mL of THF to yield a 10> mol mL ™" solution, while CDTPA
(53 mg) was dissolved in 10 mL of THF to afford a 1.3129 x
10> mol mL " solution. Both solutions were stored at —20 °C
until use.

A small, custom-made apparatus was assembled for the
copolymerization of styrene (St) and 4-vinylpyridine (4VP), and
the polymerization solutions were prepared in separate glass
vials. Specifically, 4.4 mL (38.40 mmol) of St, 40.87 pL
(0.384 mmol) of 4VP, 146.19 pL (4.44 x 10 mmol) of AIBN
and 610.50 pL (8.88 x 10~* mmol) of CDTPA were added using an
electronic precision pipette (P1 in Table 1). The resulting solution
was stirred for 10 minutes to ensure homogeneity. The apparatus
was then connected to the vacuum line and subjected to a three
freeze-pump-thaw cycle to degas the solution. The upper end of
the glass tube was vacuum sealed using a gas torch and sub-
merged in an oil bath at 85 °C with continuous stirring to
facilitate polymerization. After 48 hours, the polymerization was
quenched by removing the apparatus from the oil bath and
placing it directly under cold running water. The tube was
ruptured, and tetrahydrofuran was added to achieve complete
solubilization of the polymer mixture. Methanol was used as a
non-solvent to facilitate polymer precipitation, upon which the
precipitate was dried in the vacuum oven overnight. Based on our
previous experience, copolymers containing 4-5 mol% 4-
vinylpyridine (4-VP) with ~100 kg mol™" became partially or
completely insoluble upon cross-linking. More precisely, a num-
ber of attempts were made in our laboratory to create polymer
chains with a higher percentage of 4-VP. However, we encoun-
tered challenges, such as the requirement for a significant
amount of high-quality polar solvent to fully dissolve the polymer
sample following the quaternization procedure. Furthermore,
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Table 1 Experimental parameters for the synthesis of P(S-r-4VP) by RAFT polymerization®

Sample name St (mmol) 4VP (mmol) St/4VP“ (mol ratio) CDTPA (mmol) AIBN (mmol) t (h) My " (kg mol ™)
P1 38.02 0.38 99/1 8.89 x 107° 4.44 x 1073 48 300
P2 47.04 0.96 98/2 11.1 x 1073 5.55 X 107> 47 300
P3 37.24 1.15 97/3 8.89 x 107° 4.44 x 1073 48 300

“ Initial polymerization feed molar ratio. ” Theoretical molecular weight calculated at full monomer conversion. ¢ All polymerization reactions

were carried out at 85 °C with a [CTA]: [AIBN] molar ratio of 2:1.
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Scheme 2 RAFT copolymerization of styrene and 4-vinylpyridine.
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Scheme 3 Quaternization of pyridine nitrogen for the introduction of ionic dipoles into the polymeric chain.

even when the polymer sample became soluble in the polar
solvent during the crosslinking process, the sample instantly
formed aggregation phenomena and its solubility in a good
non-polar solvent to isolate nanoparticles was ineffective. In order
to balance functionalization and solubility, a series of polymeriza-
tion reactions was carried out with 4-VP molar ratios ranging from
1% to 3% to investigate the effect of monomer content on the
extent of intramolecular cross-linking (Table 1). Bulk conditions
were maintained during polymerization to promote viscosity
increase and limit termination reactions (Scheme 2).

Introduction of ionic dipoles in random copolymer P(S-r-4VP)
and intramolecular cross-linking in a nonpolar solvent

The introduction of ionic dipoles occurred after the reaction of
1,3-propanesultone (1,3-PS) with 4-vinylpyridine nitrogen.**
Quaternization of pyridine nitrogen took place under inert
gas flow, as 1,3-propanesultone is hygroscopic (Scheme 3).
Specifically, 730 mg of the P1 polymer (5.75 x 10~ ° mol),
20 mL of freshly distilled dimethylformamide, and a Teflon
stirrer were added to a two-necked round-bottom flask. The
solution was stirred under nitrogen gas flow for 30 minutes to
ensure complete polymer dissolution (run 1, Table 3). Subse-
quently, 119 mg (0.98 x 10> mol) of 1,3-propanesultone was
added, and the mixture was heated in a silicone oil bath at
85 °C where it remained under stirring for 18 hours.

