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The Intramolecular Self-Assembly of Statistical Copolymers
in Aqueous Solution to Form Anisotropic Single-Chain
Nanoparticles with Tunable Aspect Ratio

Thomas J. Neal, Rebecca E. Stone, Csilla Gyorgy, Svetomir B. Tzokov,
Sebastian G. Spain,* and Oleksandr O. Mykhaylyk*

1. Introduction

Natural single-chain nanoparticles (SCNPs) such as proteins have inspired

research into the formation and application of synthetic SCNPs. Although the
latter can mimic general aspects of the self-assembly behavior of their
biological counterparts, these systems remain relatively understudied. In this
respect, a systematic series of amphiphilic statistical copolymers (ASC) of
different molecular weights, with a hydrophilic comonomer (methacrylic acid)
and varying hydrophobic comonomer to encompass methacrylates of
different hydrophobicity, are synthesized. Small-angle X-ray scattering studies
confirmed that SCNPs are achieved for each copolymer series when dispersed
in basified water at 1% w/w. When the aggregation number of the ASC
nanoparticles is close to unity the particle shape elongates resulting in a
larger particle surface area to volume ratio, allowing more hydrophilic groups
to locate on the particle surface tending to keep the particle surface charge
density (PSC) constant. Thus, within a series, particle elongation increases
with copolymer molecular weight. Structural parameters of SCNPs formed by
ASCs composed of hydrophobic components with low partition coefficients
are well consistent with predictions obtained from the PSC model. These
results highlight the main parameters, namely molecular weight and acid
content, responsible for the SCNP formation and provide insight into how

specific particle morphology can be targeted.
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Over the past few years, the topic of
single-chain nanoparticles (SCNPs) has
become increasingly popular with poly-
mer scientists and the wider scientific
community.'8)  The growing interest
surrounding these materials stems from
the similarities they share with many
biomolecules such as proteins.!! Like most
proteins, SCNPs are composed of a single
chain that, depending on intra-molecular
interactions and the surrounding medium,
folds and packs itself into a certain shape
to achieve the lowest energy state. Through
the folding mechanism of self-assembly,
both proteins and SCNPs create small
functional areas within the larger partic-
ulate structure. Inspired by the utility of
these similar biomolecules, SCNPs have
been used as catalytic nanoreactors,[119-24]
sensors,! 2! and drug delivery systems.[?’]

In addition to adding functionality to SC-
NPs, a lot of research has focused on in-
vestigating different mechanisms for induc-
ing chain folding. Often, chain folding is
achieved through intrachain cross-linking
including covalent!?®! (e.g., via cycloaddition reactions!?-!]
and photodimerization*?!),  dynamic  covalent!?! (e.g.,
hydrazones!®! and disulfides)**! and non-covalent (e.g., hy-
drogen bonding!'®3*%] and metal ligation)!'!l bonding. It was
also demonstrated that hydrophobic interactions on their own
could lead to chain folding and the formation of SCNPs in an
aqueous environment.? In this work, amphiphilic statistical
methacrylate copolymers with poly(ethylene glycol) (PEG) and
alkyl pendant groups were synthesized and dispersed in water.
The copolymer chains folded and collapsed through the hy-
drophobic interactions between the pendent alkyl groups while
the hydrophilic PEG groups conferred colloidal stability in the
aqueous environment.l?) However, despite demonstrating that
SCNPs were formed of an arbitrary size, the particle shape was
not investigated.

