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Abstract The design and synthesis of various polymer core—
shell particles result from their distinct characteristics, which
combine the properties of two or more components into one
material. Many accessible synthetic strategies for obtaining
polymer core—shell particles lead to the formation of particles
for which the internal morphology differs from the ideal core—
shell structure. Understanding the precise morphology charac-
teristics is important for mechanistic studies of particle forma-
tion, which ultimately results in the design of particles for
specific structures and properties. The detailed characteristics
of complex polymer particle structures are complicated and
require more than one method. This review focuses on imag-
ing methods such as transmission electron microscopy
(TEM), cryo-TEM, scanning transmission electron microsco-
py (STEM) and confocal fluorescence microscopy that reveal
the radial redistribution of the components and methods for
the quantitative analysis of individual phases (core, shell and
interfacial layer), such as small-angle X-ray scattering
(SAXS), small-angle neutron scattering (SANS), differential
scanning calorimetry (DSC) and nuclear magnetic resonance
(NMR). Methods that can determine the surface composition
and makeup of the character of interfacial layer (gradient or
containing small domains, etc.) were also reviewed.
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Introduction

According to [TUPAC terminology for polymers and polymer-
ization processes in dispersed systems [1], a core—shell parti-
cle is defined as a “polymer particle comprising at least two
phase domains, one of which (the core) lies within the other(s)
that form the polymeric outer layer(s) (the shell(s)).” This
definition indicates that the structure of polymer core—shell
particles can be complicated and very often difficult to
determine.

Polymer particles can be obtained through heterogeneous
radical polymerization methods such as dispersion polymeri-
zation, emulsion polymerization, miniemulsion or
microemulsion [2]. Polymer core—shell particle formation oc-
curs in various ways. Generally, methods can be divided into
one-, two- or more-step syntheses. A one-step process is based
on the direct copolymerization of two comonomers, leading to
a core—shell structure formation, which can be distinguished
variants of two comonomers [3, 4] or a comonomer with a
macromonomer [5—12]. The two-step method consists of,
first, the synthesis of a seed and then the formation of a shell.
In this case, the shell can be generated by various means.
Usually, a polymer seed is swollen with a comonomer, which
is polymerized [13, 14]. Shell formation can also be achieved
by polymerization from reactive sites present on the surface of
the seed (“grafting from” methods) [15, 16] or by binding
various macromolecules to a polymer seed (“grafting to”
methods) [17, 18]. The consequence of particle syntheses
using two types of components is that the resulting particles
can exhibit a diverse variety of morphologies. Landfester
demonstrated particle morphologies formed by a two-step
emulsion polymerization [19], indicating that an ideal core—
shell morphology with a complete polymer phase separation,
with the formation of a pure core and shell, is practically
impossible. The exception is particles formed by grafting to
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method. In most cases of core—shell particles, an interphase
region exists between the pure core and shell components.
The design of polymer core—shell particles results from the
necessity to combine properties from two types of polymers
into one material that requires specific characteristics for a
particular application. Polymer core—shell particles are inter-
esting objects that have many applications in a variety of areas
such as durable exterior coatings [20], catalyst systems as
supports for enzyme immobilization [21-24] adhesives [25,
26], diagnostics [27], drug delivery systems [28], etc.
Advantageous characteristics of core—shell particles result
from the contrast in the properties of the two or more types
of polymers that the particles are made from. For example, one
component could be a rigid material (core polymer) on which
hydrophilic polymers with lower refractive index values are
bound. Microspheres built solely from hydrophilic polymers
would be prone to mechanical distortion, for instance, under
the influence of centrifugation during the particle purification
process. Moreover, hydrophilic polymers become highly
swollen with water, which makes their refractive index values
very similar to the refractive index value of water and means
that particles composed solely of hydrophilic polymers cannot
be conveniently analysed with light scattering methods. For
example, poly(styrene/polyglycidol) microspheres are com-
posed of a hard, hydrophobic core on which exist random
copolymers containing a hydrophilic component with numer-
ous hydroxyl groups. Such microspheres create many possi-
bilities for surface modifications by covalently binding many
compounds, in particular, biologically active systems such as
enzymes [22]. The beneficial properties of P(S/PGL) are also
related to the surface hydrophilicity, which demonstrates an-
tifouling behaviour (i.e. reduction of protein adsorption). For
poly(styrene/N-isopropylacrylamide) particles
(P(S/NIPAM)), a thermosensitive PNIPAM shell (lower criti-
cal solution temperature (LCST)) of PNIPAM is 32 °C) cre-
ates many opportunities for the encapsulation of numerous
components, such as noble metal nanoparticles (gold, silver,
pallad [29]), enzymes [30], etc. As a result, the polymer shell
of the core—shell structure can act as a reactor becoming a
catalyst for various reactions. It is worth emphasizing that
catalytic properties can be modulated by temperature changes.
When the temperature is above LCST of PNIPAM, then shell
shrinks and catalysis of reactions is not possible due to diffi-
culties with substrate diffusion. A system with an anchored
catalyst can be reused after washing by centrifuging of
particles. A similar example of core—shell particles with
thermosensitive shells is that of polystyrene/poly(N-
vinylisobutyramide) (PS/PNVIBA) microspheres. LCST
of PNVIBA is 40 °C [7]. A low cross-linked poly(N-
isopropylacrylamide-acrylic acid) shell formed on a poly-
styrene core showed promise in lysozyme adsorption [30]
with a biological activity in the adsorbed state that was
three and five times higher than that in its native form.
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The morphology of two or more component polymer parti-
cles has a significant influence on their properties and deter-
mines their further applications. Control of particle morphology
is crucial meaning, particularly if a material needs to be pre-
pared for a given application. Put another way, determination of
the morphology of the synthesized particles composed of two
or more polymer components is often necessary to understand
the mechanisms governing particle formation in heterogeneous
copolymerizations. It provides data on the mechanistic aspects
in emulsion and dispersion polymerization and enables the de-
sign of future particles with specific characteristics. It is impor-
tant to evaluate the dependence of the synthetic conditions on
the final morphology of polymer particles, i.e. how chemical
composition changes within the particle moving from the in-
nermost to the outermost layer. The various morphologies that
particles can exhibit are presented in Fig. 1. Changes in the
synthesis parameters (temperature, solvent, molar ratio of co-
monomers, etc.) impact the distribution of components within a
particle. Moreover, the determination of the shell structure is
also essential. The shell structure of core—shell particles can be
continuous or composed of small domains embedded in the
core polymers or deposited onto the core’s surface.

Detailed morphological characteristics of particles can be
defined by combining the results obtained from imaging
methods and analytical techniques that provide data on a par-
ticle’s radial composition. Moreover, quantitative information
about particles’ surface composition is required in case there is
further surface modification.

This review focuses on the presentation of available
methods that facilitate the determination of the morphology
of analysed polymer particles made of complexes by revealing
details such as the existence of an interfacial region between a
particle’s core and shell. We concentrate specifically on imag-
ing methods and techniques that provide a quantitative frac-
tion for the various phases present in a particle’s morphology.

The first part of this review is devoted to methods specifi-
cally applied for examination of particle surface. The second
part, though, is focused on techniques used for entire particles’
morphology characterization.

Methods of polymer core—shell particle
characterization

Methods of particle surface analysis

The surface composition of complex polymer particles plays a
crucial role in their further application, i.e. surface modification,
and film formation [31]. Reactive functional groups facilitate
covalent immobilization of various compounds on a particle’s
surface. The presence of hydrophilic or hydrophobic [31] poly-
mers on a particle’s surface creates opportunities for specific
applications. Moreover, shell-building polymers can exhibit
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Fig. 1 Typical morphology variants of particles composed of two types
of polymers. The final morphology of particles synthesised by seeded
polymerization using polymer seed (black colour denotes polymer (1)
swollen with monomer 2 with formation of polymer 2 (white colour)
can be shown in a (ideal core—shell morphology) or in b—inverted core
shell structure. Composite particle morphology can be composed of one
type of a polymer (polymer 2) with embedded domains of polymer 1 (in

specific properties, such as thermosensitivity in the case of
PNIPAM [30] and PNVIBA, antifouling behaviour of poly(eth-
ylene glycol) (PEG) [32, 33] and polyglycidol [22] or conduc-
tivity in the case of polypyrrole [4, 34] and polyaniline [35]. To
examine the surface composition, direct and indirect methods
can be applied. Direct methods include X-ray photoelectron
spectroscopy (XPS), static secondary ion mass spectroscopy
(SSIMS) or scanning electron microscopy coupled with an
energy-dispersive X-ray (SEM-EDX). Protein adsorption studies
are indirect methods used to evaluate the character of a particle’s
surface, as the hydrophobic surfaces, contrary to hydrophilic
surfaces, exhibit high susceptibility towards biomolecules.

X-ray photoelectron spectroscopy

XPS, also known as electron spectroscopy for chemical anal-
ysis (ESCA), provides qualitative and quantitative data about
the surface composition of particles. However, it should be
noted that XPS analysis probes only the composition of the
particles ca. 5 nm in depth, which makes this method invalu-
able in surface analyses [34]. The presence of a surface stabi-
lizer [36] and the success of surface modifications can be
confirmed by XPS [37]. Moreover, XPS can be used to iden-
tify an inverted core—shell structure.

In XPS analysis, the surface composition of each element
in the analysed material is expressed as an atomic percentage
(%) determined from the integrated peak area of all elements
present in a sample and their experimental sensitivity factors.

