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Introduction

When does a macromolecule transition from
a polymer chain to a nanoparticle?t

Jacob Fischer,? Lu Han,” Tomonori Saito @ and Mark Dadmun @ *2°

Frequently, the defining characteristic of a nanoparticle is simply its size, where objects that are 1-100 nm
are characterized as nanoparticles. However, synthetic and biological macromolecules, in particular high
molecular weight chains, can satisfy this size requirement without providing the same phenomena as
one would expect from a nanoparticle. At the same time, soft polymer nanoparticles are important in
a broad range of fields, including understanding protein folding, drug delivery, vitrimers, catalysis and
nanomedicine. Moreover, the recent flourish of all polymer nanocomposites has led to the synthesis of
soft all-polymer nanoparticles, which emerge from internal crosslinking of a macromolecule. Thus, there
exists a transition of an internally crosslinked macromolecule from a polymer chain to a nanoparticle as
the amount of internal crosslinks increases, where the polymer chain exhibits different behavior than the
nanoparticle. Yet, this transition is not well understood. In this work, we seek to address this knowledge
gap and determine the transition of a macromolecule from a polymer chain to a nanoparticle as internal
crosslinking increases. In this work, small angle neutron scattering (SANS) offers insight into the structure
of polystyrene and poly(ethyl hexyl methacrylate) nanostructures in dilute solutions, with crosslinking
densities that vary from 0.1 to 10.7%. Analyses of the SANS data provides structural characteristics to
classify a nanostructure as chain-like or particle-like and identify a crosslinking dependent transition
between the two morphologies. It was found that for both types of polymeric nanostructures,
a crosslinking density of 0.81% (~ a crosslink for every 1 in 125 monomers) or higher exhibit clear
particle-like behavior. Lower crosslinking density nanostructures showed amounts of collapse similar to
that of a star polymer (0.1% XL) or a random walk polymer chain (0.4% XL). Thus, the transition of an
internally crosslinked macromolecule from a polymer chain to a nanoparticle is not an abrupt transition
but occurs via the gradual contraction of the chain with incorporated crosslinks.

primarily due to more favorable interactions between the bulk
polymer and polymer nanoparticle.”” Poor interactions between

Polymer nanocomposites (PNC) are a class of materials in which
a nano-sized particle is dispersed in a bulk polymer matrix. The
addition of these small structures improves the bulk mechan-
ical, thermal, or chemical properties of the polymer.* Often,
the nanomaterial is comprised of an inorganic core with poly-
mer grafted to the surface,® however, recent interest has
focused on developing and implementing all-polymer nano-
composites, or all-PNC.*** An all-polymer composite consists of
a polymer matrix with a nanoparticle that is entirely comprised
of organic material, foregoing the traditional inorganic center.
This class of nanoparticles is interesting and desirable as the
nanoparticle generally disperses more readily in the polymer
matrix than hard impenetrable nanoparticles.**® This is
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nanoparticle and polymer usually leads to nanoparticle
agglomeration, and inferior properties.'***

More broadly, soft nanoparticles have received great interest
lately due to their potential use in a range of sectors, such as
drug delivery systems, tissue engineering, improved biological
targeting, and all polymer nanocomposites.'**"***-3 These soft
nanoparticles are generally formed via extensive branching and/
or internal crosslinking of macromolecules to form nanoscale
particle-like structures.®**** Two classes of polymer nano-
particles formed via internal crosslinking include a single chain
nanoparticle (SCNP), or a soft polymeric nanoparticle. SCNPs
are commonly formed by synthesizing a linear precursor poly-
mer chain with a known amount of crosslinker distributed
along the polymer chain.***** This precursor then undergoes
crosslinking reactions, collapsing the chain, and forming
a nanoparticle. This process is akin to protein folding and
typically contains crosslinking moieties in excess of
20%.%%3*4447 Because of the random distribution of the cross-
linking sites along the polymer chain and during particle
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formation, the structure of SCNPs is typically not well defined or
controlled. Alternatively, soft polymer nanoparticles are
synthesized in a reaction where the monomers and crosslinking
agents react simultaneously during polymerization. The struc-
ture of soft polymeric nanoparticles is very well controlled
synthetically, where the molar ratio of crosslinking agent to
monomer and the rate of monomer addition in the polymeri-
zation are easily varied and controlled and impact the structure
of the fabricated soft nanoparticle.”*® Soft polymeric nano-
particles exhibit a fuzzy sphere morphology, as shown in Fig. 1,
defined by a crosslinked core (green arrow in Fig. 1) and fuzzy
loops and tails on the outer shell (purple arrow in Fig. 1) of the
particle. In general, increasing crosslinking density increases
the core size and reduces the size of the fuzzy interface.'®*73¢4

One of the more interesting results regarding all polymer
nanocomposites is the variation of the transport properties of
all PNCs from Stokes-Einstein behavior. In the early 1900s,
Einstein's study of Brownian particles suspended in a liquid led
to the understanding that the viscosity of a liquid increases with
the inclusion of particles, where this concept holds true for
polymeric melts as well.*>** Mackay et al. were one of the first to
observe a reduction in the measured viscosity of a polymeric
melt with the addition of a nanoscale additive, an SCNP.**
Further work by Chen et al. hypothesized that the source of this
viscosity reduction is rooted in the deformability, or softness, of
the SCNPs and is related to a reduction in the friction between
the nanoparticle and polymer chain.*”

On the other hand, the addition of an impenetrable nano-
particle to a polymer matrix slows the center of mass diffusion
of the polymer chain.”*?*® However, when a soft penetrable (i.e.
polymeric) nanoparticle is added to a polymer matrix, the
diffusion coefficient of the polymer chain may increase.'**"*® For
instance, Martin et al. showed that the relative size of the