Upon completion of the reaction, the solvent was removed
by distillation using a vacuum line. The polymer was then

1428 | Soft Matter, 2026, 22,1425-1433

dissolved in a minimal volume of DMF, precipitated into cold
methanol and thoroughly washed with methanol to remove any
unreacted 1,3-propanesultone. The polymer remained overnight
in the vacuum oven at 50 °C. Successful introduction of the 1,3-
propanesultone groups was confirmed using "H-NMR spectro-
scopy, which also verified that the polymer was sufficiently dry
for the subsequent intramolecular networking process.

The intramolecular cross-linking reaction was carried out
under high dilution to favor single-chain folding (Fig. 1). Due to
the presence of ionic dipoles, the polymer samples were first
dissolved in the minimum possible quantity of a polar solvent

Soe ™ o
‘ : , " non-polar solvent v. V‘v.gg.v 9
- ‘o 5y > - -
vv€ é’VIV v\/.g polar solvent v\“%?vu i, \:/
o® ¢ .%: ‘og?v
‘o AL

058

Fig. 1 Representation of intramolecular cross-linking through ionic inter-
actions. Depending on the polarity of the solvent, the chain has the ability
to collapse and reshape.

This journal is © The Royal Society of Chemistry 2026
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and then added dropwise to a nonpolar solvent, where intra-
molecular cross-linking occurred. Tetrahydrofuran and toluene
were selected as polar and nonpolar solvents, respectively.
Tetrahydrofuran has a lower boiling point (T}, = 66 °C) than
toluene (T}, = 110.6 °C), so the polar solvent was preferably
removed during the solvent evaporation process to recover the
cross-linked polymer network. The cross-linked polymer
was precipitated in cold hexane, a non-solvent, to minimize
sample loss during isolation and finally dried overnight in a
vacuum oven.

Results and discussion

RAFT polymerization was employed to synthesize copolymers
of styrene and 4-vinylpyridine. Both monomers belong to the
class of more activated monomers (MAMs), making CDTPA an
appropriate chain transfer agent (CTA) because of its trithio-
carbonate group combined with a cyano substituent, which acts
as an electron acceptor. The copolymerization of styrene (St)
and 4-vinylpyridine (4-VP) was intentionally selected due to
their pronounced chemical and structural homology. This
similarity manifests in closely matched reactivity ratios
(r4vp = 0.70 and rg = 0.34), determined via the extended Kelen-
Tiidos method, which, as demonstrated in prior studies, favors
the synthesis of random copolymers over stepwise or pseudo-
block copolymers.”® Polymerization was carried out under bulk
conditions to enhance the interactions between the growing
polymer chains and monomer units, thereby promoting molecu-
lar weight growth as viscosity increased. Preliminary experiments
(results not shown) showed that higher molar ratios of chain
transfer agent (CTA) to initiator (AIBN) did not yield polymers of
the desired molecular weight, as the degree of polymerization
(DP) remained limited under such conditions. Although decreas-
ing the CTA/AIBN molar ratio inevitably leads to a partial loss of
control in RAFT polymerization, this adjustment was necessary to
achieve the targeted DP and ensure a sufficient chain length for
subsequent intramolecular folding and nanoparticle formation.
To mitigate such effects, higher polymerization temperatures were
employed to promote a faster initiation step, while overall mono-
mer conversions were deliberately kept low to minimize end-
group loss resulting from CTA degradation. As will be discussed,
the polydispersity indices (P) obtained in this work, although
slightly higher than those typically reported for controlled
radical polymerization, are still indicative of a well-regulated
process. Under optimized conditions (CTA/AIBN = 2:1), the
reaction proceeded efficiently, producing copolymers with rela-
tively narrow molecular weight distributions (P < 1.35). These
findings demonstrate that CDTPA provided reliable control over
the RAFT mechanism, allowing the preparation of uniform
copolymers suitable for subsequent intramolecular collapse
into SCNPs.