For example, the fractional concentration of an element A,
%A, is assessed as follows [36]:

1y
_ S
%4 = I\ x 100%
2(s)
where

1, is the integrated peak area attributed to its sensitivity
factor (s4) and 7, and s, are the total integrated peak area
and the sensitivity factors characteristic for each element.

small domains of polymer 1
into polymer 2

gradient composition change
of particle's shell

case of particle ¢—in the whole particle, d domains present in the
particles shell region), or vice versa. The favourable morphology of
particles is one which exhibits the minimum interfacial free energy
change. Shell chemical composition may also change gradually, i.e.
particle’s shell is enriched with a latter component going from a
particle’s core to its surface (in case of e)

The principle of XPS is as follows: at conditions of high
vacuum, on the level of 10~ Torr, a sample is irradiated by
monochromatic X-rays which leads to emission of photoelec-
trons coming from the analysed material [38]. The emitted
electrons are detected as a function of kinetic energy (Ex),
producing a spectrum. Knowing the values of irradiation en-
ergy and kinetic energy, the binding energy of electron emitted
from a valence orbital can be calculated and attributed to the
specific element. As each element is described by the specific
binding energy, all elements except hydrogen can be identi-
fied. Moreover, quantitative information of different oxidation
states for the elements existing in the analysed sample is ac-
quired. For example, it is possible to distinguish carbon atoms
in various environments, such as carbon atoms in aliphatic or
aromatic systems or adjacent to heteroatoms [34]. Generally,
carbon bound to another carbon or hydrogen atom, without
regard for hybridization, yields Cls = 285 eV. However, het-
eroatoms and halogens cause the binding energy increase. For
example, in an XPS spectrum of poly(N-vinylpyrrolidone)
(PNVP), binding energy values of 285.9 and 287.7 eV corre-
spond to carbon atoms in C—N and N—-C=0 groups, respec-
tively [39]. A characteristic of polystyrene is a low-intensity
feature at 291.7 eV because of the C(1s) —mt shake-up sat-
ellite. There are differences in electron binding energies com-
ing from nitrogen atom in different environments. For PNVP,
one signal coming from N(1s) is observed in the spectrum,
whereas polypyrrole is described by four signals located in the
range of 396—406 eV with peaks at 398-399, 400401, 402—
403 and 403404 eV, which are attributed to the N=C, N-H
bonds and the two high oxidation states of nitrogen (N;°* and
N;™) in doped polypyrrole [39]. Quantitative analysis can be
performed for a two-component surface provided that at least
one type of element is different in each compound. Then, this
atom acts as a unique elemental marker for one component.
For example, a convenient quantitative analysis for the surface
was discovered for hybrid systems such as polypyrrole-silica
or polyaniline-silica particles. The surface composition was
determined on the basis of the Si/N atomic ratio. Silica comes
exclusively from silica oxide, whereas nitrogen is a specific
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elemental marker of a conducting polymer. This means that
these elements are unique for each component, and therefore,
the relative proportion of all components present in the outer
layer of the surface can be easily calculated based on the
elemental composition of the surface. A similar assessment
of surface composition can be performed for polystyrene par-
ticles covered by poly(N-vinylpyrrolidone) [36]. Samples of
bulk PS particles and bulk PNVP were analysed separately.
Analysis of the particles’ surface composition relied on the
simple assessment of the nitrogen signal (N(1s)) ratio regis-
tered for pristine PNVP and PS/PVNP particles, respectively
(%PVNP = Npg/Npnyp) because the pure polystyrene surface
did not contain any nitrogen atoms. On the other hand, the
relative surface composition of PS/PNVP particles can also be
calculated on the basis of carbon composition using data ob-
tained for pure polystyrene particles (seed) and modified poly-
styrene particles [36].

The influence of different parameters, such as the compo-
sition of the polymerization mixture and polymerization con-
ditions, on the final particle’s surface composition can be eas-
ily evaluated with XPS [40]. Moreover, XPS analysis can
determine whether a particle’s core is efficiently covered by
a shell-building polymer. Whether an increase in the amount
of one comonomer during a particle’s synthesis causes the
enrichment of a particle’s surface with this component can
be also evaluated. For PEG-stabilised polystyrene particles
covered with polypyrrole, the relative composition of all com-
ponents in a particle’s surface was estimated. XPS spectra
were recorded for each individual material (PEG, uncoated
polystyrene latex and polypyrrole) and for the resulting com-
posite materials (PS/PEG/polypyrrole). XPS data demonstrat-
ed that the polypyrrole shell is not continuous. The authors
suspected that the polypyrrole layer is too thin to be observed
using XPS because the XPS sampling depth is a maximum of
5 nm. In fact, transmission electron microscopy (TEM)
images revealed the presence of nanosized polypyrrole parti-
cles (approximately 20-30 nm) on the polystyrene latex
surface [34]. Basinska et al. used XPS to estimate the relative
composition of the surface of particles’ synthesized by
emulsion radical copolymerization of styrene and a hydrophilic
macromonomer, «a-f-butoxy-w-vinylbenzyl-polyglycidol
[41]. The particle’s shell was composed of polystyrene-
poly(a-tert-butoxy-w-vinylbenzylpolyglycidol) copolymer
(Fig. 2).

The influence of the molecular weight of polyglycidol
macromonomer and the initial polyglycidol macromonomer/
styrene concentration ratio on surface composition was
analysed. It has been shown that an increase in the molar
fraction of polyglycidol macromonomer during synthesis re-
sulted in the increased amount of polyglycidol fraction in the
surface. The authors also examined the influence of changes
in the particles’ synthesis conditions, namely from batch (all
reagents introduced from the beginning of the process) to
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Fig. 2 Structure of polystyrene-poly(x-tert-butoxy-w-
vinylbenzylpolyglycidol) copolymer composing the poly(styrene-
polyglycidol) shell [41].

continuous (polyglycidol macromonomer was added in a con-
tinuous manner to the reaction mixture) polymerization [22].

Generally, for composite polymer particles synthesized by
radical polymerization of comonomer A (styrene, methacry-
late) with macromonomer B (poly(ethylene oxide),
polyglycidol, etc. composed of z repeating units and containing
a polymerizable group (for example, styryl or methacryloyl)),
Fig. 3 shows the fraction of poly(macromonomer) building the
particle’s surface, y, can be calculated according to the equa-
tion:

Yz yz Yz

v+x o+ (1)

f (polymer B) = e

XPS analysis was used to study the surface layer of parti-
cles obtained by seeded dispersion polymerization of styrene
in the presence of poly(methyl methacrylate) particles. It re-
vealed that only polystyrene was present on the particles’ sur-
face and confirmed the core—shell morphology of the particles
[42].

XPS facilitates depth profiling analysis. Zhang et al. inves-
tigated compositional changes by depositing a thin latex film
prepared from polyacrylate core—shell particles containing
fluorinated polyacrylates [43] on a glass plate, sputtering poly-
mer from the film-air interface by bombardment with a 3 keV
Ar" ion beam. An extension of the sputtering time resulted in
proceeding from the film—air interface towards the film—glass
interface (etching) and revealed a gradient in the fluorine con-
tent. The highest fluorine concentration was found in the film—
air interface and gradually decreased going towards the film—

IR

Fig. 3 Schematic of the structure of a copolymer synthesized by radical
copolymerization of a comonomer and a macromonomer carrying the
same polymerizable entity. x denotes the number of repeating units of
one type of comonomer; y denotes the number of repeating units of the
macromonomer, and each of them carry a chain of the macromolecule
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glass interface, where the lowest value was found. Cui et al.
[44] noticed similar behaviour for a film formed on a glass
plate composed of fluorinated core—shell particles containing
a polyacrylate seed (methyl methacrylate (MMA), butyl acry-
late (BA) and triethylene glycol dimethacrylate (TTEGDMA))
and a shell made of 2,4-di(trifluoromethyl)-2,3,4,5,5,5-
hexafluoropentyl methacrylate (DFHMA),
vinyltriethoxysilicone (VTES) and TTEGDMA. XPS analysis
revealed that the composition differences in the film’s surface
strictly depended on the type of interface, i.e. film-air or film-
glass. Based on the XPS spectrum, the intensity of the signal
coming from fluorine (F1s) was higher in the film—air inter-
face than in film—glass interface. Migration of fluorine-
containing groups from the copolymer structure to the film—
air interface results from a decrease in the free energy in the
surface of the latex film [45]. Examples of XPS spectra dem-
onstrating the surface composition and deconvoluted C1s pro-
file are presented in the Fig. 4.

Static secondary ion mass spectroscopy

In SSIMS, [46] positive and negative secondary ions are emit-
ted under the influence of primary ions interacting with the
material being analysed. Primary ions can penetrate a sample
up to several nanometres in depth (a typical ion’s energy is 2—
4 keV) and deliver information about its composition within
this range of thickness. Known m/z factors of the emitted ions
facilitate the determination of the type of polymer present in
the region being analysed. It is worth mentioning that the use
of an intensive ion beam causes the removal of the outermost
layer of the surface giving information about changes in com-
position with depth. This method is termed “static” because
the gathered ion dose during spectral acquisition is sufficiently
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low enough for the surface to be essentially unperturbed dur-
ing the measurement [46].