Fig. 1 Illustration of the fuzzy sphere structure of the soft polymer
nanostructures studied.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polymer chain to that of the soft nanoparticle plays an impor-
tant role in realizing this modification of polymer diffusion.
This work showed that the diffusion of the polymer is enhanced
when the radius of gyration of the bulk polymer is greater than
that of the soft polymer nanoparticle. Moreover, nanoparticles
with lower crosslink density enhance the polymer diffusion the
most.** Following this logic, a polymer chain is the nano-
structure with the lowest crosslink density (i.e. 0%), and thus
should provide the optimal enhancement of the polymer
diffusion in the nanocomposite. However, the addition of
a linear polymer with the same molecular weight as the soft
nanoparticle slows polymer diffusion. Thus, the ‘particle-like’
nature of the soft nanoparticle must be an important factor in
realizing this diffusive behavior. Therefore, to maximize the
polymer diffusion in an all-PNC, a polymeric nanoparticle with
minimal crosslinking density that still exhibits particle-like
behavior is needed. To date, the lowest crosslink density
examined is 0.81%, where all structural analyses confirm
particle-like structure. Given the requirement for particle like
behavior, the correlation of crosslink density to particle-like
behavior must be more thoroughly defined. Will a single
crosslink in a long polymer chain form a ‘nanoparticle’? Is there
a limiting percent of crosslinking that is needed to transition
a polymer chain to a soft nanoparticle? The experiments
described in the paper seek to address these questions.

From a broader perspective the definition of what makes
a construct a ‘nanoparticle’ is not clearly defined. In the most
general sense, nanoparticles are defined as objects with sizes
ranging from 1-100 nm. However, the dominance of the pres-
ence of a surface on a nanoparticle often results in unique
properties that differ from those of the bulk material, a feature
that makes nanoparticles an area of great research interest.>*
Typically, the emergence of unique properties of a nanoparticle
arises from the balance between the bulk properties of the
particle and those of its surface. When sufficiently small, the
particles may become thermodynamically unstable due to
excess energy of the surface.” In order to stabilize the nano-
structure, the nanoparticles often change their crystallographic
structure, and this variation in assembly leads to many of the
unique features of nanoparticles.®**> Thus, many of the unique
properties observed in nanoparticles are governed by the pres-
ence and properties of the surface structure of the nano-object.
Therefore, we posit that for a polymeric nanostructure to behave
as a nanoparticle, the assembly of the crosslinked assembly
must develop an external surface. To test this hypothesis, we
have completed a set of small angle neutron scattering experi-
ments to correlate the topology, morphology, and crosslink
density to the presence of a surface in soft nanoparticles to
identify the correlation of crosslink density to the transition of
a crosslinked polymer chain to a polymeric nanoparticle.

Previously, Tuteja et al. characterized the molecular archi-
tecture of polystyrene SCNPs.®* This study characterized these
nanostructures by analyzing Kratky plots, and the ratio of the
radius of gyration to the hydrodynamic radius of nanoparticles
with two different crosslinking densities, 2.5% and 20%, and
three different molecular weights. Their study found that all
three SCNPs with a crosslinking density of 2.5% expressed clear
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chain-like characteristics in both analyses, whereas the more
tightly 20% crosslinked SCNPs exhibited a more particle-like
structure approaching that of a hard sphere with increasing
molecular weight. This study indicates a crosslinking depen-
dent transition from chain-like to particle-like morphology
exists but does not define the crosslinking density where this
transition occurs. The introduction of the crosslinks into the
system at different stages of polymerization, in situ during
synthesis for the soft nanostructure at hand and post chain
synthesis for SCNPs, appears to be an important point in
defining the relationship between the crosslink density and
conformation of a soft nanoparticle. The importance of the
incorporation of crosslinking in the synthetic protocol is
already apparent as our previous studies of the soft nano-
structures studied here, which have shown those with as low as
a 0.8% crosslinking density behave as a particle in all-polymer
nanocomposites.'>*%3118

Small angle neutron scattering (SANS) offers a method to
determine the morphological characteristics of soft polymeric
nanostructures including size, structure, compactness, and the
globular nature of the nanostructure. Because the configurations
of soft polymeric nanostructures are readily controlled syntheti-
cally by varying the crosslinking density of the sample, the impact
of varying crosslink density on the chain-like or particle-like
nature of the nanostructure is examined. In addition to charac-
terizing the impact of crosslinking density on the conformation
of the soft nanostructures, segmental rigidity and molecular
weight are also evaluated for their impact on the conformation of
the soft nanoparticles. Two different types of polymers are used
to produce the soft nanostructures, polystyrene (PS) and poly(-
ethyl hexyl methacrylate) (PEHMA) where PEHMA is less rigid
than polystyrene. Additionally, the impact of molecular weight is
evaluated by comparing the conformation of the PS soft nano-
structures of equal crosslinking density, but varying M,,. The
neutron scattering curves are analyzed to elucidate particle like
structure by examination of the Kratky plot, fractal dimension,
and ratio of the radius of gyration to the hydrodynamic radius of
the nanostructure. Careful analysis of the scattering data offers
insight into the transition of the morphology of the soft polymer
nanostructure from random coil chain-like to collapsed globular
particle-like as a function of structure crosslink density.

