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Summary: Polymer particles with submicrometer dimensions show promising
applications in “bottom-to-top approach” to fabrication of materials with periodic
structure, function, and composition. A novel approach to producing such
materials is proposed, which employs core-shell particles with specific structures
and compositions. We report on the synthesis of core-shell particles using
interfacial polymerization and heterocoagulation techniques. The compositions of
core-forming material and/or the shell-forming polymers were selectively
controlled to be make the cores or the shells rigid or fluid, fluorescent or non-
fluorescent, organic or inorganic. Several potential applications of nanocomposite
materials obtained from these particles are demonstrated, including three-
dimensional optical data storage and optical limiting and switching.

Introduction

Recently, nanocomposite materials with periodic structures have stimulated great interest in
Materials Science because of their potential applications as chemical sensors, optical data
storage devices, and optical limiters and switches." In the “bottom-to-top” approach to
fabrication of such materials functionalized particles with a very narrow size distribution and
dimensions varying from several hundred nanometers to several microns can be viewed as the
building blocks or structural units. Furthermore, the utilization of submicrometer particles
with a core-shell or multilayer morphology allows one to obtain complex compositional and
structural patterns in the ultimate nanocomposite material.

Our group developed a “core-shell” strategy for fabrication of periodically nanostructured
polymer-based materials.”> An overview of the core-shell approach is given in Figure 1. The
essential feature of the core-shell particles synthesized in Stage A is a specific relation
between the glass transition temperatures, Tg, of the core-forming polymer (CFP) and the
shell-forming polymer (SFP): the glass transition temperature of the SFP should be
substantially lower than that of the CFP, that is, Tg,srp < Tgcrp. The core-shell microspheres
are assembles in a periodic array in Stage B and annealed at the temperature Tg,srp < Tanncaling

< Tgcrp (Stage C), at which the SFP softens and flows, forms ultimately a continuous matrix,
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while the CFP remains intact and produces the disperse phase of the nanocomposite material.
This strategy provides several levels of control over the structure and function of the
nanostructured material, that is, over particle dimensions, number density, and the
composition of the particles and the matrix. First, core-shell particles can contain organic or
inorganic polymers in the core and/or in the shell. Second, a combination of inorganic cores
and polymer shells can be used. Finally, core- and shell-forming polymers can be physically
doped or chemically functionalized with different species tailoring interesting novel properties
to the ultimate material. In particular, when the core and the shell have different optical
properties, e.g., refractive index, nonlinearity, or fluorescence, the ultimate periodically

structured material can perform as a photonic crystal.
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Figure 1: Schematics of the “core-shell” approach to producing polymer-based
nanostructured materials. A: synthesis of core-shell particles; B: assembly of core-shell
particles in periodic arrays; C: heat processing of core-shell particles to produce
nanocomposite material.
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Three different methods used in the preparation of core-shell particles are shown in Fig. 2.
Interfacial polymerization of the shell on the surface of a polymeric or an inorganic core (Fig.
2a) is preferred when the core-forming material (CFM) and the shell-forming polymer (SFP)
have a reasonably high compatibility. When the CFM and the SFP have a high interfacial
tension, electrostatic interaction approach is the method of choice.’> In this approach,
dispersions of oppositely charged large particles of the CFM and small particles of the SFP are
mixed and annealed, as shown in Fig. 2b. Upon mixing, electrostatic attraction between the
beads leads to the formation of individual monodisperse heterocoagulates. Annealing them at
the temperature exceeding Ty of the SFP results in the formation of core-shell particles.

Finally, organic or inorganic cores can be encapsulated with a polymeric shell by controlled
phase separation technique, as shown in Fig. 2c.* In this approach, particles of the CFM are
dispersed in the solution of the SFP. Controlled phase separation of the SFP solution is
induced by either changing temperature or adding a non-solvent. Precipitation of the SFP on

the core surface, accompanied by heat processing results in the formation of core-shell
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particles.

(a) Interfacial polymerization

Q + monomer

(b) Heterocoagulation
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Figure 2: Methods used for preparation of core-shell particles.

In this paper we focus on interfacial polymerization and controlled heterocoagulation which
have been extensively utilizing in our laboratory to produce core-shell particles. In addition,
we also demonstrate and discuss several potential applications of these particles in fabrication

of polymer materials with advanced optical properties.

Polymeric Core-Shell Particles Obtained by Interfacial Polymerization

Emulsion polymerization is a common technique used in production of organic core-shell
particles. Extensive studies have been carried out to examine the effect of polymer/water and

polymer/polymer interfacial tension,”” the effect of initiator,®’ the mode of monomer addition

10-12

(batch vs. semi-batch), and the effect of cross-linking agents'® on morphology of the

composite latex particles.