Brindley et al. [47] evaluated the degree of coverage of a
polystyrene core with poly(ethylene oxide) (PEO) by combin-
ing XPS and static secondary ion mass spectroscopy (SSIMS)
methods. Particles were obtained by emulsion polymerization
of styrene and an acrylate macromonomer of PEO (M, =
2000). The authors noted that incomplete surface coverage
by the hydrophilic macromonomer, as observed in the spectra
of positive and negative ions, signals of secondary ions was
present not only from PEO but also from polystyrene. In the
spectrum of negative ions, signals were found that
corresponded to the following m/z values: 43, 58, 59, 61 and
85, attributed to poly(ethylene oxide) fragments presented
below:

CH, = CHO, CH, = CHOCH3 , HOCH = CHO ,
HOCH,CH,0O, CH, = CHOCH = CHO

In the spectrum of positive ions, signals at m/z values of
43, 45, 59, 73, 87 and 89 corresponded to following struc-
tures, respectively: CH, = CO'H, CH;CH = O'H, HOCH =
C = O'H, CH;0CH = C = O'H, CH, = CHOCH,CH =
O'H and CH5CH,OCH,CH = O'H. The authors demon-
strated that an increase in the PEO macromonomer concen-
tration during particle synthesis causes an increase of this
component in the surface. The spectra of positive ions pro-
vided information about changes of surface composition.
The intensity of the signal m/z = 91, corresponding to the
polystyrene fragment, diminished, whereas the signal of
poly(ethylene oxide) (m/z = 45) increased. It should be em-
phasized that SSIMS is a semi-quantitative method. Despite
its high sensitivity, this method needs to be supported by
electron spectroscopic methods, such as XPS [47] to obtain
precise fractions of components.
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Fig. 4 The XPS spectra of latex film: a survey spectrum and b the high resolution of C1s spectrum. Reprinted with permission from [45] Copyright ©

2010, ACA and OCCA
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SEM-EDX

SEM-EDX can be used for quantitative elemental analysis of
the particle’s shell surface. Simple SEM analysis yields infor-
mation about surface topology; however, when combined with
EDX, it can provide surface composition data. Under sample
bombardment, X-rays are emitted. EDX consists of counting
and sorting all characteristic X-rays according to their energy
level. He et al. [48] successfully investigated complex particles
composed of poly(butyl acrylate) core and a shell formed from
methyl methylacrylate, methyl dodecafluorinacrylate and 3-
methacryloxypropyltrimethoxysilane and
methyltrimethoxysilane.

One must remember that EDX gathers the information
from up to 2 p of sample depth depending on sample compo-
sition and applied beam energy. It is much deeper in compar-
ison with XPS and SSIMS methods. However, EDX is com-
monly coupled with microscopes working in a raster mode,
which facilitates distinguishing particle’s surface from the rest
of a particle.

Protein adsorption investigations

Evaluation of the degree of hydrophobic seed coverage (com-
plete, partial or none) with a hydrophilic polymer can be per-
formed indirectly using protein adsorption studies. In such an
experiment, the amount of adsorbed proteins on the particle’
seed is compared to the surface concentration value of
adsorbed proteins on the modified seed surface [49]. Protein
adsorption studies deliver qualitative information about sur-
face composition, which is useful in the evaluation of post-
modification processes, antifouling properties and interactions
with various surfaces.

Protein adsorption studies were carried out to confirm the
presence of PEO on the surface of polystyrene particles. PEO
is a commonly used hydrophilic polymer that reduces non-
specific interactions [32, 33, 50]. Similar behaviour is
displayed by polysaccharides, polybetains, polyglycidol, etc.
The polyglycidol structure resembles poly(ethylene oxide).
The difference lies in the presence of a methylhydroxyl group
in each repeating unit of polyglycidol. Surfaces composed of
hydrophilic polymers result in antifouling behaviour due to
the high mobility of their chains and/or formation of a water
layer that acts as an effective barrier, preventing the protein
from landing. For polyglycidol, water does not exclusively
interact with the polyether polymer main chain but with nu-
merous other accessible hydroxyl groups. The free enthalpy of
hydration calculated for polyglycidol and poly(ethylene ox-
ide) conformers is —26.14 and —16.05 kcal/mol [51], respec-
tively, which undoubtedly indicates the higher effectiveness of
polyglycidol hydration.

In addition to the XPS method, the presence of
polyglycidol on the surface of poly(styrene/polyglycidol)
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particles was also demonstrated through protein adsorption
studies [22, 49]. Particles were obtained by emulsion polymer-
ization of styrene and macromonomer o-tert-butoxy-w-
vinylbenzyl-polyglycidol in water. The hydrophilic property
of polyglycidol determines its location in the outermost region
of the core—shell particles during their synthesis. However,
massive hydrophilic segments of polyglycidol do not
completely cover the polystyrene domains. The authors no-
ticed that as the fraction of polyglycidol in the particle’s sur-
face increases, non-specific protein adsorption is distinctly
reduced [22]. A similar trend was observed for particles built
from polystyrene and poly(ethylene oxide) shells [52]. For
example, the surface concentration of human serum albumin
on poly(styrene/polyglycidol) particles with a 27.8 mol% frac-
tion of polyglycidol (value from XPS analysis) was equal to
0.22 mg/m?, whereas on a polystyrene particle’s surface, the
amount of HSA exceeded 1.50 mg/m? [22].

Visualization methods of the whole core—shell particle
morphology

Microscopic methods such as atomic force microscopy
(AFM), SEM and TEM can be used to determine a particle’s
shape and size [53]. In AFM, particles deposited on a flat
surface are scanned using the probe tip of the cantilever.
Interatomic forces, which occur between the tip and the
analysed sample’s surface, cause the deflection of the cantile-
ver. The degree of deflection results from changes in the sam-
ple’s surface topography or material properties such as chem-
ical, magnetic, etc. In the case of SEM, polymer particles are
deposited on a flat surface and are usually covered with a thin
layer of conducting material (e.g. gold) and are then scanned
with an electron beam. Electrons interacting with a sample
mainly cause the generation of secondary electrons (emitted
from atoms present in the surface layer), which are collected
with a detector, and the signal is then transformed into an
image. It should be emphasized that AFM and SEM methods
provide data about only the surface of the examined sample.
In contrast to SEM, during a TEM measurement, the electrons
transmitted through a sample are collected. Elements of high
atomic number scatter more strongly than those of low atomic
number and appear as dark regions in the image. In addition to
the shape and size of polymer objects, TEM can also provide
information, to some extent, about the radial internal distribu-
tion of polymer components in complex particles.
Satisfactory differentiation of polymer components by
TEM frequently requires the application of a staining agent
to change the contrast between components. However, there
are examples of TEM images showing complex particles
where staining is not needed to see the particle’s cross sec-
tions. The structure of polysilsesquioxane-poly(styrene-butyl
acrylate-fluorinated acrylate) hybrid particles was determined
without staining treatment [54]; distinct variation in electron
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penetrability of a particle’s core and shell was sufficient. Dark
and light regions were visible within the particles, which rep-
resent the core and shell, respectively. TEM images of poly(-
styrene/polyglycidol) particles without a staining treatment
showed a core—shell structure with a polystyrene core and
poly(styrene/polyglycidol) shell [55]. The core—shell mor-
phology of particles composed of a poly(methyl methacrylate)
core and polystyrene shell embedded in epoxy resin and sec-
tioned was easily visualized without any staining agents, as
PMMA decomposes in the electron beam [56]. For the same
reason, the morphology of poly(styrene/tert-butyl acrylate)
(PS/PTBA) and poly(tert-butyl acrylate/styrene) (PTBA/PS)
particles could be resolved owing to high polystyrene and
low PTBA contrast, respectively [57], as PTBA also
degradated under electron beam.

Nevertheless, it is rare that TEM can unambiguously deter-
mine a particle’s morphology and point out the location of
each polymer’s counterparts within the sphere, without stain-
ing. Usually, it is difficult to see a clear barrier separating the
core and shell because of the weak contrast between various
phases. In such situations, sample staining is required for
proper determination of the particle’s morphology.
Generally, there are positive and negative staining methods
[58]. Negative staining relies on sample preparation by em-
bedding the polymer particles in an electron-dense surround-
ing medium or sample deposition on a stained substrate. This
type of staining is popular in the analyses of biological sam-
ples. Positive staining consists of a chemical reaction between
the staining agent and specific parts of the sample, which
causes a visible difference between the stained regions (with
accumulated staining agent) and the regions that did not react
with the staining agent.

The most popular staining agents are oxides of metals such
as ruthenium and osmium (RuO,4 and OsQy,, respectively) or
compounds such as phosphotungstic acid or its sodium or
potassium salts, uranyl acetate and caesium hydroxide.
Phosphotungstic acid and uranyl acetate are examples of neg-
ative staining agents. The heavy metal oxides RuO4 and
0s0,, which have oxidative properties, are used as positive
staining agents. Rhutenium oxide exhibits stronger oxidative
properties in comparison to osmium oxide [59]. It is able to
stain most polymers, excluding poly(methyl methacrylate)
and polyacrylonitrile. As a result, RuO,4 is a more versatile
staining agent than OsO4. RuO,4 can be used to stain both
saturated and unsaturated areas, whereas osmium tetraoxide
is useful for the analysis of polymers containing unsaturated
moieties [60]. RuO, successfully stains saturated/unsaturated
hydrocarbons, aromatics, polymers containing hydroxyl, alde-
hyde, amine and ester groups [61]. Due to the fact that osmium
tetraoxide displays a preferential affinity for amines, hydroxyl
and ether groups through a coordination reaction, the mor-
phology of core—shell particles composed of a polystyrene
core and poly(ethylene oxide) shell (PS/PEO) was able to be

determined. TEM-stained images allowed for the differentia-
tion of individual components within the particle structure
[62], making it possible to estimate shell thickness; a dark
PEO shell and light polystyrene core were distinguishable.
Moreover, it was noted that the application of a hydrophilic
polymer with a higher molecular weight resulted in an in-
crease in the shell’s thickness. The thickness of a poly(ethyl-
ene oxide) shell covering a polystyrene core was also success-
fully determined using selective RuOy staining [63]. The dark
region of the particles was attributed to the poly(ethylene ox-
ide), whereas the light region was attributed to polystyrene. Ito
et al. [63] noted that the thickness of the PEO shell (h) on the
polystyrene core can also be roughly determined based on the
hydrodynamic diameter value (Dp ) determined by dynamic
light scattering in water and with the diameter corresponding
to dried polystyrene core (Dtgy) determined on the basis of
TEM images (7 = (Dprs — Dtem) / 2. Dynamic light scatter-
ing, also called photon correlation spectroscopy (PCS), is a
method used for the routine determination of a particle’s di-
ameter, which is suspended in a dispersing medium. A sample
of'the diluted suspension is illuminated with a laser beam. The
scattered light on the dispersed particles is registered at an
angle 0 in relation to the incident beam [64]. Because particles
in a suspension undergo continuous Brownian motion, the
intensity of scattered light changes over time. Analysis of
these fluctuations as a function of time provides information
about the particle’s motion. The diffusion coefficient of a par-
ticle is then determined. Using the Stokes—Einstein equation
[64], the average hydrodynamic diameter of the particle can be
calculated.