Experimental

Materials

Ethyl hexyl methacrylate (EHMA, 2-ethylhexyl-2-methylprop-2-
enoate: TCI, >99.0%), 1,6 hexanediol dimethacrylate (HDDMA,
6-(2-methylprop-2-enoyloxy)hexyl 2-methylprop-2-enoate:
Aldrich, =90%), styrene (Aldrich, 99.9%) and divinylbenzene
(DVB, Aldrich, 90%, 80 para content, technical mixture) were
passed through an alumina column to remove inhibitors prior
to use. Dodecyl(trimethyllammonium bromide (DTMAB, 1-
dodecyl (trimethyl)azanium; bromide: TCI > 98%), potassium
persulfate (KPS, >99% Acros Organics), tetrahydrofuran (THF,
Sigma-Aldrich, >99%), methanol (Sigma-Aldrich, >99%), and
deionized water (DI water, Sigma-Aldrich, HPLC Plus) were used
as received.
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Synthesis of soft nanostructures

The soft polymer nanostructures were synthesized via a modi-
fied semi-batch nano-emulsion polymerization previously
detailed by Martin et al.*® In this procedure, a surfactant solu-
tion is first prepared by combining 20 g of DTMAB, 25 mg of
KPS, and 50 mL of DI water in a round bottom flask. The flask is
then capped with a rubber septum, purged with argon, and
sonicated for 30 minutes to ensure homogeneity of the solution.
The surfactant flask is then placed into an oil bath at 65 °C and
stirred for 10 minutes to allow the solution to reach the required
reaction temperature. In a separate vial, 5 mL of the monomer
(EHMA or styrene) is combined with the appropriate amount of
crosslinker (HDDMA or DVB) to attain the targeted crosslinking
density. The monomer solution is then capped and purged with
argon for 10 minutes. The monomer solution is then drawn into
an airtight glass syringe and added to the surfactant solution at
the desired rate of addition using a syringe pump. For the
polystyrene (PS) samples, the monomer rate of addition was
varied between 2 and 10 mL h™" depending on the sample,
while the poly(ethyl hexyl methacrylate) (PEHMA) samples all
utilized a monomer rate of addition of 2 mL h™". The variation
in the monomer rate of addition results in control of the
nanoparticle molecular weight, independent of crosslinking.*®
Following the entire monomer addition, the reaction is allowed
to proceed for 2 h. Once completed, 5 mL of THF was added to
the flask to swell the polymer. The synthesized nanostructures
were precipitated in excess methanol (~300 mL) and placed in
the refrigerator (~7 °C) overnight. Excess methanol was dec-
anted, and the precipitate was removed. Particulates remaining
in the solvent were separated via vacuum filtration. The
precipitated polymer was then washed three times by dissolving
in THF and re-precipitating in methanol. To remove any traces
of water, the samples were dried in a vacuum oven over the
course of 2 days at ~90 °C. Additionally, "H NMR confirmed the
removal of surfactant after this cleaning process. The amount
DTMAB surfactant is in huge excess compared to that of the KPS
initiator. While KPS is not visible in 'H NMR, the complete
removal of the DTMAB following the extraction process suggests
no residual KPS in the soft nanostructures. Thus, the chain
conformation of the soft nanostructures is not expected to be
impacted by the anionic polymerization process. The resulting
polymer was then dried in a vacuum at 50 °C (PS) and 90 °C
(PEHMA) for 48 h. Throughout the remainder of this manu-
script, the nanostructures will be referenced based on their
extent of crosslinking and polymeric structure. For example,
a 0.8% crosslinking density polystyrene nanostructure will be
referred to as 0.8% XL PS where XL = crosslinking density.

Small angle neutron scattering

Small angle neutron scattering (SANS) experiments were con-
ducted using 1% wt solutions of the soft polymer nano-
structures in dg-THF at 25 °C at the Oak Ridge National
Laboratory (ORNL) HFIR beam line CG-2 (GP-SANS). Three
sample-to-detector distances were used; 18 m, 2 m, and 0.3 m
with a wavelength of 12 A allowing for a ¢ range of 0.0015 to 0.6
A~ where q = (47t/2)sin(6/2), 1 is the neutron wavelength, and ¢

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is the scattering angle. The raw data was reduced using SPICE
ORNL reduction macros in Igor Pro. Samples were measured at
25 °C and the data was transformed into absolute intensities by
correcting for incoherent, background, solvent, and empty cell
scattering, neutron beam flux, and normalized to the scattering
of a known standard. The fitting of the data was performed
using SASView software.®

Dynamic light scattering

Dynamic Light Scattering (DLS) was used to determine the
hydrodynamic radius, Ry, of the polymeric nanoparticles. The
nanoparticles were dissolved in THF to produce a concentration
of 1 mg mL ™", then filtered through a 0.22 pm syringe filter. DLS
was performed with a home-built instrument in 90° geometry.
The vertically polarized light was generated from a HeNe laser -
Newport R-31425, 633 nm, 35 mW and focused by an F =
100 mm lens into a cylindrical vial. The light scattered at 90°
was passed through a similar lens and filtered with 632.8 nm
MaxLine laser clean-up filter from Semrock to suppress fluo-
rescence and improve signal to the noise ratio. The filtered light
went through an enhances + fiber optical beam splitter from
ALV and was captured by Single Photon Counting Module
(SPCM) light detectors from Excelitas. These detectors were
connected to an ALV-7004/Fast correlator that was used in cross-
correlation mode for all experiments.

SANS analyses

The conformation of a polymeric nanostructure is determined
by the analysis of its scattering curve, where different structural
characteristics are elicited with various analyses. A Kratky plot,
which emphasizes the rate of change in scattering intensity at
higher g, provides insight on the local structure of a scattering
object. Similarly, a fractal analysis offers insight to the fractal
dimension of an object which can be correlated to the struc-
ture's compactness. Finally, the ratio of the radius of gyration
(Rg) of an object to its hydrodynamic radius (Ry;), which will be
referred to as the ‘radius ratio’ of an object, varies with the
architecture of the nanoscale object, and when considered in
conjunction with the results of a Kratky and fractal analysis will
further illuminate the structural conformation of the polymeric
nanostructures.