Size exclusion chromatography (SEC) was used to determine
the molecular weight and polydispersity of the samples (Fig. S1,
SI). As shown in Table 2, all samples exhibited similar mole-
cular weights and polydispersity indices, consequently leading

This journal is © The Royal Society of Chemistry 2026
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Table 2 Molecular characteristics of P(S-r-4VP) random copolymers
Sample M,* M Yield® M,°
name (kg mol™') (kg mol™!) PDI® (wt%) (kg mol™?) 4VP%?
P1 140 104 1.35 26 127 1
P2 130 105 1.23 30 105 3
P3 140 112 1.26 25 127 4

“ Determined by SEC calibrated with PS standards and CHCl; as an
eluent solvent at 40 °C. ” Determined by gravimetry. ¢ Determined by
viscometry with toluene as solvent at 25 °C. ¢ Determined by "H-NMR
spectroscopy in CDCl;.

to nearly identical elution volumes and overlapping chromato-
grams. Notably, the chromatograms exhibit tailing at the end of
the elution, resulting in asymmetric peaks. This behavior is
consistent with the elevated initiator concentration, which
likely caused some early termination events at the onset of
polymerization.

The composition of 4-vinylpyridine units in the copolymer
was determined from the "H-NMR spectrum. As reported in the
literature,*®*” the ortho-proton signals of non-quaternized pyr-
idine resonate in the range of 8.48-8.09 ppm, whereas quater-
nization of the pyridine ring shifts these signals to higher ppm
values. In the "H-NMR spectra of the post-polymerization sam-
ples, the ortho-aromatic protons of the 4-VP monomer appear at
higher chemical shifts than those in the resulting polymer,
confirming the absence of the residual monomer. Thus, the
resonance above 8.5 ppm can be assigned to the ortho protons
of non-quaternized pyridine units in the polymer. As shown in
Fig. S2, the splitting of the peak corresponding to the two ortho
protons adjacent to the nitrogen atom of 4-vinylpyridine is
distinctly observable at 8.35 ppm. This allows for accurate
calculation of the percentage of pyridine incorporated into the
polymer chain, which closely matches the initial monomer feed
ratio. Moreover, after the incorporation of 1,3-propanesultone
into the polymer chain, the ratio of reacted 4-VP units to those
lacking an ionic dipole could be determined. The 'H-NMR
spectra of the samples following the introduction of ionic
dipoles are depicted in Fig. 2 and Fig. S5 and S6. Proton peak
b of the 1,3-propanesultone group at 4.84 ppm is distinct and
allows for integration of the peaks of the protons located at the
ortho position from the pyridine nitrogen.

Similar to other functional polymers, polymeric betaines can
be synthesized through two main approaches: (1) polymeriza-
tion of zwitterionic monomers or (2) zwitterionic functionaliza-
tion of reactive precursor polymers. Each method offers distinct
advantages and limitations. Direct polymerization of zwitter-
ionic monomers yields polymers with complete (100%) betaine
functionality, but their molecular characterization can be chal-
lenging due to the strong interactions with extraneous materi-
als, such as chromatographic columns, rendering reliable GPC
analyses exceedingly difficult, if not impossible. On the other
hand, polymerization of precursor monomers is generally more
straightforward, producing reactive polymers with tunable
molecular properties that are easier to analyze. However, dur-
ing the chemical functionalization to the betaine form, neigh-
boring group effects may complicate kinetics, and achieving a
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Fig. 2 TH-NMR spectrum of sample P2,,, at 25 °C in CDCls.

100% conversion is not always possible.>® In this study, the
latter approach was selected because the primary objective was
the synthesis of well-defined polymers with a narrow molecular
weight distribution rather than maximizing ionic dipole incor-
poration along the polymer chain.

During the quaternization reaction of 4-vinylpyridine, an
excess amount of 1,3-propanesultone was added, with the
expectation that more ionic dipoles would be introduced into
the P3 polymer, which contains a higher content of 4VP
monomeric units. However, the "H-NMR spectra of the samples
P1,., P2,,, and P3,, (Fig. 2 and Fig. S5 and S6) indicate that the
majority of ionic dipoles were incorporated into P2,,, as
evidenced by the quaternized 4VP (Q4VP) to non-quaternized
4VP ratio of 2.2/0.82. In contrast, the corresponding ratios for
P1,, and P3,, are 2/5, and 2/6, respectively. Based on these
findings, the last column of Table 3 presents the calculated
absolute number of Q4VP to 4VP monomeric units for each
linear random copolymer.