A representative procedure of sample staining with RuO,
or OsOy4 vapour treatment for TEM analysis is as follows: A
dry sample of the particles is embedded in resin and then
placed in a microtome, where ultrathin sections are cut on
water surface; then, the sections are put on a copper grid and
dried under reduced pressure conditions; after drying, the
samples are treated with a vapour of metal oxide; the samples
are then analysed. It is worth noting that imaging of the entire
particle without microtoming can lead to a mistaken evalua-
tion of the particles’ morphology, due to the difference in the
thickness of various regions of a spherical particle, i.e. the
difference in thickness of the middle and the periphery of a
particle.

Selective visualization of a region containing poly(acrylic
acid) areas in the structure of poly(butyl acrylate)/poly(methyl
methacrylate) particles was achieved by positive staining with
caesium hydroxide (CsOH), which did not react with the other
components of the particle [65]. A diluted suspension of par-
ticles was mixed with a 3 wt% aqueous solution of CsOH. A
drop of this prepared suspension was placed on a copper grid,
dried and analysed.

The morphology of particles composed of a polystyrene
core with a shell of polyacrylate containing fluorine was
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successfully determined by depositing of a diluted particle
suspension on a carbon-coated copper grid, staining it with
1.0 wt% phosphotungstic acid (PTA) for 3 min and drying it
[45]. The use of phosphotungstic acid also allowed for suc-
cessful determination of the structure of particles composed of
a poly(methyl methacrylate) core and a hydrophilic shell made
of biopolymers or polymers containing amine groups, such as
casein, gelatin, chitosan, branched poly(ethylene imine),
poly(allylamine) [66] or poly(vinylamine) [67]. A diluted
sample of analysed latex was put on a Formvar-coated or a
carbon-coated grid and dried. Then, samples were stained
with a 2 wt% solution of phosphotungstic acid for 30 min
and dried. Cui et al. also used a 2 % phosphotungstic acid
solution to stain the polyacrylate latex containing fluorine
and silicon atoms in the shell to achieve a clear, significant
contrast between core and shell [44]. A solution of phospho-
tungstic acid was also used to investigate the morphology of
polymer particles composed of a poly(n-butyl acrylate) core
and poly(methyl methacrylate-1,2,2,6,6-
pentamethylpiperidin-4-yl acrylate) shell [68]. The core and
shell regions were efficiently distinguished as white and grey
areas, respectively. The core—shell structure of particles with a
polyacrylate core (the white part) and a polydimethoxysilane
shell (the dark circle) was successfully confirmed with TEM
using a phosphotungstic acid solution as a staining agent [69].
It was possible to estimate the thickness of shell using TEM
pictures to show the polymer particle. The shell thickness
varied depending on the weight ratio of the monomers used
during their syntheses.

Core—shell morphology was also confirmed using a com-
bination of positive and negative staining agents. For exam-
ple, poly(n-butyl acrylate)/poly(methyl methacrylate) (P(n-
Bu/MMA)) composite microspheres were contrasted using
negative staining with uranyl acetate and positive staining
with rhuthenium tetraoxide [65]. The PMMA regions of the
particle were not stained; a virtual difference in chemical re-
activity of two particle components towards the used staining
agent, P(n-Bu), were visible as darker areas. The morphology
of these particles was also determined with TEM using a Pt-
shadowing technique. This revealed a light grey area that
corresponded to the hard PMMA part of the particle and more
highly contrasted dark inner area representing the P(n-Bu)
regions. The procedure of double staining applied to the poly(-
styrene/pyrrole) core—shell particles [4] assured a distinguish-
able contrast between the core and shell regions. First, the
sample was deposited on a copper grid and treated with an
RuO, vapour of 0.1 wt% RuO,4 aqueous solution at 40 °C for
1 h. Then, the grid was immersed in a 0.4 wt% phosphotung-
stic acid aqueous solution.

The sample preparation procedure for TEM analysis can
vary and should be adjusted for the specific system being
examined. It is known that registration of TEM images for
whole particles without a microtomed section can lead to

@ Springer

mistakes. However, sample preparation by microtoming can
also lead to some artefacts due to particle plasticization by the
epoxy resins or an overstaining effect [70]. Sometimes, it is
difficult to find a proper staining agent or a set of staining
agents to ensure enough contrast between the core and the
shell of a particle. Moreover, analyses of TEM images of a
particle’s structure are not precise due to a lack of clear infor-
mation about the existence of the interfacial region between
the core and the shell. Complete information about the com-
posite particle’s structure cannot be obtained by TEM analysis
alone and must be supported by another method.

Scanning transmission electron microscopy (STEM) is a
specific type of TEM that combines features of SEM and
TEM. A thin sample (like in TEM) is scanned with a focused
beam of electrons in a raster pattern (like in SEM). The beam
of electrons transmitted by the sample is recorded. STEM
supported by an EDX [71] delivered the elemental composi-
tion of shell and core parts of polypyrrole/poly(methyl meth-
acrylate) particles, revealing the existence of a continuous
shell composed of pure PMMA.

It is worth mentioning that particle images obtained from
conventional TEM do not reflect the actual spatial component
distribution in a particle’s native environment (in an aqueous
suspension). The structure of the soft shell component is lost
during drying, which is required for suitable sample prepara-
tion, because polymer chains collapse on the hard polymer
core [72]. Thus, conventional TEM is not useful in studies
of volume transition changes for thermosensitive polymers.
ATEM technique that enables the determination of a particle’s
actual structure in liquid suspension, excluding reorganiza-
tional changes of particle structure as a result of the sample
preparation technique, is cryogenic TEM (cryo-TEM). Cryo-
TEM is a useful technique to visualize a particle’s structure in
an aqueous suspension (in the dispersed state) by rapid vitri-
fication. Generally, a thin aqueous film is prepared on the
microscopy grid; then, the grid is immersed in a cooling me-
dium (usually ethane, just above its freezing point). At these
temperature conditions, a sample vitrifies immediately,
avoiding the effects of crystallization. Then, the grid with
the prepared sample is transferred to the microscope and
analysed at the temperature of liquid nitrogen [73]. Cryo-
TEM is a good tool for obtaining information about the spatial
distribution of the shell component attached to a polymer core
and to evaluate whether the shell is closely attached to the
core. Ballauff et al. [74] demonstrated that seeded emulsion
polymerization of polystyrene particles with N-
isopropylacrylamide and N,N-methylenebisacrylamide,
whose fractions varied from 1.25 to 5 mol%, leads to the
formation of core—shell particles, whose cross-linked
poly(N-isopropylacrylamide) shells are not fully attached to
the surface of the polystyrene core (Fig. 5). Cryo-TEM images
were recorded to visualize the appearance of PS/PNIPAM
particles at room temperature, in which the PNIPAM shell is
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Fig. 5 Cryo-TEM images showing differences in PS/PNIPAM particle
morphology depending on the cross-linking degree of PNIPAM shell by
N,N-methylenebisacrylamide, 1.25, 2.5 and 5.0 %, respectively. Blue and

swollen. It is worth noting that in images recorded by conven-
tional TEM, this swelling is not visible for a sample in the
dried state, where a PNIPAM shell releases water and the shell
component collapses onto the polystyrene core [75]. This ob-
servation forced the authors to look for new methods of poly(-
styrene/NIPAM) particle synthesis.

Ballauff et al. [76] investigated the thermosensitive proper-
ties of a PNIPAM microgel on a polystyrene core at 25 and
45 °C. A decrease in the particle’s diameter at 45 °C (above
LCSTpnipam = 32 °C) was consistent with the DLS measure-
ments. At this temperature, the cryo-TEM data for a particle’s
average diameter matched the DLS data, due to the compact
shell morphology that resulted from shrinkage by water expul-
sion. However, a small difference in the values of particles’
radii was observed in two methods. The average diameter ob-
tained by DLS was 109 nm, whereas with cryo-TEM, it was
103 nm. The reason for the diameter difference may still be a
result of the fact that TEM is not sensitive to single PNIPAM
chains. To prepare the sample at 45 °C, a drop of the particle
suspension was deposited onto a copper TEM grid; the grid
was kept in a humidity chamber at this temperature to prevent
water evaporation. After blotting a drop onto a thin film, the
grid was immersed in liquid ethane at its freezing point.