Typically, SANS curves are depicted as a plot of the scattering
intensity, I(g), as a function of the scattering vector, g. The
variation of the scattering intensity with g provides information
on the size, compactness, structure, and alignment of a poly-
meric nanostructure. The SANS data are fit to Guinier's law to
determine the radius of gyration of the scattering object as
shown in eqn (1), which is valid at low g where gR, << 1.

The weight average molecular weight (M,,) of the polymeric
structures are determined from this analysis. Eqn (2) shows the
relationship of the forward-scattering intensity, 1(0), from the

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Guinier analysis to M,,, where this analysis requires knowledge
of the nanostructure's density, p, Avogadro's number, N,
volume fraction of nanoparticle in solution, ¢, and the differ-
ence in scattering length densities between the polymeric
nanostructure and solvent, An."”

1(0) pNa

M. =
b dAn?

(2)

Kratky plot

A Kratky plot, which presents the data as I(q) x ¢ vs. g, is
a common analysis method used to monitor the structure of
biomacromolecules such as proteins, where the analysis eluci-
dates the random-coil nature or extent of molecular folding of
a protein molecule (ie., its globular nature). Similarly, the
Kratky analysis of the scattering of a polymer chain provides
a measure of the deviation of the chain from an ideal Gaussian
coil. The scattering intensity of an ideal Gaussian chain scales
with g2, which manifests in a Kratky plot as a plateau at high ¢
due to the coupling of the scattering intensity with ¢*. Moreover,
as a polymer chain deviates from ideal Gaussian behavior,
a deviation from that plateau is readily apparent in the Kratky
plot. Furthermore, as a polymer chain collapses and becomes
more compact, its scattering intensity scales more strongly with
g which leads to the emergence of a peak in the Kratky plot
before the plateau.®”° Therefore, the Kratky plot offers evidence
of the particle-like behavior of a polymer based on the existence
and intensity of a peak found in the Kratky plot.

While a standard Kratky plot offers a qualitative assessment
of the particle-like nature of a polymer chain, a dimensionless
Kratky plot is necessary to compare the structure of different
polymeric nanostructures that may differ in size (Ry) and
molecular weight. The normalization of the Kratky plot is
implemented by scaling the g axis with radius of gyration of the
measured polymer, where doing so normalizes the differences
in size of the polymeric nanostructures. The scattering inten-
sity, I(g), is also divided by I(0), where this normalization takes
into account the polymer molecular weight and solution
concentration. These normalizations are implemented in the
analysis discussed below and allows the quantitative compar-
ison between different polymer nanostructures in the determi-
nation of their particle-like behaviors.®”

Further, the location and intensity of a peak that may occur
in a dimensionless Kratky plot provides insight into the exact
conformation of the polymer, where a globular compact particle
will exhibit a peak at gR, = /3 = 1.73 and have an intensity of
approximately 1.1. Deviations from this peak location and
intensity in a dimensionless Kratky plot indicate that the
structure is less compact than that of a completely compacted
globule.*®”*

Fractal dimension

Scattering in the range of wavevectors 27t/R < g < 27t/b, where R
is the radius of the polymer chain, and b is the statistical
segment length, probes length scales that are below that of the

Nanoscale Adv., 2022, 4, 5164-5177 | 5167
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polymer chain as a whole, but are larger than a statistical
segment of the polymer. Analysis of the scattering over this g-
range provides information on how compact the polymer
segments are packed in the nanostructure, or its fractal
dimension. The scattering intensity in this regime scales with
g~ P, where D is the fractal dimension of the polymer. Therefore,
analysis of the slope of a log-log plot of the scattering intensity
as a function of the scattering vector, sometimes referred to as
a Porod plot, provides a quantitative measure of the fractal
dimension of the polymer nanostructure.

Moreover, correlating the fractal dimension of a polymer
chain to its conformation is reasonably straight forward. It is
well established that the size of a polymer coil, R, scales with its
molecular weight as R ~ M”, where v is the Flory exponent of the
polymer. The scattering vector is defined as g = 47 sin 6/4,
where ¢ is the scattering angle, and A is wavelength of the
radiation source. The intensity of scattering at scattering vector
g monitors the structure of the scattering object at a length
scale, d, where d ~ 27/q. Therefore, the fractal dimension is
inversely related to the Flory exponent of a polymer, v, as shown
in eqn (3).

Kq) < q P =q " (3)

The Flory exponent for polymers in good solvents, theta
solvents and in the melt are well known, where a linear polymer
in a good solvent behaves like a self-avoiding walk (v = 0.6) and
a linear polymer in a theta solvent or a melt behave like
a random walk (v = 0.5). Further collapse of a polymer chain in
a poor solvent will form a globular like structure (0.3 < v < 0.5).
These translate into a swollen polymer chain in a good solvent
having fractal dimensions of 1.67, the D of a polymer in a theta
solvent equal to 2, and a globular like polymer has 2 < D < 3.
Therefore, as a chain collapses (and becomes more particle
like), the fractal dimension increases.

Fractal dimensions below 3 correspond to a mass fractal
dimension, where a value of 3 describes a collapsed, 3-dimen-
sional solid structure. However, once a structure is fully
collapsed the scattering of the surface contributes to the
measured scattering and provide a measured fractal dimension
that exceeds 3. In this case, a measured fractal dimension that
emerges from the analysis above ranges between 3 and 4 and is
a “surface fractal dimension” that physically describes the
structure of a surface, ranging from a rough surface to one that
is very smooth.”7>7?