In analogy to biological objects formed by single polymer
chains such as proteins, there are two important questions
that could be raised: 1) why do SCNPs form, and 2) what
is the resultant particle shape and structure? Since SCNPs are

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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composed of a single polymer molecule, commonly having a size
of a few nanometers, these questions can be addressed by using
X-ray/neutron scattering techniques and/or high-resolution
microscopy enabling structures at such small length scales to
be investigated.®] It has recently been found by X-ray scattering
measurements on amphiphilic statistical copolymers (ASCs) of
alkyl methacrylates and methacrylic acid dispersions in water
that the SCNP formation depends on the molecular acid (stabiliz-
ing unit) content suggesting that the key factors responsible for
the particle formation are polymer molecular weight and content
of the solvophilic component.**! This aligns with other studies
showing that the primary structure of random copolymers,
including their composition and chain length, can effectively
be used to control the aggregation number of self-assembled
molecules and particle size.’”*] Using a combination of trans-
mission electron microscopy (TEM) and X-ray scattering it was
shown that amphiphilic statistical copolymers form spherical
SCNPs at particular compositions and molecular weights.[*]
Furthermore, it was demonstrated that amphiphilic multiblock
statistical copolymers form more complex multi-compartment
structures.['213] The shape formation of SCNPs was also in-
vestigated in polymers where chain folding was induced by
hydrogen bonding between benzene-1,3,4-tricarboxamide (BTA)
groups.l'%l It was found that the hydrogen bonding between
BTA groups led to the formation of an interior helical structure
resulting in elongated particles. In analogy to proteins, these
studies demonstrate how different copolymers self-fold to form
various structures of SCNPs. However, the factors responsible
for causing these particles to form a particular shape and the
underlying principles behind this phenomenon have yet to be
determined. Herein, a series of ASCs comprised of methacrylic
acid (MAA) and a range of alkyl methacrylates was synthesized
using reversible addition-fragmentation chain transfer (RAFT)
polymerization. These copolymers were subsequently dispersed
in water and their structures were analyzed using small-angle
X-ray scattering (SAXS). It was found that the degree of poly-
merization (DP) of the ASC affected the SCNP formation as well
as the particle morphology with a transition from spherical to
ellipsoidal (elongated) with increasing DP and that higher DP
polymers formed dispersions of elongated particles with higher
aspect ratios. This work demonstrates the clear effect that DP
and polymer chemical composition, controlling a balance of
hydrophobic and hydrophilic components, have on the SCNP
morphology, allowing particle anisotropy, a prominent feature of
proteins, to be achieved. The obtained results give further insight
into the formation of nanoparticles by single polymer molecules
and provide a valuable understanding of the driving forces lead-
ing to this structural assembly mimicking biological systems.

2. Results and Discussion

2.1. Synthesis of Amphiphilic Statistical Copolymers by RAFT
Solution Polymerization

A series of amphiphilic alkyl methacrylate-based statistical
copolymers was synthesized in which both the hydrophobic
comonomer and the degree of polymerization were systemi-
cally varied (Figure 1). In all cases, the hydrophilic comonomer
was methacrylic acid (MAA) while the hydrophobic comonomer
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Figure 1. RAFT solution polymerization of MAA with either EHMA,
BMA, EMA, or MMA to form P(EHMA,-stat-MAA,), P(BMA,-stat-MAA,),
P(EMA-stat-MAA,) and P(MMA,-stat-MAA,), respectively. The copoly-
merization of MAA with either EHMA, BMA, EMA or MMA was performed
in IPA at 509% w/w.

was varied to encompass methacrylates of different hydropho-
bicity. 2-ethylhexyl (EH), n-butyl (B), ethyl (E), and methyl (M)
methacrylate (MA) (abbreviated as XMA, where X represents
a particular methacrylate) were examined. P(XMA,,-stat-MAA,,,)
copolymers, where n and m are the mol% of XMA and MAA
units in the comonomer feed, respectively, were synthesized via
RAFT solution copolymerization in isopropanol (IPA) at 50%
w/w (Figure 1).