Cryo-TEM was applied to visualize the core—shell particles
with a soft shell composed of a zwitterionic spherical polyelec-
trolyte brush made of poly(2-(methacryloyloxy) ethyl dimeth-
yl-(3-sulfopropyl)ammonium hydroxide) ()MEDSAH), cover-
ing a hard polystyrene core [72]. The formation of the soft
polymer shell was analysed with contrast enhancement using
the prior particles contrasting with caesium iodide (Csl).
Caesium and iodine ions act as counterions towards ions pres-
ent in the polymer particle shell, improving the electron con-
trast. In cryo-TEM images, pMEDSAH chains displayed a
stretched conformation on the grid’s surface, which facilitated
the estimation of the particle’s shell thickness. Interestingly, the
authors noticed a clear difference between the shell thickness
estimated by cryo-TEM images (Lcryorem) and the

red circles signify hydrodynamic radii of polystyrene core and PS/
PNIPAM core-shell particles determined by DLS [74]. With kind
permission from Springer Science and Business Media

measurements taken with DLS (Lp;g). This inconsistency re-
sulted from insufficient contrast of the single polymer chains on
cryo-TEM images, which are noticeable in DLS experiments
(Fig. 6). Lprs was calculated using the difference between the
hydrodynamic radius (R, prs) of the core—shell particles and
the radius determined for the uncovered polystyrene core.

A complex formed between spherical poly(styrene sulfo-
nate), the SPB brush, and the cationic surfactant
cetyltrimethylammonium bromide (CTAB) in a dilute solu-
tion was investigated using cryo-TEM [77]. This was possible
because interactions taking place between the anionic parti-
cle’s shell brush and the surfactant leads the shell to contract.
When the ratio of the charge on the SPB to the charge of
CTAB (r) was 0.6, the surface layer composed of poly(styrene
sulfonate) chains and the adsorbed CTAB molecules partially
collapsed. Moreover, the complex formed in the solution of
NaBr (0.05 M) resulted in the attachment of globular

| |
Rh, DLS LcryoTEM

Fig. 6 Image representing the structure of particles composed of a
polystyrene core covered by a polyelectrolyte brush (\MEDSAH) using
the cryo-TEM (dashed green line) and DLS (dashed red line) methods.
Reprinted with permission from [72]. Copyright 2011 American
Chemical Society
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structures to the poly(styrene sulfonate) surface (see Fig. 7). In
this situation, when » = 1, the complex formed resulted in a
fully collapsed layer formed by the polymer brush and surfac-
tant molecules.

Polymer core—shell particles that contain a fluorophore can
be analysed using a confocal fluorescent microscopy. For ex-
ample, this method allowed confirmation of a particle’s mor-
phology synthesized from a poly(styrene/divinylbenzene)
seed covered by poly(p-phenylenevinylene) (PPV) [78],
which is a fluorophore. Particles were embedded in epoxy
resin, and microtomy was used to create a thin film containing
particle cross sections, which were later analysed. Proper de-
termination of the particle shell thickness relied on finding the
disk corresponding to the middle of the sphere (the thinnest
thickness value taken from all shell cross sections) and
rejecting those that deviated from this value.

Analysis of a particle’s morphology based only on visual
methods, such as TEM or confocal microscopies, is not com-
prehensive. In fact, precise determination of a particle’s struc-
ture is a complex matter and requires the use of additional
methods besides imaging to provide detailed information
about the weight fractions of distinct regions within the parti-
cle [70]. It is essential to determine whether an interfacial
region exists between pure polymers composing the core
and the shell, along with the region’s thickness and structure
(gradient or small domains).

Non-microscopical, quantitative methods of core—shell
morphology studies

Differential scanning calorimetry

Differential scanning calorimetry (DSC) can be used to deter-
mine the precise size of interphase region—the region existing
between the core and shell composed of pure polymers. DSC

100 nm
l:!

Fig.7 Cryo-TEM images of particles obtained as a result of poly(styrene
sulfonate) interactions with cetyltrimethylammonium bromide. The
image on the left demonstrates a PSS-CTAB complex (#=0.6) formed
at a charge in salt-free solution. The image on the right side shows a
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provides quantitative information about the distribution of the
components. Temperature-modulated differential scanning
calorimetry (TM-DSC) is especially sensitive to differences
in polymer composition. In this technique, also known as
modulated DSC (MDSC) and alternating DSC (ADSC), a
periodic temperature modulation of small amplitude is
superimposed on the underlying rate of conventional DSC
[79].

Generally, for blends composed of two polymers, thermal
analysis reveals three cases [80, 81]:

1. If two polymer components are well-miscible, then one
single signal of dCp/dT in the function of temperature is
observed,

2. If two components are partially miscible, then peaks at-
tributed to 7, of both polymers are smaller than measured
for pure components and do not return to baseline in be-
tween the two T,

3. If two components are completely immiscible, then two
signals are present and are ascribed to both types of poly-
mers, in dependence of dCp/dT in function of temperature.

A similar situation exists for polymer particles. The degree of
separation of two polymer components can differ from one sys-
tem to another. The final two-component particle morphology
depends on the mutual miscibility of two polymer phases as well
as reaction conditions such as temperature, type of continuous
phase, etc.

Quantitative analysis of two-component polymer core—
shell particles by DSC is performed under the assumption that
in particle morphology, the core, shell and diffuse interphase
between them can be distinguished (Fig. 8). These investiga-
tions, however, require an understanding of the differential of
heat capacity dependence with respect to temperature at the
glass transition of individual pure polymers.

complex formation at a charge ratio of 0.6 in 0.05 M NaBr. Dashed
white and black lines denote the hydrodynamic diameters of the core
and shell, respectively. Reprinted with permission from [77]. Copyright
2007 American Chemical Society
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Fig. 8 The model of the core—shell particles taken into consideration in
DSC studies assuming the existence of the core, shell and interfacial
region. R, R, and R; denote the thickness of the core, shell and
interphase, respectively. Reprinted with permission from [82].
Copyright 2012 Elsevier B.V

The heat capacity of the whole latex particle (AC,,,) can be
expressed as follows [82]:

ACpy = ACpe + ACy;: + AC),

where AC,., AC,i and AC, are heat capacities corre-
sponding to the core, interfacial region and shell, respectively.

Based on the known heat capacity for the pure polymers
that form the particle’s core (ACpe) and shell (AC,), heat
capacity values measured for a composite particle can be used
to calculate the weight fraction of individual phases and their
corresponding radii according to following expressions [82]:

A Cpe = weA Cpe,

A Cpy = weA Cpyo

_AC,  ACy
Cpca Acpso

w=1

where w,, w; and wq are the weight fractions of the core,
interfacial region and shell, respectively, and
R, = V/w.R
(Voo + we—y/)R

R, =
R, = (1— ’ w,-—|—o.)c>R

where R, R; and R, are the radii of the core, interfacial
region and shell, respectively.

MDSC was used to characterize the composite sulfonated-
polystyrene-poly(methyl methacrylate) (S-PS/PMMA) parti-
cles, obtained by polymerization of methyl methacrylate in-
troduced to emulsified S-PS in various oil/water systems (tol-
uene/ethanol; cyclohexanone/acetone; 1,2-dichloroethane/

ethanol) [83]. The authors obtained three types of particles.
TEM images showed no difference in morphology between
particles. However, MDSC results indicated that the compat-
ibility of two polymers varied from complete to partial misci-
bility. The particles exhibited various 7, values. On the basis
of dCp/dT dependence in the function of temperature, it was
possible to estimate the degree of separation. In fact, one type
of particle was formed from completely miscible polymers as
the dependence of dC,/dT = f(T) showed one signal located
between the signals that are attributed to pure sulfonated-
polystyrene and poly(methyl methacrylate)}—7, = w7 +
W, Ty, respectively (w;, w,—weight fraction of component
1 and component 2, respectively). For the two other types of
synthesized S-PS/PMMA particles, building polymers were
partially miscible. However, there is a noticeable difference
in the glass transition temperature values of the two other
types of particles. One of them exhibited a lower 7, value,
which suggests that in situ formed PMMA has a lower molec-
ular mass. As a result, a poly(methyl methacrylate) of a lower
mass causes the plasticization of the S-PS system.

MDSC was used to investigate the effect of the cross-link
density of a polystyrene seed on the thickness of the interfacial
region in the polystyrene/poly(methyl acrylate) (PS/PMA)
particles synthesized by seeded polymerization [84]. The
weight fraction of interfacial region was evaluated on the basis
of depletion of dCp/dT for PS/PMA compared to dCp/dT
values for pure components. The weight fraction of the inter-
facial region fluctuated from approximately 10 % for a
1 mol% cross-linking agent (divinylbenzene (DVB)) to above
15 % for 10 mol% of DVB. The calculation of weight frac-
tions was performed because AC, is proportional to the
weight fraction of pure components.

TMDSC experiments are time-consuming due to the need
for sample scanning at different frequencies during indepen-
dent runs. The solution to this inconvenience is to use the
TOPEM-DSC method (multi-frequency temperature-
modulated differential scanning calorimetry) introduced by
Mettler—Tolledo in 2005 [79], which facilitates the evaluation
of complex heat flow at various frequencies. In this method,
stochastic dependence of temperature modulation over time
(heating and cooling rate) is used. The solution is guaranteed
by taking random temperature pulses of various durations and
superimposing them on the underlying heating and cooling
rates. Such an approach delivers a wide frequency spectrum,
which facilitates the estimation of both “quasi-static” (fre-
quency independent) and “dynamic” heat capacity (frequency
dependent). Transitions, either frequency-dependent, like the
glass transition, or frequency-independent (crystallization,
melting), can be distinguished by this method in a single scan.
TOPEM-DSC facilitates the separation of temperature-
dependent and time-dependent thermal effects, which means
that additional signals can be observed that are not observed
through typical DSC.
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In the last 10 years, interest in TOPEM DSC for the anal-
ysis of core—shell polymer particles has grown. In practice,
this method turned out to be a useful tool to explore the impact
of the hard/soft characteristics of the core on the thickness of
the interfacial region.