Ratio of R,/Ry, the radius ratio of a nanostructure

The ratio of a polymer's radius of gyration, found via SANS, to its
hydrodynamic radius, found via dynamic light scattering, is
related to the conformation and assembly of a polymer nano-
structure. We designate this parameter the ‘radius ratio’. The
change in the value of the radius ratio of a macromolecule with
variation in conformation has been well documented, where
a polymer chain that obeys a self-avoiding walk (i.e. in a good
solvent) exhibits a radius ratio of ~1.56, while a polymer chain
that obeys a random walk (i.e., in a theta solvent) has a radius
ratio of ~1.24.7*77 Moreover, it is also well documented that

5168 | Nanoscale Adv., 2022, 4, 5164-5177

View Article Online

Paper

a hard sphere exhibits a radius ratio of 0.78.* Furthermore,
values of the radius ratio that are less than that of a hard sphere
correlate to an object that adheres to a core-shell structure. A
core-shell structure shows a smaller R,/Ry; when the mass of the
structure is more densely concentrated in the core but is less
dense in the outer shell. This construct results in the radius of
gyration of the nanostructure that is much smaller than the
hydrodynamic radius, resulting in a small Rg/Ry. Thus,
a decrease in Ry/Ry from above 1 to 0.78 signifies the densifi-
cation of the nanostructure to a homogeneous globule, with
values of Ry/Ry below 0.78 signifying heterogeneity of the radial
distribution of mass within the nanostructure, i.e., a core-shell
type structure.

Results and discussion

Table 1 describes the structural characteristics of all of the
polymeric nanostructures analyzed via SANS. The weight
average molecular weight was determined via SANS as previ-
ously described using eqn (2), the nanostructure's radius of
gyration was determined via a Guinier analysis of the SANS
curves, and the hydrodynamic radii were determined using
DLS. These fundamental structural parameters are useful when
interpreting the results of the later SANS analyses.

Kratky plot analysis

The scattering of a linear, or 0% crosslinked, nanostructure of
both polymers (i.e., a polymer chain) is measured and analyzed
and serves as a baseline to compare the behavior of other

Table 1 Polymeric nanostructure structural characteristics®

Nanoparticle M, (x107°) (gmol™") R, (nm) Ry (nm)
Linear PEHMA 1.73 24.0 13.9
Linear PS 2.53 22.1 14.0
0.1% XL PS 0.89 20.1 21.6
0.4% XL
3.26 13.5 12.6
PEHMA
0.4% XL PS 1.06 11.9 13.9
0.8% XL
5.51 12.0 14.5
PEHMA
0.8% XL PS (low MW) 5.32 15.9 20.1
0.8% XL PS (high MW)  6.74 12.5 22.0
1.9% XL
7.19 10.5 16.7
PEHMA
4.6% XL
9.03 9.5 14.5
PEHMA
10.7% XL
3.30 9.2 10.0
PEHMA
10.7% XL PS (low MW) 3.55 6.4 8.3
10.7% XL PS (high MW)  11.7 10.9 14.5

“ Black and blue text denote PS and PEHMA respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanostructures that are crosslinked. The dimensionless Kratky
plots of polystyrene and poly(ethyl hexyl methacrylate) are
shown in Fig. 2 and present similar behavior. As previously
stated, a polymer in a theta solvent, which obeys a random walk,
is expected to exhibit a plateau in the Kratky plot at gR, = 1.5,
and that the emergence of a peak in this region indicates
particle-like behavior. Neither the PEHMA nor PS chains show
these characteristics, but rather show a linear increase above
gR; = 1.5, which indicates that the polymer does not obey
random walk statistics. This lack of a plateau is consistent with
the conformation of the polymer in a good solvent, i.e., a self-
avoiding walk. This is not surprising, as deuterated THF is

a.)

(aRg)?I(a)/1(0)

4
S 3
=
Ci
Ez
3
0
0 2
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a good solvent for both polymers at the concentration and
temperature of the scattering experiments.

The nanostructures formed with the addition of crosslinking
agents to the synthetic procedure show considerably different
Kratky plots compared to that the linear samples. These results
are plotted in Fig. 2 and 3, where the samples with less than
0.8% crosslinking are plotted in Fig. 2, while those with cross-
linking = 0.8% are plotted in Fig. 3. In Fig. 2, the samples with
the lowest crosslinking density readily show Kratky plots that
differ significantly from that of the linear polymer chain. The
scattering of the 0.1% XL PS sample, the blue closed squares in
Fig. 2a, shows a short plateau in the Kratky plot from ca. 1.5 <

® = 0%XL PS
m =0.1%XL PS
A=0.4%XLPS

6 8 10
aRg

® = 0%XL PEHMA
A=0.4%XL PEHMA

6 8 10

gR

8

Fig. 2 Dimensionless Kratky plot of low crosslinked nanostructures for (a) polystyrene nanoparticles and (b) PEHMA nanoparticles.
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aRg

Fig. 3 Dimensionless Kratky plot of high crosslinking nanostructures for (a) polystyrene nanoparticles and (b) PEHMA nanoparticles.

gR, < 2.5, followed by a monotonic increase. The emergence of
this plateau, and lack of any measurable peak in this sample is
consistent with a structure that resembles a polymer chain in
a theta solvent, i.e., a random walk.

Thus, the incorporation of only 0.1% crosslinking (ca. 1 in
1000 monomers is crosslinked) transforms the conformation of
the polymeric nanostructure from a swollen polymer chain to
a more collapsed polymer chain, but does not establish an
observable surface based on the absence of a peak. Increasing
the crosslinking density to 0.4%, which is plotted as the blue
closed triangles in Fig. 2a, results in a Kratky plot that exhibits
similar characteristics, but a slight peak at gR, ~ 1.7 begins to

5170 | Nanoscale Adv, 2022, 4, 5164-5177

emerge. At this crosslink density, the plateau begins at a similar
gR, as the 0.1% XL sample and spans a similar range. Further,
the increase from the plateau occurs at a similar gR,, indicating
that these two nanostructures have comparable flexibility (i.e.,
identical Kuhn or persistence length). Thus, increasing the
crosslinking by a factor of 4 (ca. 1 in 250 monomers is cross-
linked) results in a similar collapsed polymer chain-like struc-
ture, and the beginnings of an observable surface as indicated
by the peak emergence. Inspection of the scattering of the 0.4%
XL PEHMA sample, plotted as the closed triangles in Fig. 2b also
displays an extended plateau with a slight peak at gR, ~ 2.4 in
the Kratky plot. The deviation from the plateau occurs at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a larger gR, than the polystyrene nanostructures, which is
consistent with the fact that the PEHMA is more flexible (i.e.,
smaller Kuhn length) than the polystyrene. The shift of the peak
to a larger gR, value for similar crosslink densities is also
consistent with the greater flexibility of the low crosslinked
PEHMA samples relative to the polystyrene structures.

