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Core—shell polymer latex particles are intensively used in
paints, coatings, adhesives, and impact modifi@Recently,
several applications of coreshell and multilayer particles in
“high-tech” applications emerged such as the production of
materials for three-dimensional optical data storagecurity
data encryptiort,multilayer dielectric resonatoPsand photonic
crystals®

Submicrometer-size coreshell and multilayer latex particles
are typically obtained by interfacial emulsion polymerization
in which the shell-forming polymer is polymerized on the
surface of seeded “core” particlés’ The synthesis of latex
particles with a coreshell morphology is a desirable but not
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(n=1.59) and low § = 1.43) refractive indice¥] respectively.
Such structure was inspired by the potential use of-PS
PTFEMA particles as the multilayer dielectric resonafors.

Scanning electron microscopy (SEM, S-5200, Hitachi) was
employed to examine particle size and shape. A scanning
transmission electron microscope (STEM, HD-2000, Hitachi)
was used to characterize the internal structure of the multilayer
particles. The difference in densities of PTFEMA and PS (1.45
and 1.06 g/cr) respectively”19 made it possible to observe
the multilayer structures by TEM, whose contrast is correlated
to the massthickness of the speciméf.The detectors of
STEM included a secondary electron detector (SE images) and
two transmission electron detectors for bright field imaging (BF-
STEM) and for high angle annular dark field imaging (HAADF-
STEM). An energy-dispersive X-ray (EDX) spectrometer was
coupled with the STEM instrument. Imaging experiments were
conducted in several modes: we imaged intact individual
microbeads and examined the structure of 70 nm thick particle
slices. The slices were obtained in two ways. In the first method,
we dispersed the microbeads in a 10% aqueous glycerol solution,
froze the dispersion in liquid nitrogen at196 °C, and then
cryomicrotomed the particles with a glass knife (Leica Ultracut
UCT microtome in a cryochamber) atl60 °C. Alternatively,
we embedded the microbeads in epoxy resin (#052, low-
viscosity resin kit, Canemco Inc., standard recipe) and micro-
tomed them at room temperature.

Examination of Particle Morphology in Different Modes.
Figure 1 shows the morphology of the PBTFEMA multilayer

the sole scenario of such synthesis: raspberry, acorn, sandwichparticles examined by using SEM and STEM. To achieve better

and even phase-inverted cerghell particles have been re-
portedl® The formation of a particular structure of microbeads
is governed by the interplay of thermodynamic and kinetic

contrast, during TEM imaging we used a HAADF detector. In
such experiments contrast between the different phases of the
sample depends on the atomic numbers of elements comprising

factors such as the interfacial energy between the constituentthese phases and the density of phases.

polymers, the type of initiator used, the feeding rate of

Figure 1a shows representative images of the cryomicrotomed

monomers, the degree of cross-linking of the polymers, and the myltilayer beads. In each particle a polystyrene core and the

reaction temperature .10

two PS layers appeared dark and two PTFEMA layers appeared

The multiphase structure of the composite latex particles is pright, consistent with the order of feeding styrene and trifluo-

typically characterized by transmission electronic microscopy
(TEM),”~10 atomic force microscopy (AFMY: confocal fluo-
rescent microscopy (CFM)2 scanning transmission X-ray
microscopy (STXM).3 solid-state nuclear magnetic resonance
(NMR) spectroscopy? and differential scanning calorimetry
(DSC)*5 Sundberg et al® combined SEM, TEM, DSC, and
NMR methods to determine the structure of coeshell latex

roethyl methacrylate in the reaction mixture. Periodic modulation

in the brightness of the layers confirmed a multilayer morphol-

ogy of the microspheres. We note that in Figure 1a the particles
did not appear spherical while the SEM image in Figure 1d

confirmed their spherical shape. Similar distortion in the shape
of cryomicrotomed spherical latex microbeads was observed
by several group¥ The reason for the distortion in particle

particles. Among these methods, imaging the structure of shape could originate from the shear force applied to the

particles by using TEM is the most straightforward method,

especially when energy-dispersive X-ray (EDX) detectors are

available for elemental analysis of different phases.