Quantitative estimation of phase separation within the
core—shell microspheres, based on the heat capacity data,
was done for different complex, three-component polymer
particles obtained by seeded polymerization [82]. Based on
data concerning heat capacity (C,) attributed to pure compo-
nents (the core and shell of particles), real weight fractions (w)
and thickness R of all present regions within the composite
particle structure (core (w., R.), shell (ws, Rs) and interfacial
region (w;, R;)) was calculated assuming a rigid global shape
and the existence of the interfacial region exactly between the
particle’s core and shell [82, 85]. Morphological investiga-
tions of particles by DSC are possible provided that we know
the dCp/dT values for the pure core and shell, respectively.
Particles’ core and shell were all formed from the same como-
nomers—styrene, methyl methacrylate, butyl acrylate; how-
ever, they are mixed at various molar ratios, resulting in the
formation of soft or hard regions. The hard region was formed
from a higher amount of styrene and methyl methacrylate,
whereas the soft region was formed from a molar excess of
butyl acrylate. A series of composite polymer particles, which
were, respectively, composed of a hard core and soft shell (7
> T, ) orvice versa (T, . < Ty ), was synthesized. The authors
noticed that in the case of a hard core/soft shell particle for-
mation, a decrease in T resulted in core—shell particles with
a greater interfacial region (see Table 1, particles denoted as
Al, Bl and Cl1). This means that a lower 7, of the core,
especially below polymerization temperature, leads to an in-
crease in the phase miscibility and in the interfacial region
thickness as the mobility of polymer chains is higher.

During the formation of a hard shell (T > Tgynthesis) On @
soft core, a soft core—hard shell particle morphology was ob-
served due to restricted core penetration by the oligomeric

radicals of the growing chains of the shell polymer. Lower
values of T, favoured an increase in the interfacial region
thickness (see Table 1, particles A2 and B2). Moreover, C2
particles exhibited a homogenous morphology rather than a
core—shell structure. TOPEM-DSC curves recorded for Al,
B1 and CI and A2, B2 and C2 are presented in Fig. 9.

The impact of the hydrophilicity of the shell mixture com-
position on the final morphology of particles synthesized
starting from a hard core was also analysed (see Table 1, par-
ticles denotes as A1*, B1* and C1*). Acrylic acid (besides the
styrene, methyl methacrylate and butyl acrylate used to build
particles’ shell) caused depletion of the latex interfacial region.
The final particle morphology was consistent with the known
behaviour of hydrophilic components, which tend to exist in
the outermost layer between the particle and the water phase.
As a result, within composite particles, a better core/shell sep-
aration was observed.

It is worth noting that TOPEM-DSC allowed for the esti-
mation of the influence of the mobility of macromolecules
building a particle’ core on the radial composition of polymer
particles obtained by seeded polymerization.

Based on the data presented in Table 1, it is apparent that
TOPEM-DSC was a sensitive tool for the determination of the
presence and thickness of an interfacial region between the
core and shell of a particle. An interfacial layer as thin as
0.6 nm can be recognized using TOPEM-DSC, which means
that this technique is useful for the precise analysis of parti-
cle’s radial composition changes.

Mu et al. used TOPEM-DSC to demonstrate a multi-
layered structure for core—shell particles composed of five
types of copolymers by revealing the presence of interfaces
in a single scan over a range of frequencies without quantita-
tive details [86]. Apart from the signals attributed to each
component, two additional signals were present that related
to the presence of the two interfacial regions. It was possible to
confirm the particle’s morphology due to sufficient differences
in the T, values for each layer.

Table1 TOPEM-DSC characterization of particles containing a hard core/soft shell morphology and a soft core/hard shell moprhology

Particles Designed 7, /Ty, °C/°C Ty Ty °CI°C We R., nm Wy Ry, nm wj R;, nm
Al 90/0 82.8/15.1 0.483 36.1 0.494 9.3 0.023 0.6
B1 60/0 56.8/18.5 0.367 322 0.367 6.4 0.266 6.4
Cl1 40/0 35.1/19.7 0.291 28.8 0.290 4.7 0.419 10.0
A2 0/90 17.4/84.4 0.440 34.2 0.452 8.2 0.108 2.6
B2 0/60 21.4/54.8 0.301 30.8 0.361 6.4 0.338 8.8
C2 0/40 30.1 - - - - - -
Al* 90/0 91.1/13.8 0.478 39.1 0.511 10.6 0.011 0.03
B1* 60/0 69.4/16.2 0.433 38.6 0.445 6.4 0.112 33
C1* 40/0 48.8/13.4 0.441 38.1 0.385 7.5 0.174 44

This table was prepared based on data taken from [82]. Polymerizations were carried out at 75 °C. Ty, T, s denotes the glass transition of core and shell,
respectively. w,, w,, w; indicate weight fractions of the core, shell and interfacial regions, respectively and their corresponding radii: R, R, R;
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Fig. 9 TOPEM-DSC curves (temperature-dependent heat capacity
curves (a—c) and temperature-dependent dCp/dT curves (d—f) for hard
core—soft shell particles on the left side (41, BI, CI particles) and soft
core-hard shell particles on the right side (42, B2, C2 particles). On the
left side, PO indicates a homogeneous shell particles phase; P/, P2 and P3

Small-angle scattering methods

Small-angle scattering methods such as small-angle X-ray
scattering (SAXS) and small-angle neutron scattering
(SANS) were applied in structural studies of polymer core—
shell colloids. They provide information on the radial structure
of particles. The difference between these methods lies in the
type of radiation used. In SAXS, samples are treated by mono-
chromatic X-ray, which is scattered by electrons of atoms that
are present in analysed material. The higher the atomic num-
ber of element present in a sample, the stronger the scattering
of the X-ray. In SANS, a neutron beam is used, which is
scattered as a result of neutrons colliding with the nuclei of
the atoms in experimental material. The intensity of neutron
interactions with the atoms’ nuclei depends on their mass and
differs for various isotopes of the same element.

Fig. 10 Analysis of PS/PNIPAM
core—shell morphology by SAXS.
Reprinted with permission from
[75]. Copyright 1998 American
Chemical Society

Temperature °C

denote homogeneous core polymer latex particles. On the right side, PO
indicates a homogeneous core particles phase; P/, P2 and P3 denote
homogeneous shell polymer latex particles. Reprinted with permission
from [82]. Copyright 2012 Elsevier B.V

SANS and SAXS are sensitive to the excess of scatter-
ing length density or scattering electron density
(p(?)—pm) of the particles, where p,, is ascribed to the
solvent in which particles are suspended. Generally, the
scattering intensity is measured as a function of the mag-
nitude of the scattering vector ¢ (¢ = (47/N)sin(©/2)),
where A is the wavelength of radiation and © is the scat-
tering angle) [87].

In the total measured scattering intensity (I(g)), for a
suspension of non-interacting core—shell particles, distin-
guished contributions can come from three types of
structures:

Core—shell structure (Ics(g)),
Polymer shell displaying static inhomogeneities (Is(g)),
A solid polymer core (Ic(g)).

p(R) denotes radial
excess electron density

(P(R)=p(r)-Pm

@ Springer



2732

Colloid Polym Sci (2015) 293:2719-2740

To use small-angle scattering methods for particle investi-
gation, there must be sufficient electron density (for SAXS) or
scattering length density (for SANS) between the particle and
the dispersing medium. Satisfactory analyses of core—shell
particles are obtained provided that the core and shell differ
in the scattering intensity of electrons or neutrons. A conve-
nient situation is when one of small-angle scattering methods
facilitates the observation of only a particles’ core, whereas the
latter is sensitive to a particles’ shell. As an example, Ballauff
etal. [75, 88] examined particles built from a polystyrene core
with shell composed of poly(N-isopropylacrylamide). The
polystyrene core was invisible in SAXS analysis (6.4 ¢/nm’),
whereas in SANS, it exhibited the significant ability of neutron
scattering. In contrast, PNIPAM emitted a small signal in
SANS, whereas in SAXS, the shell built from PNIPAM was
explicitly evident (45.8 e/nm’) [75] (see Fig. 10). Therefore,
such analyses of core—shell particles can deliver complemen-
tary information about the particle structure.

SANS plays the important role of easily manipulating the
contrast of the components. It facilitates the selective scatter-
ing enhancement or reduction coming from the sample or its
parts, which is important during analysis of multi-component
samples. Generally, the strategy of contrast modulation relies
on the exchange of isotopes of elements composing parts of
the particle, for example, using deuterated monomers, which
exhibit a more significant scattering length density. Another
method of sample contrasting is dispersion of polymer parti-
cles in a mixture of H,O and D,0O, which causes contrast
enhancement due to stronger scattering of neutrons on the
deuter nucleus. This procedure was used to estimate the mor-
phology of polymer particles composed of a polystyrene core
and PNIPAM shell [88]. The hydrophobic character of poly-
styrene prevents water from penetrating the particles’ core. In
contrast to polystyrene, the PNIPAM shell was highly swollen
with water containing D,0. It is worth noting that SANS and
SAXS turned out to be appropriate tools in the investigations
of the radial structure of PS/PNIPAM particles at different
temperatures focusing on the PNIPAM shell volume changes.
The PNIPAM shell microgel deposited onto a solid polysty-
rene core exhibited swollen and shrunken states, i.e. below or
above the lower critical solution temperature (LCST) of
PNIPAM, respectively [88]. Figure 11 displays the results
obtained from SAXS measurements carried out at 25 and
40 °C, revealing thermoresponsive properties of a cross-
linked PNIPAM shell on a polystyrene core.