All of the nanostructures with higher crosslink density
(=0.8%) show Kratky plots that differ significantly from those of
the nanostructures with lower crosslink density, as shown in
Fig. 3. In each of these samples, a clear and well-defined peak in
the Kratky plot is observed indicating that all of these samples
have definable surfaces and attain a globular particle-like
structure. The upturn in normalized scattering intensity at
larger gR, indicates that these particles still maintain some
flexibility/deformability at local lengths scales (gR, = 4-5).

More detailed analysis of these peaks provides further
insight into the variation in structure of these particle-like
structures with crosslink density. The peak height, position,
and maximum scattering intensity of the Kratky peak at gR; ~
1.5-2, are determined and listed in Table 1. The peak height is
defined as the difference between the local maximum peak
intensity and the local minima following the peak. A nano-
structure akin to an ideal Gaussian chain does not exhibit
a peak in the Kratky plot, and as a result will not have
a measurable peak height. Recalling that the low crosslinking
density nanostructures present plateaus in their Kratky plot,
this results in a minimal measurable peak height. As the
crosslinking density increases and the nanostructures begin to
take on more particle-like morphologies, the peak height
increases. This is a particularly effective analysis to quantita-
tively compare the extent of the particle-like nature of the lower
crosslinking nanostructures whose morphologies are some-
where between that of an ideal Gaussian chain and a fully
formed particle.

Inspection of the peak height reinforces the previous quali-
tative observations of the Kratky plot that indicate a clear
transition to particle-like behavior for nanostructures with
a crosslink density of at least 0.8%. This transition can be seen
in Fig. 4, which plots the Kratky plot peak height as a function of
crosslink density. In this plot, the nanostructures fall into three
distinct clusters. The 0.1% XL polystyrene is in a group of its
own, there the dimensionless Kratky peak height is minimal,
and is the only nanostructure categorized as behaving similarly
to a random walk polymer chain. The two 0.4% XL nano-
structures make up the second cluster corresponding to an
intermediately collapsed polymer chain. While these nano-
structures behave similar to the ultra-low crosslinking sample,
indicating some chain-like behavior, they exhibit a discernible
peak which is an indication of the development of a measurable
surface, which is a property not associated with polymer chains.
The remaining nanostructures (crosslink density = 0.8%) all
exhibit a distinct and measurable peak height denoting a well-
defined particle like structure.

Interestingly, inspection of Table 2 shows that the PEHMA
nanostructures behave very similar to an ideal globular particle
as their normalized peak maximum and position are very
similar to the theoretical values of 1.1 and 1.74, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Peak height in the dimensionless Kratky plot analysis as
a function of the crosslinking density of each polymeric nanostructure.
Open markers correspond to a higher molecular weight. Error bars are
smaller than the markers.

The peak position of the 0.8% XL PEHMA nanostructure is most
shifted from the expected value (gR, ~ 1.63). This variation
suggests that this lower crosslinked nanostructure maintains
a higher local flexibility than its higher crosslinking counter-
parts, while this nanostructure still exhibits strong particle-like
behavior. The PS nanostructures show a wider variation in their
peak location compared to the PEHMA samples. A deviation
from the theoretical gR, value of 1.74 indicates that these
nanoparticles are not fully compacted and may show some
asymmetry in their surface structure, while still exhibiting very
strong particle-like characteristics. This suggests that the local
rigidity of the styrene segments impacts the local assembly,
limits the globule like nature of the particle, and results in a less
compact structure than similar PEHMA nanoparticles.

Fractal dimension analysis

The measured fractal dimension, D, of the polymeric nano-
structures provides corroborating evidence of the chain-like or
particle-like nature of the nanostructures to the analysis and
interpretation of the dimensionless Kratky plots. The measured
fractal dimensions of each nanostructure are plotted in Fig. 5,
where the blue symbols denote the polystyrene nanomaterials,
while the red symbols denote the PEHMA structures. Both
linear polymer chains (0% crosslinked) have fractal dimensions
of approximately 1.5. This result is not surprising as it indicates
that both polymeric nanostructures are slightly more swollen
than a polymer in a good solvent. The fractal dimension of the
crosslinked samples offers further evidence that their internal
structures differ from that of the linear polymer chain. The
0.1% XL PS sample manifests as similar to random-walk poly-
mer chain with a fractal dimension of 2.04, which is consistent
with the Kratky analysis of this sample. Furthermore, the fractal
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Table 2 Kratky plot peak parameters®