Previously, it was shown that the size of particles formed by
self-assembly of ASCs is independent of degree of polymeriza-
tion (and thereby molecular weight) with the aggregation num-
ber of the particle increasing as the molecular weight of the
copolymer is reduced.*) However, a critical monomer composi-
tion (critical hydrophile content), specific to each monomer pair,
was also observed where this independence no longer holds true
as the polymers form SCNPs.[?%3] As SCNPs contain a single
chain, it can be expected that their volume should increase with
increasing DP of the polymer as the length of a single chain in-
creases. With this in mind, a series of copolymers was synthe-
sized for each monomer pair with targeted DPs of 100, 250, 500,
and 1000. The XMA:MAA composition ratio targeted for the syn-
thesized statistical copolymers containing methyl methacrylate
(MM), ethyl methacrylate (EM), n-butyl methacrylate (BM), and
2-ethylhexyl methacrylate (EHM) were 80:20, 70:30, 50:50, 35:65,
respectively, with the aim of forming SCNPs (Table 1). These
compositions were chosen based on previous work[*®! and an ini-
tial screening of different compositions using a single DP of 250.

It was observed previously that synthesizing P(BMA-stat-
MAA) in IPA at 20% w/w led to poor conversion of the MAA
monomer.[**! However, performing the copolymerization at 50%
w/w was found to help both the monomers react at a similar
rate and reach high conversions.*) Kinetic studies of the poly-
merizations show that this remains the case for all studied sys-
tems (Figures S1 and S2, Supporting Information). Since both
monomers used for the ASC syntheses reach high conversions
(> 99%, Figure S1, Supporting Information) and react at similar
rates (Figure S2, Supporting Information), the distribution of the
hydrophobic and hydrophilic along the copolymer backbone can
be described as statistical rather than blocky. The EMA:MAA sys-
tem showed the largest difference in polymerization rates; how-
ever, the consumption of each monomer remains similar enough
to result in a largely statistical distribution of each monomer

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Table 1. Molecular composition and molecular weights of synthesized poly(alkyl methacrylate-stat-methacrylic acid) [P(XMA-stat-MAA)] copolymers
measured by GPC calibrated against near-monodisperse PMMA standards using a THF and acetic acid (4% v/v) mobile phase.

XMA Copolymer name Targeted DP Targeted Composition GPC
(M, et kDa) (XMA:MAA)
M, kDa M,,, kDa M, /M,
MMA MM 00 100 (9.6) 70:30 111 12.7 1.15
MM s 250 (24.0) 70:30 22.1 25.9 1.17
MMsgq 500 (47.9) 70:30 405 485 1.20
MM 1000 1000 (95.8) 70:30 63.0 77.6 1.23
EMA EM1o 100 (10.3) 60:40 1.8 135 114
EMys0 250 (25.7) 60:40 282 324 115
EMyg0 500 (51.4) 60:40 438 59.1 121
EM 1000 1000 (102.8) 60:40 105.6 137.3 1.30
BMA BM g0 100 (11.4) 50:50 128 146 1.14
BM,5, 250 (28.5) 50:50 30.4 35.2 1.16
BMsqo 500 (57.0) 50:50 59.5 70.3 1.18
BM 000 1000 (114.0) 50:50 102.1 134.5 1.32
EHMA EHM 0 100 (12.5) 35:65 14.6 16.6 1.13
EHM,s5, 250 (31.3) 35:65 30.0 346 115
EHMgq 500 (62.7) 35:65 52.2 63.6 1.22
EHM 1000 1000 (125.4) 35:65 36.4 103.4 1.30

along the copolymer backbone. Furthermore, due to the near-
to-complete conversion achieved by both monomers during the
synthesis of these copolymers (Figure S1, Supporting Informa-
tion), the final copolymer compositions were assumed to be close
to those targeted (Table 1). Molecular weights were determined
by GPC against poly(methyl methacrylate) (PMMA) standards
(Table 1 and Figure 2). In all cases, the M, increases with the

BMSDO

BMZSO

Normalised Intensity

12 14 16
Retention Time (min)