SAXS was applied in studies of the adsorption of non-ionic
and ionic surfactants, such as Triton X-405 and sodium dode-
cyl sulfate, on the surface of polystyrene particles [89-91].
The impact of the surfactant concentration on the thickness
of the surfactant coverage was determined. Moreover, SAXS
was used to analyse the structure of core—shell particles made
from two immiscible polymers. A polystyrene core and shell
formed from poly(methyl methacrylate) was synthesized by
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Fig. 11 SAXS analysis of PS/PNIPAM core—shell particles at 25 and
40 °C revealing changes of thermosensitive shell thickness. Reproduced
from Ref. [88] with permission from the PCCP Owner Societies

seeded polymerization [92, 93]. To obtain the radial structure
of the particles, a sucrose solution was used to ensure a suffi-
cient contrast variation of electron density. The p,,, value of
electrons/nm® of the sucrose solution was determined (332.79
+ 1.2827¢, where ¢ denotes the weight percentage of sucrose
in the respective solution) [92]. SAXS analysis provided the
quantitative information concerning the interface between the
polystyrene core and poly(methyl methacrylate) shell of
particles prepared by seeded polymerization in two ways:
Latex I and Latex II [92]. Latex I was synthesized in
monomer-starved conditions, whereas Latex II prepared by
first swelling polystyrene seed particles with monomeric
methyl methacrylate. SAXS analyses revealed a difference
in the characteristics of the interfacial region in the two types
of particles (a very sharp or a diffuse interface between the two
incompatible polymers). The thickness of the interface was
estimated by determining the region of the differentiated
electron density between the core and shell (electron density
of this region was more than 2 % above the value attributed to
polystyrene core and 98 % below the value of the electron
density corresponding to the PMMA shell) [92].

Chen et al. used SAXS to determine with high accuracy the
radial structure of core—shell polystyrene/poly(butyl acrylate)
particles, using various concentrations of sucrose to assure
appropriate contrast of the polymers’ electron density [94].
The estimated shell thickness was equal to 2 nm. Moreover,
the authors noted a lack of structural impact of contrast on the
particles’ morphology.

It is worth noting that small-angle scattering of X-ray or
neutron methods are sensitive to particle regions that display a
relevant difference in electron or neutron density compared to
the continuous phase (dispersant). Therefore, SANS and
SAXS do not allow for the observation of single polymer
chains. Structural results obtained by small-angle scattering
methods can be supplemented with dynamic light scattering,
which delivers information on the total hydrodynamic particle
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size. The application of efficient contrast variation does not
assure the visualization of single chains by SAXS and SANS,
which are involved in the particle diameter obtained by DLS
(Fig. 12) [95].

Expressions describing the intensity of scattering (/(¢)) for
polymer core—shell particles in SAXS, which include the in-
fluence of the densities of individual parts of a particle and the
density of the surrounding medium can be found in ref. [94].

Solid-state NMR studies

Solid-state NMR has been applied as a tool to determine the
structure of core and shell particles with detailed evaluation of
the substructures of the interphase region, which exists be-
tween the core and the shell. The spin-diffusion technique
has great significance. Such an experiment is based on the
difference in proton mobility between phases and is composed
of three parts: a selection period, a spin-diffusion process
called the mixing period of duration (#,,) and a detection peri-
od [57]. The selection period is based on proton magnetization
of one component, which is made using a dipolar filter (mag-
netization filter) that is derived from the original Goldman—
Shen experiment [96]. The dipolar filter consists of a pulse
sequence separated by a certain delay time (#4) in the range of
10-100 ps. The higher the delay time applied, the stronger the
dipolar filter is. Therefore, a short #; means a weak filter,
whereas a long #; means strong filter. The strength of the
dipolar filter can also be enhanced by increasing the number
of cycles to keep the delay time constant [57]. A strong filter
facilitated the detection of only very mobile regions, exclud-
ing the rigid component phase and interphase region whose
mobilities are reduced. Generally, the rigid components dis-
play strong dipolar couplings, whereas soft (mobile) phases
exhibit weak dipolar couplings. Filters of differentiated
strength used to investigate composite core—shell particles en-
able regions of different molecular mobilities exhibiting

N
diameter seen

by SAXS, SANS
Y
diameter obtained by DLS
(low number of long chains are seen)

Fig. 12 The range of particle diameter revealed by various scattering
methods

various spin-spin relaxation times, 7, to be revealed. In the
case of the interphase, the situation is complicated. When
applying a weak filter, mobilized parts of the rigid element
involved in the mobile phase can be still observed, whereas
the fraction of the mobile component, including the inter-
phase, can be reduced due to its decreased mobility and can
be suppressed by applying the dipolar filter. Experiments car-
ried out without filters enable the identification of all of the
components that comprise the whole particle. It is interesting
to note that the spin-diffusion technique is a suitable tool to
use to define the type of heterogeneities present within a par-
ticle’s morphology (microdomains, concentration fluctuations
on the length scale of several nanometres) and to determine its
size. The basic requirement for an analysed sample is the
difference in the NMR parameters of the two components that
allow for their distinction. Chemical shifts in the proton spec-
trum or a large enough difference in the mobility of the two
components comprising the particle is required. Mobility is
associated with the glass temperature (7,) of polymer ele-
ments. The component is regarded as mobile if its 7}, is lower
than the temperature conditions of NMR analysis. In contrast,
a polymer for which the 7, is higher than the temperature of
the spin-diffusion experiment is defined as rigid because its
motion is very slow.

In practice, for core—shell particles composed of two types
of polymers, between the two immiscible or partially miscible
components, there exists a gradient region, which is charac-
terized by gradually changing dipolar couplings in NMR
experiments.

A spin-diffusion curve expressed as signal intensity versus
square root of mixing time (#,,"’?) is obtained in the form of a
monotonical decay to a plateau value. The initial slope of the
spin-diffusion decay and later obtained plateau (called the
final value) provides crucial data about the structure of the
whole particles and their interphase region, including the pre-
cise measurement of its thickness. In Fig. 13, a typical spin-
diffusion curve is presented. The final value and *,,,"’* can be
used to calculate the volume to interface ratio (Vio¢/Sior) ¢ a, ON

Intensity

r N

final value

12
m tml/Z

Fig. 13 Typical spin-diffusion curve with an illustration of how to
determine the final value and #,*""%. Reproduced with permission from
[65]. Copyright Wiley-VCH Verlag GmbH&Co. KGaA
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the assumption that the proton densities of phases A and B are
identical [19, 65], according to following expression:

Vt0t¢ 12 DADA

Sior d)B\/_\/DA—‘r DB\/7

where Vi is the total volume of the particle; Sy, denotes
the total interface area between the two phases A and B; ¢4
and ¢p denote the proton fraction of phases A and B, respec-
tively, and D and Dy denote spin-diffusion coefficients of
phases A and B.

For particles with perfect core—shell morphology, slow
spin-diffusion decay is expected [19] (Fig. 14, the highest
curve). For particles containing small regions in the interphase
of the core—shell structure, fast spin-diffusion decay is ob-
served on the spin-diffusion curve (Fig. 14, intermediate
curve). For particles composed of a core—shell morphology
with small domains, a superposition of the abovementioned
curves is observed (Fig. 14, the lowest spin-diffusion curve).
The r*,,""* value can be estimated by extrapolating a straight
line in the region of the initial spin-diffusion crossing the
abscissa presenting mixing time.

The rate of spin-diffusion decay (initial slope) can be used
to estimate the thickness of the interphase region [57].

On the basis of spin-diffusion analysis of the core—shell
particles, it is possible to elucidate whether the interphase
displays a gradient character (gradient dipolar couplings
change). This means that the mobile polymer component is
immobilized by rigid component as its mobility is decreased
in comparison with a related pure mobile component. Based
on the known stoichiometric ratio of two comonomers used
during particle synthesis and the final value of the spin-
diffusion curve corresponding to the real mobile fraction, it
is possible to evaluate the fraction of the mobile phase

slow spin diffusion

Intensity

superposition of diffusion processes

02
* 172
:tm
1
0 5 10 15 20 25 30 35
.12 (ms"?]

Fig. 14 Schematic of spin-diffusion curves demonstrating the sensitivity
to different structures in the latex particles. Reproduced with permission
[19] Copyright Wiley-VCH Verlag GmbH&Co. KGaA
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engaged in the interphase region and the fraction of the sup-
pressed rigid component.

Using filters of different strength can help precisely analyse
the interphase region. For example, spin-diffusion experi-
ments carried out on particles built from a soft core and hard
shell and applying a weak dipolar filter revealed the particles’
fractions for the core and interphase regions, whereas a strong
filter showed only the particles’ core. Representative studies
of such systems using core—shell particles composed of a
poly(n-butyl acrylate) core and a poly(methyl methacrylate)
shell were conducted by Landfester et al. [19].