1.14

Here, we modified the approach introduced by Rudin et al.”" to prepare monodisperse core-

shell particles with the size varying from ca. 200 nm to 1.5 pm. Core-shell particles with a
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hard core and a softer shell were synthesized to produce optically responsive polymer
nanocomposite material with a periodic structure shown in Fig. 1c."* The core forming
polymer, CFP, was a homopolymer of poly(methyl methacrylate), PMMA, and the SFP was a
random copolymer of poly(methyl methacrylate) and poly(butyl methacrylate), P(MMA-co-
BMA)."® The CFP was functionalized with a small amount of 2-[methyl-(7-nitro-2,1,3-
benzooxadiazol-4-ylamino]ethyl-2-methyl methyl methacrylate (NBD-MMA), a fluorescent
dye-labelled comonomer. Ethylene glycol dimethacrylate (EGDMA) was used as a cross-
linking agent to suppress diffusion of dye-labelled molecules from the core to the shell.

Figure 3. Laser confocal fluorescent microscopy (LCFM) image of the nanostructured
material prepared from core-shell particles with rigid 650 nm PMMA cores and 205 nm
P(MMA-co-BMA) shells. (a) surface; (b) 30 pm below the surface. Scale bar is 10 um.

It was found that in order to produce a void-free material, the minimum thickness of the shell

had to be at least 0.2r;, where r. is the core radius. The glass transition temperature of the
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P(MMA-co-BMA) shell was tuned to 90 °C by adjusting the MMA/BMA ratio to 2/1, while
the glass transition temperature of the core was 134 °C. A continuous nanocomposite film
was formed by slowly settling dispersion of core-shell particles at room temperature and then
annealing the array at 110 °C, that is, about 20 °C above Tgcpp. Figure 3 shows the surface
and bulk morphologies of the nanocomposite, examined by laser confocal fluorescence
microscopy (LCFM). The core has a diameter of 640 nm and the shell has a thickness of 205
nm. As shown in the images, the SFP forms a continuous optically inert phase (dark
background), whereas fluorescent CFP particles remain intact (bright domains). The distance
between the fluorescent cores is controlled by the thickness of the shell.

The core-shell approach to fabrication of periodically nanostructured materials was further
modified by using three-layer latex particles with fluid cores.” Latex particles with a fluid
core, rigid shell 1, and matrix-forming shell 2 were used as the building blocks in the
fabrication of polymer nanostructured materials with liquid inclusions.'® This work was
motivated by the fact that the speed of photochemical reactions of dyes and chromophores
could be significantly increased at temperatures exceeding the T of the host polymer." In our
work, fluid core particles having Ty = —1.6 °C and an average diameter of 300 nm were
synthesized by copolymerizing butyl acrylate (BA), and MMA in the weight ratio of 1.5. The
CFP were copolymerized with a small amount of NBD-MA and cross-linked with 1.5 mol %
of EGDMA. In the second stage, the fluid cores were encapsulated with a thin rigid shell by
copolymerizing BA and MMA in the BA/MMA weight ratio of 0.05. The challenge in
synthesis of these fluid core-hard shell particles was to suppress rupture of shell 1, which
released the fluorescent CFP in the surroundings. The rupture phenomenon occurred during
the synthesis of the rigid shell stage at 80 °C and/or during cooling of the core-shell particles
from 80 °C to room temperature. This feature was caused by the difference in
thermoexpansion coefficients of the CFP and SFP-1, which generated pressure gradients in
shell 1. It was found that rapture was closely related to the extent of cross-linking of the SFP-
1. An increase in the amount of EGDMA to 9 mol % resulted in an increase of Young
modulus of the SFP-1 sufficient enough to suppress shell rupture. The second shell (SFP-2)
was consequently synthesized on the surface of the bilayer particles by copolymerizing MMA
and BMA in the weight ratio of 1/1. The specific relationship between the glass transition
temperatures, Tg’s, of the polymers incorporated into the core-shell particles was Tg,crp <
T, srp2 < Tg,sep-1. Nanocomposite polymeric films were obtained by heat processing of the

arrays of three-layer particles at temperature, Tgspp.2 < Tann < Tg,srp-1. The morphology of the
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nanostructured material was studied by examining the distribution of the fluorescent dye in
the polymer film.

Figure 4a shows LCFM image of the nanocomposite material obtained from the three-layer
particles with fluid cores, while Fig. 4b illustrates the morphology of the control sample,
prepared from the dispersion of the two-layer core-shell particles with rigid fluorescent cores.
The control sample obtained from the core-shell particles with rigid PMMA cores and
P(MMA-co-BMA) shells showed a higher optical contrast between the particles and the
matrix, as shown in Fig. 4b. However, the film obtained from the three-layer particles with 9
mol % EGDMA in SFP-1 also had a reasonably high contrast, indicating that rupture of the
SFP-1 was essentially suppressed.