Figure 2. GPC chromatograms of the P(BMA-stat-MAA) copolymer series
synthesized by RAFT solution polymerization at 50% w/w in IPA. GPC was
performed in THF containing 4% v/v acetic acid against PMMA standards.
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targeted DP although there are slight deviations from the tar-
geted values. Some deviations are expected due to differences in
the hydrodynamic volume of the copolymers compared to the
PMMA standards. Additionally, deviations may result from in-
teractions between the copolymer’s acidic groups and the GPC
column, especially for higher molecular weight copolymers. Al-
though acetic acid was added to the mobile phase to minimize
these interactions, some residual effects may persist. The major-
ity of the copolymers have narrow molecular weight distributions
(M,,/M, <1.22, see Table 1 and Figure 2) showing that the RAFT
copolymerization is well controlled. Some loss of control is evi-
dent (M,,/M,, ~ 1.3) when a DP of 1000 was targeted in the syn-
theses. This loss of control within the RAFT synthesis is expected
as the molecular weight of the copolymer is increased.[**! The
GPC chromatograms show that the distributions are generally
monomodal and no high molecular weight shoulders (often as a
consequence of termination by combination or disulfide forma-
tion from hydrolyzed RAFT end groups) were observed (Figures 2
and S3, Supporting Information).

2.2. Aggregation Behavior of Amphiphilic P(XMA-stat-MAA)
Statistical Copolymers

Aqueous copolymer dispersions were obtained using a solvent
switch method from a good solvent (IPA).[*! Since these copoly-
mers were synthesized in IPA at a relatively high concentration
(50% w/w) and the monomer conversion was found to be near
100%, the amount of any residual monomer in the product will
be negligible. Thus, these solutions were dispersed in water
without further purification. The copolymer solutions (50%
w/w in IPA) were diluted slowly with water in the presence
of triethanolamine (TEA, 1 molar equivalent relative to the
MAA residues). This organic base was added to the solution

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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to deprotonate the MAA units and induce a negative charge to
stabilize the dispersions. These samples were diluted further to
1% w/w to reduce the inter-particle interactions that are present
at high copolymer concentrations.

SAXS was performed on the 1% w/w aqueous copolymer
dispersions to assess the copolymer morphology in solution
(Figure 3a). SAXS was used here as it is considered far more sta-
tistically robust than TEM, with the latter technique also prone
to staining artifacts and the possibility of nano-object flattening
occurring during drying. Furthermore, TEM is not an ideal struc-
tural analysis method for this study as the particle dimensions
are often below the reliable resolution of the microscope.3¢*!
Despite the measurements being performed on a relatively low
concentration of dispersions, these scattering patterns display a
structure factor peak at low g (g < 0.05 A~', Figure 3a). As in-
dicated by previous electrophoretic measurements, performed
on a similar statistical amphiphilic copolymer system, the par-
ticles are charged and the structure factor peak is expected due to
inter-particle electrostatic repulsion.*! Considering that multi-
molecular assemblies of similar statistical copolymers form
spherical particles,**! a model describing scattering intensity
from spherical-shaped particles was initially chosen to fit the col-
lected SAXS data. A SAXS model based on spherical core-shell
form factor (to account for both the copolymer particle and the
associated cation shell,3®l Equations (S2-S9, Supporting Infor-
mation) when the aspect ratio is set to 1) with the Hayter-Penfold
mean spherical approximation (HP) structure factor [to account
for the interparticle interactions of charged particles, Equation
(S15, Supporting Information)] and a linear background (to ac-
count for the plateau in intensity in high g likely to be caused
by fluctuations in scattering length density across the particle)
[Equation (S14, Supporting Information)] was fitted to these scat-
tering patterns. However, this model in some cases yielded unre-
alistic results (e.g., the mean particle radius was smaller than its
standard deviation) suggesting that the spherical particle shape
chosen for the SAXS model might not be always correct.

In order to identify the particle shape, it is desirable to ob-
tain scattering patterns representing the particle form factor only.
Consequently, the presence of the structure factor peak com-
plicates the determination of the particle morphology. A small
amount of NaCl (50 mm) was added to the 1% w/w dispersions to
partially shield the particle charge while keeping the particle dis-
persions stable. This approach enabled the structure factor peak
to be removed from the scattering patterns®! (Figure 3b).