It is worth noting that the temperature of the spin-diffusion
experiment is essential to assure the relevant mobility of com-
ponents and to distinguish all individual components, specif-
ically the interfacial region. If the temperature of the experi-
ment is too high, it will yield information about the whole
core—shell structure, without detecting the aspects in the inter-
facial region, due to the lack of mobility difference. On the
other hand, at low temperatures, the experiment will not pro-
vide detailed data about the presence of small regions, due to
an excessively fast spin-diffusion process [97] The morphol-
ogy of poly((tert-butyl acrylate)/styrene) (PTBA/PS) inverse
core—shell particles and PS/PTBA particles was successfully
analysed using "H spin-diffusion solid NMR [57]. For proper
analysis, the temperature of the experiment was adjusted to
60 °C to facilitate the observation of PTBA magnetization
causing suppression the magnetization of rigid component
(PS), as the temperature of glass transition of uncross-linked
PTBA and PS equal 40 and 108 °C, respectively.

The spin-diffusion curve for PTBA/PS particles revealed a
two-step signal decay, which indicated the presence of two
structures. A fast initial slope indicated the existence of small
regions in the interface between the soft and hard phases. The
second step of magnetization decay for PTBA was slow at
longer mixing times and expresses the whole structure of par-
ticles. Experiments based on a gradual increase of filter
strength (Fig. 15), simultaneously maintaining a constant
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Fig. 15 'H spin-diffusion curves ass1gr1ed for PTBA/PS inverse core—
shell particles obtained with varying filter strength 7. =1-5. Reprinted
with permission from [57]. Copyright 1999 American Chemical Society
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delay time, caused a decrease in the fraction of the mobile
phase at the final plateau, which indicated a gradient region
between the two pure components.

Spin-diffusion data supported by numerical simulation pro-
vided information about the thickness of the interfacial region.
For PS/PTBA particles, the interfacial region was quite thin
(<5 nm) and was assessed base on the rapid decrease of PTBA
magnetization (initial slope) and high fraction of mobile phase
estimated from the final value of the magnetization plateau.

Landfester et al. [65] demonstrated the influence of the
appropriate 74 value on the magnetization suppression of the
rigid component (poly(methyl methacrylate)) for the core—
shell poly(n-butyl acrylate)/poly(methyl methacrylate) (PBA/

PMMA) particles. The temperature of the experiment was set
at 60 °C to obtain a magnetization of PBA acting as a mobile
phase. The mobile component exhibited a high mobility, with
a line width in the "H NMR spectra of 400 Hz. In these con-
ditions, the spin-diffusion coefficient of PBA was approxi-
mately 0.1 nm®ms ™', whereas for a rigid polymer, it was equal
to 0.8 nm” ms .

For PBA/PMMA particles synthesized from an equimolar
mixture of comonomers by semi-batch emulsion polymeriza-
tion, when the 74 was below 30 us, no spin-diffusion of the soft
core was observed. An increase in filter strength by adjust-
ment of #; to 30 us revealed the existence of two different
structures. The authors demonstrated the effect of a delay time

Table 2  Overview of characterization methods described in this review necessary for polymer core—shell particles

Method Sample form Observed particles’ region

Typical features of the method

Core Shell Interfacial region

Surface layer

TEM Dry + o+ -

Cryo-TEM Vitrified + + -

suspension

Confocal Dry +
fluorescence
Mmicroscopy

SAXS Suspension; dry + + +

SANS Suspension; dry + + +

DSC Dry + o+ o+

NMR

XPS Dry - - -

SSIMS

Protein adsorption Suspension - - +
studies

Qualitative; usually requires staining for differentiation
of the individual parts of particle structure; rough
determination of shell and core fractions; requires
microtoming for the cross-sectional analysis; elemental
analysis with EDX

Qualitative; reflects actual particle appearance in the
aqueous state; investigation of thermoresponsive
properties

Qualitative; only for samples containing fluorophores;
requires microtoming for the cross-sectional analysis

Quantitative; shows radial structure of particles; requires
difference in scattering intensity of electrons between
particle’ core and shell components; may require use of
additional contrasting; investigation of thermoresponsive
properties

Quantitative; shows radial structure of particles; requires
difference in scattering intensity of neutrons between
particle’s core and shell; may require use of additional
contrasting; investigation of thermoresponsive properties

Quantitative; determination of weight fractions of individual
phases within the particle; necessity of the determination
of heat capacity values for pure core and shell components

Quantitative; entire structure of the particle, detailed
evaluation of the substructures of the interface region and
its precise thickness; can detect the presence of small
heterogeneities in the core; requires difference in chemical
shift or mobility of components

Quantitative; composition data from the depth of ca.

5 nm; determination of coverage degree of polymer
core by shell polymer; possibility of surface etching
(depth profiling)

Semi-quantitative; composition data from the sample depth of
several nanometres; determination of coverage degree of
polymer core by shell polymer; possibility of surface
etching (depth profiling)

Qualitative; evaluation of degree coverage of hydrophobic
core with hydrophilic polymer and vice versa; estimation
of antifouling properties
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value on the shape of spin-diffusion curves. For series of PBA/
PMMA particles differentiated with the molar ratio of two
components, spin-diffusion experiments were conducted at
two t4 values, i.e. 2 and 80 us. For the weaker filter, PMMA
magnetization was not entirely suppressed. The final value
corresponding to the mobile phase was not consistent with
the stoichiometric ratio as it exceeded the expected value.
The situation was completely different when a stronger filter
was used. Investigations uncovered differences in the parti-
cles’ structures that were strictly dependent on the mutual
molar ratio of the two components used. It was also confirmed
that with the increase in the rigid shell fraction, the mobility of
the core phase gradually decreased, as evident from the de-
crease in the final values. Spin-diffusion experiments carried
out for various PBA/PMMA particles showed that an increase
in the amount of rigid shell-building component during the
particle synthesis exerts a better phase separation, causing
depletion of the interphase region.

At this point, it is worth mentioning that solid-state NMR
analysis of composite core—shell polymer particles can deliver
information about the whole structure of particles and detailed
information about the present heterogeneities. It strongly de-
pends on the experiment parameter, i.e. the filter strength in a
spin-diffusion experiment. Usage of a weak filter strength re-
sults in spin-diffusion sensitivity to the entire structure of com-
posite polymer particle, indicating the existence of core—shell
morphology. An increase in the filter strength causes the en-
hancement of spin-diffusion sensitivity exclusively to the het-
erogeneities formed from the mobile copolymer, containing
also rigid type of component. Summarizing, the small sub-
structures of the particle core can be detected when the
strength of the spin-diffusion filter is increased. Moreover,
Kirsch et al. indicated the sensitivity limitations of spin-
diffusion experiments in determination of entire particle mor-
phology which diameter was as big as 400 nm [57].

Ishida et al. [98] used solid-state'>*C NMR spectroscopy
to identify the impact of the cross-linking agent (allyl

methacrylate) concentration on the final morphology of
core—shell particles (PBA/PMMA) prepared by two-step
emulsion polymerization of butyl methacryle and methyl
methacrylate with the molar ratio of 4:1. In the first step,
allyl methacrylate was introduced. The resulting micro-
spheres did not display a typical core—shell morphology,
but rather, poly(methyl methacrylate) areas were embedded
in the PBA phase. The application of a lower concentration
of allyl methacrylate resulted in phase separation favouring
the core—shell structure. Evaluation of the particles’ mor-
phology was performed using 'H spin-lattice relaxation
times (7,n) and B¢ spin-lattice relaxation times (7,c),
which revealed phase separation in the range of several
nanometres.

Conclusions

We have discussed methods that enable the resolution of the
morphology of polymer particles composed of two or more
components. Overview of these methods is presented in
Table 2.

Of the imaging methods presented, the most popular one is
transmission electron microscopy. Appropriate sample prepa-
ration facilitates the successful visualization of the particles’
core and shell. However, precise data concerning the particles’
morphology can be obtained only using methods that provide
a quantitative analysis of all phases, including the interfacial
region, which is not visible using imaging methods. Amongst
the methods used in detailed morphological studies of core—
shell particles were DSC, NMR and small-angle scattering
methods (SANS, SAXS). We have also highlighted the poten-
tial of direct and indirect methods that can be used for deter-
mination of surface composition.

Control of a particle’s morphology can play a decisive role
not only from a scientific point of view but also when deciding
about the potential application of the product. In terms of

Table 3  Examples of polymer core—shell particles where morphology was investigated by two or more methods

Core—shell particles Methods Ref.
Poly(styrene/polyglycidol) (P(S/PGL)) XPS, TEM [41, 55]
Poly(styrene/poly(ethylene oxide) (PS(PEO)) XPS, SSIMS, TEM [47, 62, 63]
Polystyrene/poly(methyl acrylate) (PS/PMA PS/PMA) SAXS, MDSC [84]
Polystyrene/poly(N-isopropylacrylamide) (PS/PNIPAM) SAXS, SANS, TEM, cryo-TEM [74-76]
Sulfonated polystyrene/poly(methyl methacrylate) (S-PS/PMMA) MDSC, TEM [83]
PTBA/PS TEM, NMR [57]
PS/PTBA

Polypyrrole/poly(methyl methacrylate) (PPy/PMMA) STEM-EDX [71]
Poly(styrene/pyrrole) (P(S/Py)) XPS, TEM [4]
Poly(n-butyl acrylate)/poly(methyl methacrylate) (P(n-BA)/PMMA) [65]
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future applications, it is essential to determine the composition
of the outermost layer of the particles.

It is worth noting that a full analysis of polymer parti-

cles’ morphology synthesized from two or more compo-
nents usually requires the application of at least two
methods (Table 3).
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