View Article Online

Paper

Nanoparticle Peak height? Peak maximum® Peak location? (gRg)
0.1% XL PS 0.033 £ 0.004 1.268 + 0.078 1.761 + 0.053
0.4% XL 0.123 +£0.001 1.663 +0.350 2.456 + 0.009
PEHMA
0.4% XL PS 0.071 £ 0.001 1.160 + 0.018 1.737 £ 0.013
0.8% XL 0.737 + 0.009 1.173 £ 0.015 1.629 +0.011
PEHMA
0.8% XL PS (low MW) 0.796 £ 0.004 1.150 + 0.003 1.270 + 0.005
0.8% XL PS (high MW) 0.816 £ 0.001 1.220 £ 0.001 1.625 £ 0.014
1.9%XL 0.532 £0.002 1.024 +£0.004 1.767 + 0.003
PEHMA
4.6%XL 0.883+0.016 1.209 + 0.021 1.770 £ 0.016
PEHMA
10.7% XL 0.694 +0.010 1.087 +0.015 1.734 £0.012
PEHMA
10.7% XL PS (low MW) 0.716 £ 0.003 1.223 £ 0.001 1.975 £ 0.046
10.7% XL PS (high MW) 0.884 + 0.001 1.137 £ 0.001 1.494 + 0.011

“ Black and blue text denote PS and PEHMA respectively. ” Peak height - difference in normalized scatting intensity of local peak maxima and local
minima following peak. ¢ Peak maximum - normalized scattering intensity of local peak maximum. ¢ Peak gRg location - gR, corresponding to local

peaks maximum.
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Fig.5 Relationship between crosslinking density of nanostructure and
measured fractal dimension. Open circles denote higher molecular
weight PS structures. Solid lines denote the fractal dimension of linear
PS and PEHMA chains. Error bars are smaller than the markers.

dimension of the 0.4% crosslinked sample shows that the
polystyrene nanostructure becomes slightly more collapsed (D
=2.21). This difference in fractal dimension illuminates a slight
variation in the structures of the two low-crosslinked poly-
styrene samples that is not immediately evident from analysis
of the Kratky plot. Interestingly, the fractal dimension of the
0.4% crosslinked PEHMA sample shows a comparable fractal

5172 | Nanoscale Adv,, 2022, 4, 5164-5177

dimension to the 0.1% XL PS sample despite showing a more
pronounced peak in the Kratky plot. It's believed that this
variation is a product of the higher flexibility of the PEHMA
monomer, as indicated by the much longer Kratky plot plateau
than either of the low-crosslink density polystyrene
nanostructures.

All nanostructures, both PEHMA and PS, with at least 0.8%
crosslink density show fractal dimensions of at least 3 signi-
fying that the cores of the nanostructures are collapsed,
a surface emerges that contributes to the scattering (D > 3) and
these nanostructures can be thought of as particles. In these
samples, the fractal dimension offers further evidence that
delineates these structures as particles, where progressing from
a fractal dimension of 3 to 4 signifies the change in the surface
of the particle from a rough surface to a smooth surface (i.e.,
a sharp interface). Thus, the increase in the measured fractal
dimension of nanoparticles above 0.8% crosslinking shows that
increasing crosslinking density correlates to the formation of
smoother surfaces.

R,/Ry - radius ratio analysis

The ratio of the radius of gyration to hydrodynamic radius (R,/
Ry) of all of the polymeric nanostructures are shown in Fig. 6.
For many of the nanostructures, the radius ratio corroborates
the interpretation of the Kratky plot and Fractal dimension
analyses. The linear PEHMA chain possesses a radius ratio of
1.7, while the linear PS chain's radius ratio is slightly lower at
1.58. Recalling the expected radius ratio of a self-avoiding walk
polymer chain (i.e. in a good solvent) as 1.56, these values
indicate that both linear chains adhere to a self-avoiding walk

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Polymeric nanostructure’s radius ratio (Rg/Ry) as a function of
crosslinking density. Open symbols denote high MW PS structures.
Solid lines correspond to linear chains.

conformation. There is some variation of the radius ratios of
nanostructures with comparable crosslinking densities, which
can be attributed to the variation in flexibility of the PS and
PEHMA segments, where more flexible PEHMA chains exhibit
a larger radius ratio. Since PEHMA has a smaller Kuhn length
than polystyrene, but shows a larger radius ratio, this suggests
that while both linear chains adhere to a self-avoiding walk
conformation, the PHEMA is slightly more soluble in THF than
PS. This is an artifact that was not immediately identifiable in
the previous analyses.

Interpretation of the radius ratios of the low crosslinking
density samples provides additional insight that is not obvious
from the Kratky or fractal dimension analyses. The 0.1% XL
polystyrene sample exhibited strong signs of a random walk
polymer chain in the Kratky plot and fractal dimension, but
only possesses a radius ratio of 0.93, which is well below the
theoretical value of a random walk polymer chain radius ratio of
1.24. This lower radius ratio is consistent with that of a star
polymer in good solvent,”®” suggesting that this low cross-
linking density nanostructure is star-like in structure. This is
consistent with previous studies which have characterized these
nanostructures as a fuzzy sphere with the crosslinks concen-
trated at core of the structure with an outer corona of loops and
tails.>***** The 0.1% crosslink density nanostructure corre-
sponds to a crosslink between every 1 in 1000 monomers. The
molecular weight of this nanostructure is below 100 kDa,
therefore, on average, there is 1-2 crosslinks in these nano-
structures. A nanostructure with one or two divinyl benzene
crosslinks near the core will resemble a multi-armed star-like
topology, as depicted in Fig. 7. In this figure, the chains
connect near the core at a single crosslink, as designated by the
red box, which results in four “arms” emerging from that
crosslink. Therefore, the 0.1% XL nanostructure is better
described as a star like structure than a slightly collapsed,
random-walk chain, as the previous analyses suggest.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Illustration of a polymer chain with a single crosslink (red
square), emphasizing the similarity to a four-armed star polymer.

Comparing the 0.4% XL polystyrene to the 0.1% XL poly-
styrene nanostructure, the radius ratio continues to decrease,
consistent with the collapse of the structure, which is in line
with the Kratky and fractal analyses. The 0.4% XL PEHMA
structure exhibits a radius ratio of 1.07, which indicates the
nanostructure is slightly more collapsed than a random walk
polymer chain, while the 0.4% XL polystyrene nanostructure
exhibits a decrease in its radius ratio compared to the 0.1% XL
nanostructure indicating that it is further collapsed.