Herein we report advantages, limitations, and artifacts of TEM
imaging of multilayer polymer particles. The microbeads were
synthesized in a semicontinuous emulsion polymerization
process in which styrene and trifluoroethyl methacrylate were

microbeads.

Figure 1b shows a representative TEM image of the multi-
layer microspheres embedded in epoxy resin and microtomed
at room temperature. Two features contrast this image from
Figure 1la: (a) the particles largely retain their spherical shape
due to the “support” of the hard epoxy resin during microtoming,
and (b) the particles feature a dark PS core and three (instead

supplied to the reaction mixture in five alternating stages. The ¢ four) consecutive layers of PTFEMA, PS, and PTFEMA.

recipe for the synthesis of the particles was reported else-

where®¢ It was assumed that in the resulting particles poly-
styrene (PS) and poly(trifluoroethyl methacrylate) (PTFEMA)
will form a PS core and four alternating layers with high
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The forth PS layer is barely observed due to the low density
contrast with the matrix of epoxy resin.

We also found that at an accelerating voltage of 200 kV
particle morphology could be examined by the “imaging
through” method which did not require the microtoming of the
sample. Since STEM is free of post-specimen lenses, the
chromatic aberrations were significantly reduced, and conse-
quently, in the dark field mode imaging of samples with the
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Figure 1. (a) HAADF-STEM images of microbead slices obtained by cryomicrotoming. (b) HAADF-STEM images of slices obtained by microtoming
the particles embedded in epoxy resin at room temperature. In (a, b) the thickness of the slices is 70 nm. (c) HAADF-STEM images of intact
particles obtained by “imaging through” the microbeads. The accelerating voltage and emission current are 200 ki/Aamdspectively, for all

the STEM images. (d) Typical SEM images of the four-layer particles with a PS core and alternating layers of PTFEMA and PS. Scale bars are
1um.

thickness of up to zm was possiblé? In these experiments a
droplet of latex emulsion was deposited on the TEM grid and
allowed for evaporation of water. Figure 1c shows a typical
dark field TEM image of the multilayer particles with the same
sequence of alternating dark and bright layers and the relation-
ship between their thicknesses as in Figure 1la,b. We admit
however that in Figure 1c the interface between the PS and
PTFEMA layers in not as sharp as in the images of microtomed
particles. The blurriness of the interfaces was attributed to the
interference of neighboring layers in the nonmicrotomed
particles along the pathway of the electron beam. Nevertheless,
this relatively simple “express” method could be successfully
used for the qualitative examination of the multilayer morphol-
ogy of microbeads.

“Contrast Inversion” Induced by Irradiation. For the
cryomicrotomed particles, we routinely observed contrast inver-
sion during imaging under magnifications above 15900
Figure 2 shows typical TEM and SE images of the four-layer
particles cryomicrotomed at-160 °C and imaged under
magnification 60 00& by using a 200 kV electron beam.
Originally, the PS core and the PS layers appeared dark, and

PTFEMA layers were light. Contrast inversion occurred in particle slice obtained at magnification 60 800This image shows

sevgral Second§ aftler The peginning of imaging (Figure 251)- IN “contrast inversion” comparing with the image acquired for the same
addition, following irradiation a smooth surface of the slice sample at magnification 7080in Figure 1a. (b) SE image of the same

became rough (Figure 2b). The effect of contrast inversion slice obtained at magnification 60 080 The appearance of surface

occurred due to the stronger etching of the PTFEMA phase roughness in this image indicates that the PTFEMA phase is etched.