Figure 3. a) SAXS patterns recorded for 1.0% w/w aqueous dispersions
of P(BMA-stat-MAA) copolymer particles (symbols) and b) SAXS patterns
recorded for 1.0% w/w aqueous dispersions of P(BMA-stat-MAA) copoly-
mer particles with 0.05 m NaCl (symbols) fitted using an ellipsoid core—
shell model with a linear background [Equations (S2-S8,513, Supporting
Information)] (solid lines). The dashed guiding lines show a gradient of
scattered intensity. A Xenocs Xeuss 2.0 SAXS instrument was used for
these measurements. Some patterns are shifted upward by an arbitrary
numerical factor (shown next to each pattern) to aid clarity, and c) the pair-
distance distribution functions, p(r), obtained from experimental SAXS
patterns of BMyq9, BMys50, BMsgg, and BM o (see Figure 3b) using reg-
ularization technique.[*2l All p(r) functions are normalized to their own
maximum.

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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The SAXS pattern of the BM,,, dispersion with added salt
has a near zero gradient for the scattered intensity in the low
q region (9 < 0.05 A~') suggesting a spherical shape of the
particles (Figure 3b). However, upon increasing the copolymer
DP the scattered intensity gradient is reduced and approaches
—1 (Figure 3b, compare SAXS patterns for BM,,, and BM, ).
A slope of —1 in the low g (Guinier) region is characteristic of
rod-like particles so this observation indicates that the formed
particles may elongate as the DP increases.!*!]

The observation of elongated particles was further con-
firmed using pair-distance distribution function (PDDF) analysis
(Figure 3c).[*?] In this analysis, the PDDF, p(r), for BM,,, shows a
relatively symmetrical distribution of distances that could be as-
signed to polydisperse spherical particles. However, as the copoly-
mer DP increases the PDDFs evolve into a shape characteris-
tic for elongated (prolate ellipsoid or rod-like) particles.[*!! The
formation of an elongated structural morphology (multi-core
flower necklace) above a critical DP has been previously reported
for amphiphilic copolymer systems.[*}] However, this morphol-
ogy was associated with a highly ordered, alternating sequence
of amphiphilic blocks within the copolymers, with large core-
forming pendant groups. This is in stark contrast to the statistical
copolymers discussed here, which possess a significantly differ-
ent molecular architecture, favoring a gradual elongation with in-
creasing DP.

Following the preliminary results of the particle shape analysis
(Figure 3b,c) and the fact that PMAA-based statistical copoly-
mers form a core-shell particle morphology,**! an ellipsoid
(prolate) core—shell model, counting the particle elongation,
[Equations (S2-S8,S13, Supporting Information)] was fitted to
the experimental

SAXS patterns. The model fitted well with the experimental
scattering patterns of the BM dispersions (Figure 3b) and those
recorded for the other copolymer dispersions (Figure S4, Sup-
porting Information). To further confirm the formation of elon-
gated particles, cryogenic electron microscopy (cryo-EM) images
of the EHM,, and EM,, dispersions were collected. Due to the
small particle size, high resolution is required, and imaging via
TEM is extremely difficult. Nevertheless, spherical particles were
identified for the EHM,, dispersion, whereas the EM, y, disper-
sion showed particles that were elongated (Figure S5, Supporting
Information) in good agreement with SAXS results (Table 2).