Incomplete introduction of ionic dipoles along the polymer
chains can be attributed to several factors. Although all reac-
tions were carried out for the same duration, longer reaction
times might have promoted more uniform functionalization.
The low content of 4-VP units, their random distribution along
the polymer chain, and the overall chain conformation further
limit reaction efficiency. In chains containing neighboring 4-VP
units, functionalization to the betaine form may involve
complex kinetics, making full conversion difficult under the
conditions employed.

P1,4, P2, and P3,, samples were first fully dissolved in THF
solvent, a suitable polar solvent for the samples, in order to
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Fig. 3 Viscosity plots of the P1 copolymer at 25 °C in toluene: (e) Huggins
plot and (e) Kraemer plot.

accomplish intramolecular crosslinking. In order to prevent the
ionic dipoles of the same chain from interacting with nearby
chains during crosslinking at very high dilution, this step
ensures that the chains are fully dissolved before being added
to the non-polar solvent. In particular, crosslinking was per-
formed at C; = 0.24 mg mL™" for P1’ (SCNP) (n = 5.75 x 10~°
mol and Vigp = 13 mL), C, = 0.18 mg mL™ " for P2’ (SCNP)
(n=4.72 x 10~® mol and Vyyp = 15 mL), and C; = 0.20 mg mL ™"
for P3’ (SCNP) (n = 4.72 x 10~° mol and Vyyp = 12 mL).
Viscometry measurements were performed to compare the
viscosity of the linear precursor chain with that of the resulting
single-chain polymer nanoparticles. As expected, the nano-
particles exhibited lower viscosity, reflecting their more com-
pact structure compared to the free linear chains, indicating
successful intramolecular networking. The Huggins and Krae-
mer equations for the measured polymer samples are depicted
in Fig. 3 and 4 and Fig. S7-510 (SI). Notably, the plots for P1’,
P2/, and P3’ deviate from typical viscometry curves. This devia-
tion is attributed to the presence of extremely small particles in
the solution, especially in the case of P2’, where the viscosity
difference between the solvent and the sample is minimal.
Intrinsic viscosity, [#], and Huggins and Kraemer constants, ky
and kg, can be determined from the Huggins and Kraemer plots
by extrapolating to zero concentration and analyzing the slope
of the lines, respectively. The viscometric molecular weight, M,,
of the linear copolymers (P1, P2, and P3) was calculated using

Table 3 Experimental parameters for the insertion of 1,3-propanesultone groups into polystyrene chains

Molar ratio Absolute number

Sample name Npolymer (X 10~° mol) ayp (x107° mol) 1y 3.ps (X 10~% mol) Q4VP/4VP* of Q4vP/4VP?
Pl,, 5.75 6.89 0.98 2/5 4/11
P2, 5.38 9.68 1.29 2.2/0.82 18/6
P3,w 4.76 17.14 0.82 2/6 11/31

“ Molar ratio of quartenized 4VP to non-quaternized 4VP determined by "H-NMR. ” Absolute number of monomer units determined by *"H-NMR.
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Fig. 4 Viscosity plots of P1’ single-chain nanoparticles at 25 °C in
toluene: (e) Huggins plot and (e) Kraemer plot.

the Mark-Houwink-Sakurada equation: [] = KM5. For polystyr-
ene homopolymers in toluene at 25 °C, literature values for the
constants are available. According to Fetters and coworkers, the
equation for this system is [4] = 9.27 x 107> M*"?*) where
K =927 x 107% and a = 0.734.>® The 4VP monomer has a
hydrodynamic volume comparable to styrene and is incorpo-
rated at a low molar fraction (1-3 wt%) along the polymer
chain. Therefore, this equation can also be applied to the
copolymers studied in this work.