At 0.8% XL the radius ratios of the polymeric nanostructures
are near that of a homogeneous globule at approximately 0.8,
which indicates a near complete collapse of the chain, aligning
with the particle-like characterization that arose from the other
analyses. The higher molecular weight polystyrene sample has
aradius ratio far below that of a hard sphere which is consistent
with a core-shell structure, this suggests that while the two
0.8% XL polystyrene samples have similar particle like struc-
tures, the internal morphology of the higher molecular weight is
much less homogenous. The radius ratios of the PEHMA
samples with crosslinking density above 0.8% also adhere to
a core-shell morphology. The interpretation that these nano-
structures form a core-shell morphology is consistent with the
structural characterization of similar polystyrene nano-
structures at crosslinking densities of at least 0.8% using
SANS.*" In these studies, the scattering of the polystyrene
samples are best modeled by a fuzzy-sphere Gaussian gel model
that have a measurable core and a fuzzy outer shell.*® The fit of
the SANS scattering of the PEHMA nanoparticles to the fuzzy-
sphere Gaussian gel model was confirmed and is presented in
the ESL{ Furthermore, the R,/Ry increases with increasing
crosslink density in the PEHMA sample, approaching the
theoretical value for a hard sphere at 10% crosslinking. Thus,
the nanoparticles become more homogeneous, and less core-
shell like with increased crosslink density. This interpretation
also agrees well with the fractal dimension analysis where the
nanostructures approach a smooth surfaced, compact particle-
like structure as the crosslinking density increases.

In summary, the particle like nature of crosslinked soft
nanoparticles is quantified by a thorough analysis of small
angle neutron scattering data using of Kratky analysis, and
determination of the fractal dimension and radius ratio. The
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results of these analyses show that these soft polymeric nano-
structures can be described as particle-like for any crosslinking
density of at least 0.8%, regardless of monomer rigidity or
nanostructure molecular weight. This result is especially
surprising as it only requires 1 crosslink for every 125 mono-
mers to develop a clear, measurable surface, the hallmark of
nanoparticle functionality. Samples with crosslinking densities
between 0.1% and 0.8% show a significant amount of collapse
from a swollen polymer chain in a good solvent, such that their
structure is best described as between a star-like polymer,
arandom walk chain and a completely collapsed particle. These
transitive structures exhibit both chain-like and particle-like
characteristics. A plot of the dimensionless Kratky plot peak
height as a function of crosslinking density (Fig. 4) offers
a depiction of the transition among these structural morphol-
ogies. Additional fractal dimension and radius ratio analyses
provide additional insight into the extent of the particle-like
structure of the crosslinked nanostructures. These additional
analyses further confirm the chain-like and particle-like
morphologies of nanostructures that are readily characterized
by the dimensionless Kratky plot. A fractal dimension of
a nanostructure offers additional detail in the appearance of
a surface, and provides a measure of the relative collapse of the
nanostructure's chains not easily seen in the Kratky analysis.
The fractal dimension analysis also allows for a measure of the
homogeneity of the surface of clear particle-like structures. The
analysis of the radius ratio further enhances our understanding
of the structures of the nanoparticles. The radius ratio offers
insight into both star-like and core-shell like morphologies that
would otherwise merely appear as varying degrees of chain
collapse with the Kratky plot and fractal dimension analyses.

As discussed in the introduction, previous studies have
shown that SCNPs with a crosslinking density of 2.5% do not
present particle-like characteristics;** thus, it is somewhat
surprising that the soft nanostructures studied here present
such strong a particle-like identity at a much lower crosslinking
density of 0.8%. We ascribe this difference to the internal
structure and distribution of the crosslinks in the nanoparticle.
The soft nanoparticles studied here are known to exhibit
a structure that is depicted in Fig. 1, where the crosslinks
congregate towards the center of the structure producing
a core-shell architecture. This distribution of crosslinks
appears to play a vital role in their particle-like characteristics.
In contrast, the crosslinks within a SCNP are more homoge-
neously dispersed throughout the structure. This distribution of
crosslinks appears to require higher degree of crosslinking to
exhibit a particle-like morphology. The results of these analyses,
therefore, emphasize the structural differences between a SCNP
and a soft nanoparticle synthesized via in situ crosslinking and
should impact their performance and properties.

Conclusions

Small angle neutron scattering studies have been completed to
provide insight into the transition from a polymer chain to
a nanoparticle via internal crosslinking. A combination of
analyses of the SANS curves, including the dimensionless
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Kratky plot, the fractal dimension, and the ratio of Ry/Ry,
provides insight into the particle-like properties of the exam-
ined polymer constructs. These results show that the primary
characteristic that delineates a polymeric chain from a nano-
particle is not its size, but the presence of a surface, which can
be detected via these analyses. Using the idea that a nano-
structure requires the presence of a surface to be a nanoparticle
leads to the surprising conclusion that crosslinking densities as
low as 0.8%, or 1 crosslink for every 125 monomers, is sufficient
to realize very strong particle-like characteristics. This indicates
that even at these extremely low crosslinking densities,
a measurable surface has developed in these polymeric
nanostructures.

This study therefore provides analyses and insights that
enable the delineation of particle-like characteristics of a poly-
meric nanostructure from chain-like structures. It also estab-
lishes clear domains of chain-like and particle-like
morphologies with variation in crosslink density and identifies
a transitive state at the lowest crosslinking densities of the
nanostructure. These results clearly show that the overarching
characteristic that controls whether a polymeric nanostructure
is a chain or a nanoparticle is its crosslink density, with
segmental flexibility or nanostructure molecular weight as
secondary effects.
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