While salt ions screen the interparticle interactions, they
may be expected to affect the particle size and shape of the
dispersions.[*/l To determine if this was the case, additional ex-
periments studying the dispersion behavior at different salt con-
centrations were performed. Two copolymer dispersions that
formed either spherical particles or elongated particles (EHM,q,
and BMy,, respectively, see Table 2) were selected for these ex-
periments. The salt concentration was varied systematically from
0 mm to 150 mm and the copolymer dispersions were investi-
gated using SAXS (Figures S6 and S7, Supporting Information).
The subsequent SAXS patterns were analyzed using an ellipsoid
(prolate) core—shell model with an integrated HP structure fac-
tor [Equations (S2-S8,513,514, Supporting Information)]. Appli-
cation of the HP mean spherical approximation for a structure
factor may not be completely valid for describing the interactions
between charged ellipsoidal particles formed by BMs,,[**! but
this approach is justified for the interactions between charged

Macromol. Rapid Commun. 2024, 2400898 2400898 (5 of 8)
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Table 2. Structural characteristics of 1.0% w/w poly(alkyl methacrylate-
stat-methacrylic acid) [P(XMA-stat-MAA)] copolymer dispersions obtained
from SAXS analysis: the mean equatorial particle radius (R,), the polar par-
ticle radius (R;), the mean aggregation number (N,,;) as calculated us-
ing Equation (S10, Supporting Information), and the particle aspect ratio
(e = Ry/Re). *The table rows in italic and bold font show threshold pa-
rameters predicted from PSC modell*®] for the formation of SCNP by the
studied copolymer compositions: MMA:MAA = 70:30; EMA:MAA = 60:40;
BMA:MAA = 50:50; and EHMA:MAA = 35:65 (see Supporting Information
for details).

XMA Copolymer name ~ Targeted DP R, [A] R, [A] € N

agg

MMA *MM, 14 7.6 7.6 1.0 1
MM g0 100 12 23 1.9 1

MM,s, 250 12 44 3.7 1

MMsqq 500 13 94 7.2 1

MM 100 1000 14 122 87 1

EMA *EM,5 43 1.6 1.6 1.0 1
EM 00 100 10 40 40 1

EM,so 250 13 73 5.6 1

EMsgo 500 13 09 84 1

EM 1000 1000 18 169 9.4 1

BMA BM g0 100 17 39 23 3
*BM, 179 19.4 194 1.0 1

BMs0 250 19 49 26 2

BMsqo 500 20 82 41 2

BM 1000 1000 20 152 7.6 1

EHMA EHM 0 100 18 18 0 2
EHM,s0 250 25 25 0 2

EHMsq, 500 21 63 30 2

EHM 1000 1000 24 72 33 1

*EHM 105 1108 375 375 1.0 1

spherical particles of EHM,s,. The addition of salt has an imme-
diate effect on the structure as the salt shields the particle charges
and reduces the interaction between particles indicated by the
diminishing structure factor peak at g = 0.04 A~! (Figures S5
and S6 (Supporting Information), SAXS pattern corresponding
to 12.5 mm of NaCl). The SAXS analysis determined the effective
volume fraction (f;p) to be zero at 50 mm NaCl suggesting that
the structure factor peak is completely removed by this salt con-
centration. These results (Figures S6b and S7b, Supporting In-
formation) show that the particle size and shape virtually do not
change across the entire range of salt concentrations and demon-
strate that the addition of salt mainly affects the particle-particle
interaction and not the particle morphology. Thus, the presented
set of experiments shows only a minor (if any) effect of NaCl on
the particle dimensions and shape and, subsequently, validates
the approach used in this study for diminishing the interaction
of charged particles to simplify the SAXS analysis.

The SAXS data analysis shows that the copolymers self-
assemble into nanoparticles that elongate (the particle aspect
ratio, €, grows) with increasing copolymer DP (Table 2). It
was previously demonstrated that when several amphiphilic
statistical copolymers assemble, they form a spherical particle
where its radius is dependent on the copolymer composition but
not on the copolymer molecular weight.?°! This behavior can

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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be successfully described by the particle surface charge density
(PSC) model where the particle radius is related to the fraction
of hydrophile (MAA) units occupying the particle surface.>63)
However, results of the current work show that when the aggrega-
tion number approaches 1, the copolymer molecular weight has
a clear effect on the particle shape and size, with heavier (longer)
copolymer molecules forming elongated particles (Table 2).