A significant decrease in the intrinsic viscosity was observed
for samples P1’ and P2/, while the difference between samples
P3 and P3’ was comparatively smaller, as shown in Table 4. The
substantial reduction for polymer P2’ is in agreement with
expectations, since its "H-NMR spectrum revealed numerous
available crosslinking sites, suggesting the possibility of more
extensive crosslink networks in this nanoparticle. Polymer-poly-
mer interactions are more pronounced in cross-linked networks
than in linear chains, which impacts the value of the k constant
after network formation. For polymers in a good solvent (e.g. PS
in toluene), the Huggins constant, ky, is typically close to 0.3 and
reflects polymer-solvent interactions. kg is also highly sensitive
to aggregation phenomena or to structural features, such as
branching and crosslinking, within the macromolecule. Conse-
quently, the ki values of the networked samples are logically

Table 4 Characteristics of the linear and the corresponding polymers
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much higher. The formation of crosslinks within the polymer
chain reduces its flexibility; thus, as the number of cross-links
increases, the ki also increases, consistent with the experimental
findings.

Dynamic light scattering measurements were performed at a
90-degree angle and 25 °C in toluene, a well-known nonpolar
solvent suitable for both the linear polymer chains and the
corresponding nanoparticles. Measurements were carried out
over a concentration range of 0.53-5.93 x 10> mg mL™". The
hydrodynamic radius (Ry,) was determined using the following
equation:

Ry = kBT/6T“70Do,app

where kg is the Boltzmann constant, T is the absolute tempera-
ture, and #, is the viscosity of the solvent.

The constant kp, is related to the polymer-solvent system and
temperature, as shown by the following equation:

kDZZAzM—kf—ll

where A, is the second virial coefficient, M is the molecular
weight, u is the specific molar volume of the polymer, and k¢ is
the coefficient of the concentration dependence of the friction
coefficient. kp, is a dynamic interaction parameter that encom-
passes both thermodynamic interactions, reflected in 4,, and
hydrodynamic interactions, represented by k.

Constant kp was determined by dynamic light scattering
measurements through the following equation:

D = Dy(1 + kpC),

where D is the diffusion coefficient at polymer concentration C
and D, is the diffusion coefficient at infinite dilution. The value
of kp, is extracted directly from the slope of a linear fit of D as a
function of C.

Values of the hydrodynamic radius (Ry,), diffusion coefficient
(D), and kp, constant are summarized in Table 5. The reduction
of the hydrodynamic radius for samples P1’, P2’, and P3’ in
relation to their linear counterparts shows that intramolecular
chain collapse occurred in all three samples, as expected, along
with an increase in the diffusion coefficient due to the smaller
particle size in solution. All measurements were performed at
dilute concentrations to minimize potential intermolecular
cross-linking reactions, especially for sample P3, the linear
analog bearing the highest density of ionic dipoles along its
macromolecular backbone. When cross-linking occurs intra-
molecularly, between ionic groups within the precursor linear
chain, leading to nanoparticle formation, the hydrodynamic

after the intramolecular collapse reaction, as determined by viscometry  Table 5 Results from DLS measurements in toluene at 25 °C
measurements in toluene at 25 °C

Sample Ry D, ko
Sample name M, (kg mol ) [7] (mL mg ") ku name (nm) (x 1077 em® x s71) (mL mg™") (1a/T)
P1 127 51.85 0.22 P1 9.0 4.25 32.4 0.16
P2 105 45.23 0.29 P1’ 7.2 5.35 —410 0.28
P3 127 51.66 0.25 P2 8.7 4.48 27.7 0.21
P1’ 127 16.20 2.82 P2/ 6.4 6.15 —503.7 0.24
P2’ 106 8.42 9.18 P3 9.5 4.14 —47.3 0.18
P3’ 127 44.08 1.77 P3’ 7.0 5.56 —547.1 0.22
This journal is © The Royal Society of Chemistry 2026 Soft Matter, 2026, 22,1425-1433 | 1431
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Table 6 Results from DLS measurements in DMF at 25 °C