Fluorinated pol diation d dable: chai . . The accelerating voltage and emission current were 200 kV and 30
uorinated polymers are radiation degradable: chain scission, ,a “respectively. Scale bars are 500 nm.

cross-linking of polymer chains, and the overall loss of polymer

mass occur under irradiation with an electron béarwe 3b a high-magnification TEM image provided the most detailed

conclude that examination of particle morphology under high information about the composition and structure of the multi-

magnification can be misleading unless special care is taken tolayer particles. This image showed the effect of the order of

reduce contrast inversion. polymerization of styrene and trifluoroethyl methacrylate on the

Figure 2. (a) HAADF-STEM image of the cryomicrotomed multilayer

To minimize radiation-induced damage of the specimen, we
carried out cryoSTEM imaging, in which the temperature of
the sample holder during imaging was maintainee 200 °C.
Figure 3a,b shows typical TEM micrographs of the microtomed
particles imaged under different magnification. The quality of
the TEM image of the collection of particles (Figure 3a)
dramatically improved in comparison with Figure 1b. In Figure

sharpness of interfaces in the latex microsphere. When PS was
synthesized on the surface of the PTFEMA layer, the interface
was sharper than that when PTFEMA was synthesized on the
PS layer. Moreover, a high-resolution TEM image in Figure
3b allowed us to analyze the multiphase structure of the latex
beads quantitatively. For instance, for the first and second layers
of the particle in Figure 3b we estimated the thicknesses O&IBQ/
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Figure 3. Low- (a) and (b) high-magnification cryoHAADF-STEM § 804
images of the cross sections of microbeads obtained by microtoming %
particles embedded in epoxy resin. The temperature of the sample holder <
during imaging was-100 °C. The accelerating voltage and emission g 404 Fluorine
current are 200 kV and 30A, respectively. Scale bar isAm. ﬁ
PTFEMA-rich layer (bright), PTFEMAPS composite layer O_WMMM
(gray) and PS layer (dark) to be ca. 9520, 120+ 20, and

105 4+ 10 nm, respectively. 0 400 ) 800 1200
To explain the formation of the composite phase between Distance (nm)
PS and PTFEMA layers, we refer to the difference in glass Figure 4. Variation in carbon and fluorine contents in multilayer
P particles measured by energy-dispersive X-ray analysis. The experi-
tranS|t|o_n terr;peratures of PS and PTFEMA. (1(.)0 anc@p ments were conducted for the same particle slice by using a sample
respectivelyf? At the temperature of polymerization of 8C, holder at room temperature (a) and-a00 °C (b).

styrene diffused into the soft PTFEMA layer. This process was

followed by phase separation of PS and PTFEMA, as shown in jn the particles, caused by the massickness match between
Figure 3b. PS and epoxy resin (most frequently used in TEM imaging),
Characterization of the Composition of the Layers We and (c) change in particle shape in the stage of cryomicrotoming
used energy-dispersive X-ray (EDX) analysis for elemental due to a strong shear force imposed on the microbeads. These
mapping of carbon and fluorine elements in the alternating layers effects can lead to the incorrect conclusions about particle
of the microbeads. Polystyrene and PTFEMA layers have a composition, structure, and shape. We showed that each of these
different content of carbon and fluorine. On the basis of the artifacts can be avoided by conducting TEM imaging under
molecular structure of these polymers, the content of carbon is appropriate conditions and/or by carrying out TEM imaging in
92.3 and 42.8 wt % in the PS and PTFEMA layers, respectively. complementary modes. We stress that contrast inversion is
The content of fluorine is 33.9 and 0 wt % in PTFEMA and in important in TEM studies of other p0|ymer SystemS, e.g., in
PS layers, respectively. Thus, we expected a sharp modulationpjock copolymer systems where high-resolution imaging pro-
in the content of carbon and fluorine in EDX spectra of the vides detailed information about polymer self-assembly.
microtomed particles. Figure 4 shows the variation in carbon
and fluorine contents in the different layers of the particles. The  Acknowledgment. The authors are grateful to NSERC for
profiles were acquired for the same particle slice. When STEM financial support of this work through the AGENO program.
examination was carried out at room temperature, we observedg K. thanks Canada Research Chair support.
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