The phenomenon by which the particles, including SCNPs,
elongate can be rationalized by the inherent behavior of am-
phiphilic copolymers and the minimization of energy to achieve
the most favorable position for both the hydrophilic and hy-
drophobic groups. In an aqueous dispersion of amphiphilic
copolymer particles, the hydrophilic groups locate preferentially
on the particle surface to increase favorable interactions with
the aqueous phase, whereas the hydrophobic groups will locate
preferentially in the core of the particle to minimize these in-
teractions. When a large number of ASCs form a particle, the
particle is spherical and its radius is related to the hydrophile
component content via the particle surface area, which is de-
scribed mathematically using the PSC model.[**! Mobility of the
hydrophile component provided by a large number of molecules
enables the molecules to form the most energetically favorable
spherical shape. However, when the molecule aggregation num-
ber approaches unity, the hydrophile mobility confined by the
molecules should come into play. Hypothetically, if the particle
shape remains spherical as the particle volume increases with the
copolymer DP, then the surface area to volume ratio of the parti-
cle [SA/V,, where SA is calculated using Equation (S16, Support-
ing Information)] reduces significantly. Consequently, upon in-
crease of the copolymer DP (or molecular weight) at a fixed ratio
of hydrophobic and hydrophilic units, more hydrophilic groups
would be deepened in the particle core thereby decreasing their
number per unit surface area of the particles resulting in a re-
duction of copolymer favorable interactions with the aqueous
phase stabilizing the particle (Figures 4 and S8, Supporting In-
formation, dashed lines). However, if the particle elongates as the
particle volume increases then the reduction in SA/V, is less-
ened and tends to plateau at a certain value (Figures 4 and S8,
Supporting Information, solid lines), likely to be defined by the
molecule composition. This means that fewer hydrophilic groups
are forced into the bulk of the particle and a consistent amount
of them are able to locate on the particle surface.

The ASCs composed of alkyl methacrylate comonomer with
less hydrophobic character (lower partition coefficient, logP),
such as MM and EM,*%% tend to form SCNPs which are elon-
gated upon the increase of DP (Table 2). For example, in the MM
series, e increases from 1.9 to 8.7 as the DP is increased from
100 to 1000, revealing that elongated (ellipsoidal) particles form at
certain molecular weights (Figure 5). Moreover, these results are
consistent with the estimations of minimum molecular weight
(or DP) required for the formation of spherical SCNPs for this
ASC composition (Figure 5a and Table 2), calculated using the
PSC model (see Table S1, Supporting Information and associated
textin Supporting Information). The calculated points and the ex-
perimental points for both the MM and EM copolymer series lie
on the same trend curve (Figure 5a). This observation suggests
that the SCNP elongation is mainly controlled by the ASC molec-
ular weight. When the molecular volume is close to the critical
spherical particle volume, dictated by the ASC composition, 363
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Figure 4. The particle surface area per particle volume (SA/V,) against the
particle volume (V.) for the BM copolymer ellipsoid particles calculated
from SAXS results (circles) and the hypothetical spherical particles calcu-
lated based upon the known volumes of the ellipsoid particles (squares).
The lines are shown for eye guidance.

SCNPs are formed. Thus, upon the DP increase, when the statis-
tical copolymer exceeds the critical volume, particle elongation
takes place (Figure 5b).

However, it should be noted that the ASCs containing
comonomers with higher logP, such as BM and EHM, demon-
strate particle elongation before the N,,, reaches 1 (Table 2). The
elongation occurs when the minimum molecular weight (or DP)
required for the formation of spherical SCNPs for this ASC com-
position, predicted by the PSC model, has not been reached yet
(Table 2). This observation suggests that the main underlying
mechanism of the elongation, dictated by the ASC molecular
weight, is influenced by additional factors. The “early-elongation”
observed for the BM and EHM series could be caused by the high
MAA content present in these copolymers facilitating distortion
(elongation) of the particles from spherical shape when N,,, is
close but more than 1. However, these additional factors influ-
encing the SCNP particle shape formation would require further
investigation. Nevertheless, the molecular compositions explored
in this work, and the results obtained, offer valuable insights into
how SCNPs assemble, enabling specific structural morphologies
to be targeted and formulated. Furthermore, the behaviors and
dependencies observed for the studied, relatively simple, model
synthetic systems with a variable acid group content have the po-
tential to further the understanding of more complex and intri-
cate self-assemblies found in the natural world.