Sample D, ko

name Ry, (nm) (x 1077 em? x s71) (mL mg™) (u2/T)
P1 9.1 3.24 16.10 0.06
P1’ 8.2 3.63 222.90 0.09
P2 8.1 3.66 5.30 0.06
P2’ 8.3 3.59 44.90 0.10
P3 9.3 3.15 33.30 0.08
P3’ 8.9 3.33 12.20 0.07

radius does not change significantly. This is expected since the
proportion of the cross-linker is relatively low (1-2%), resulting in
negligible differences in the overall particle size. More specifi-
cally, for samples P2 and P2/, the intrinsic viscosity decreased
significantly, while the hydrodynamic radius showed only a
minor reduction according to dynamic scattering measurements.
This suggests that the nanoparticles have a compact and sphe-
rical structure, as evidenced by the corresponding viscometry
results: the ky; increased significantly from 0.09 to 9.18, while the
intrinsic viscosity decreased from 45.25 to 8.42. As expected, the
kp constant decreased in the cross-linked samples compared to
their linear counterpart, reflecting enhanced chain interactions.
Finally, the second moment values, p,/I’, which describe particle
size polydispersity, exhibited a slight increase after intra-
molecular cross-linking, likely due to the formation of SCNPs
with varying degrees of cross-linking.

To verify the strong dynamic nature of the nanoparticles
formed through their folding mediated by ionic dipoles, com-
plementary dynamic light scattering measurements were per-
formed in dimethylformamide (DMF) using untreated linear
polymers (P1, P2, and P3) and the corresponding nanoparticles
(P1/, P2/, and P3’). These experiments demonstrate that, under
suitable conditions, ionic interactions disassociate, regenerat-
ing the precursor linear polymer. As detailed in Tables 5 and 6,
the hydrodynamic radii of P1’, P2/, and P3’ in DMF increased
substantially compared to those in toluene, underscoring the
dynamic nature of the system, wherein chains fold/collapse or unfold
in response to solvent polarity, confirming reversible intramolecular
crosslinking. Nearly identical radii (Table 6), as evidenced by the
close similarity between the radii of the linear precursors and the
post-network-collapse forms, were observed in DMF.

Calorimetric studies were also performed on the linear ran-
dom copolymers P(S--4VP) and the corresponding single-chain
nanoparticles obtained after the cross-linking reaction. The
calorimetric glass transition temperatures, Ty, were determined
from the second heating scan cycle, after erasing the thermal
history, whereas heat flow was normalized to the sample mass.
As expected, a slight increase of ~5 °C in T, values was observed
for the SCNPs compared to their linear counterparts. This
modest increase is attributed to the relatively low degree of
cross-linking, around 2% (Fig. S11, SI), which results from
geometrical constraints imposed on the linear P(S-r-4VP) pre-
cursor chain during the cross-linking process.*® Previous results
have shown that T, values increase with cross-linking fraction
(CrF), though not in a straightforward manner. For a given CrF,
the increase of T, depends strongly on the molecular weight of

1432 | Soft Matter, 2026, 22, 1425-1433
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the precursor polymer. Significant deviations in T, values were
only observed for SCNPs with CrF above 13 wt%, becoming more
pronounced as the molecular weight increased."’

Conclusions

A series of well-defined linear random copolymers, P(S-7-4VP),
consisting of a 1-2%mol ratio of 4VP was synthesized. Ionic
dipoles were introduced along the polymeric chains via the reac-
tion of 1,3-propanesultone with the 4-vinylpyridine monomeric
units. Single-chain polymer nanoparticles were formed through
intramolecular cross-linking between these ionic dipoles under
high-dilution conditions in a nonpolar solvent. Viscometry and
dynamic light scattering measurements confirmed the successful
formation of single-chain nanoparticles, as evidenced by decreased
intrinsic viscosity, reduced hydrodynamic radius and increased
Huggins’s constant compared to their linear counterparts. The
resulting nanoparticles exhibited slightly smaller sizes than the
corresponding linear chains, consistent with the low cross-linker
content. Calorimetric analysis revealed increased T, values due to
the intramolecular collapse, which imparts slower dynamics
within the nanoparticles. The development of single-chain nano-
particles through ionic interactions is particularly noteworthy, as
these systems can revert to their linear form through non-invasive
processes, such as changes in solvent polarity.
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