3. Conclusion

In order to study the effect of amphiphilic statistical copolymer
composition and molecular weight on the single-chain nanopar-
ticle formation four series of copolymers, where the hydrophilic
component was MAA and the hydrophobic component was
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Figure 5. The statistical copolymer SCNP elongation with respect to
the copolymer molecular weight: a) experimental data obtained for
MMA:MAA = 70:30 (black circles) and EMA:MAA = 60:40 (grey squares)
copolymer series, two data points with e = 1 (indicated by the dashed line
and the half shaded symbols) corresponds to threshold conditions for the
formation of SCNP predicted by the PSC model (see Table 2 and the Sup-
porting Information); and b) schematic showing the particle elongation,
where Rp is the polar particle core radius.

either EHMA, BMA, EMA, or MMA, were synthesized using
RAFT copolymerization. The chosen RAFT synthetic approach
enabled nearly 100% monomer conversion to be reached and a
good control of the molecular weight demonstrating monomodal
distribution. The ASCs, initially synthesized in a 50% w/w so-
lution of IPA, produced stable nanoparticle dispersions upon
dilution with water and TEA. SAXS analysis has confirmed that
SCNPs were formed for each of the copolymer series.

It was found that when the aggregation number of ASCs form-
ing the nanoparticles is close to unity the particle shape trans-
forms from spherical to elongated ellipsoid. For the same ratio
of hydrophilic and hydrophobic components, the particle elon-
gation increases with the copolymer molecular weight. The ob-
served dependence can be logically justified based on the mini-
mization of unfavorable interactions of each of the components
in the formulation. In an aqueous dispersion of amphiphilic
copolymer particles, the hydrophilic groups locate preferentially
on the particle surface to be in contact with the aqueous phase,
whereas the hydrophobic groups will locate preferentially in the
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core of the particle. Elongating the particle results in a larger
particle surface area to volume ratio, allowing more hydrophilic
groups to be located on the particle surface rather than being
trapped within the particle core.

The ASC particle morphology analysis demonstrates that two
main factors, 1) acidic content associated with the hydrophilic
component of the copolymer and 2) molecular weight, control
the SCNP formation and elongation from the spherical shape.
It was found that for ASCs composed of hydrophobic compo-
nents with low partition coefficient, SCNPs are formed when the
molecular volume is close to the critical spherical particle vol-
ume, which is dictated by the ASC composition and can be esti-
mated using the PSC model. Upon a further increase of the ASC
molecular weight, when the copolymer exceeds the critical spher-
ical particle volume, the SCNP elongation takes place. This result
highlights the main molecular characteristics, namely molecu-
lar weight and composition, responsible for the SCNP formation
and provides valuable insight into how specific particle morphol-
ogy can be targeted. Furthermore, the behaviors and dependen-
cies observed for these relatively simple ASC systems contain-
ing relatively weak hydrophobic components have the potential to
further the understanding of acid group content in more complex
and intricate self-assemblies found in the natural world. Never-
theless, the ASCs composed of hydrophobic comonomers with
high partition coefficients demonstrate that particle elongation
can take place when the molecular volume is below the critical
spherical particle volume when the SCNPs cannot be formed yet.
The “early-elongation” observed for the ASCs containing highly
hydrophobic components could be caused by the high MAA con-
tent present in these copolymers. However, these additional fac-
tors influencing the particle shape formation require further in-
vestigations.
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the author.
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