In the next step, the distribution of the fluorescence species between the CFP, SFP-1, and
SFP-2 was examined quantitatively. All LCFM images were taken at the same magnification
at depth 10 pm below the surface of the sample using the same microscope settings
(brightness, contrast, intensity of sample irradiation and the number of scans). The spatial
variations of fluorescence intensity in the film prepared from the particles with fluid cores and
in the control sample are shown in Fig. 4c and d, respectively. In fluorescence line profiles,
the distribution of the fluorescent dye between the different phases in the films was
characterized by the peak-to-well height, the width of the peaks, and the average brightness of
the fluorescent domains. A contrast parameter, CP, calculated as the average of 50 values of
the peak-to-well heights was equivalent to the signal-to-noise ratio in the nanocomposite film,
and it characterized the distribution of the fluorescent molecules in the material. The values of
the CP were 152 and 135 arb.u. for the films obtained from the control latex and from the
three-layer particles, respectively. Thus, the CP value for the film of interest was ca. 89% of
the CP of the control film. The average peak widths measured at their half-height were 0.42
and 0.52 pm for the control film and for the films prepared from three-layer particles,
respectively. Comparison of these values with the diameter of the core particles of 0.3 pum
showed a somewhat larger size (23 % larger) of the fluorescent domains in the films with
liquid inclusions than that in the control film. Finally, the average brightness of the
nanostructured films was found by measuring the average fluorescent intensity of the material.
The fluorescent intensities of 500 experimental points on the fluorescence line profiles in Fig.
4c were summed up, and the total intensity was divided by the number of points. Since the
rigid cores of the control microspheres and the fluid cores of the three-layer microbeads

contained the same amount of fluorescent NBD molecules, it was anticipated that the total
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fluorescence intensity from the individual polymeric films would be very close, irrespective of
the distribution of dye molecules in the nanocomposite material. Indeed, the values of average
brightness for the control sample and for the polymeric films obtained from the three-layer

microbeads were 151 and 141 arb.u., respectively.
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Figure 4. LCFM images of the nanostructured material obtained from particles with fluid
cores (a) and core-shell particles with rigid cores (b). The images are taken 10 um below the

surface. Scale bar is 10 pm. Fluorescence line profiles: (c) films obtained from three-layer
particles; (d) film obtained from control sample.

Thus the use of three-layer core-shell particles as the building blocks led to the formation of
the periodically nanostructured material with liquid inclusions, in which the spatial variation
in fluorescent properties was close to that in the control film built from the core-shell particles
with rigid cores. The three-layer morphology of the particles, in particular, the existence of the
intermediate highly cross-linked shell 1 was extremely important in the fabrication of such
materials, since SFP-1 formed a rigid wall confining fluid “containers” and suppressing the
release of the fluid fluorescent CFP into the surroundings.

Furthermore, it was found that in the core-shell approach covalent attachment of dyes or
chromophores to the CFP or SFP accompanied by cross-linking of the corresponding polymer

was vital for the preparation of the nanostructured material with a strong modulation in optical
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Figure 5: LCFM images of the nanostructured material obtained from core-shell particles
with fluorescent matrix. (a) NBD dye is covalently attached to the crosslinked SFP; (b) NBD
dye is mixed with the SFP. The scale bar is 2 pm. Fluorescence line profiles in (c) and (d)
correspond to samples (b) and (a), respectively.

properties.zo The effect of chemical attachment of dyes and polymer cross-linking versus
physical incorporation of dyes in a polymer was demonstrated for materials with “inverse”
structure. Figures 5a and b show the morphology of such materials obtained from the core-
shell particles with fluorescent shells. When NBD-MA was copolymerized with P(MMA-co-
BMA) shell-forming polymer and the SFP was cross-linked with EGDMA, high optical
contrast between the fluorescent matrix and the particles was obtained, as shown in Fig. Sa.
Blending of the dye with the same SFP (Fig. 5b) led to a substantial reduction in optical
contrast, as a result of the dye-labeled molecules diffuse between the cores and the shells
during synthesis and /or annealing. These results were further confirmed by analysis of the
fluorescence line profiles as described above. Figure Sc shows the fluorescence line profiles
obtained from image analysis of Fig. 5a and b. In the films obtained from the latex particles
in which the dye molecules were covalently attached to the crosslinked SFP (bottom curve),
the average value of CP was ca. 2.5 times higher than that obtained from the particles in
which the dye molecules were physically mixed with the SFP (top curve). Covalent
attachment of the NBD dyes to the non-crosslinked SFP led to the intermediate mean value of

CP. To conclude, chemical attachment of dye molecules to the corresponding cross-linked
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polymer was critical in producing high quality nanostructured materials.

Polymeric and Hybrid Core-Shell Particles Obtained by Controlled

Heterocoagulation

Heterocoagulation of large and small oppositely charged colloid particles, accompanied by
spreading of small beads over the surface of large spheres (Fig. 2b) offers a promising
alternative to synthesis of core-shell particles. This approach is particularly useful for the
production of core-shell particles with polar cores and nonpolar shells since preparation of
these particles using interfacial polymerization often results in nucleation and growth of
secondary particles and/or in synthesis of particles with an "inverse" structure. In the first
series of experiments, rigid cores were synthesized from polypyrrole (PPy),”! a polar polymer
with high surface energy, whereas in the second series, inorganic Si0,-TiOSO4 (Si0,-TS)
cores were used. Both types of particles carried a positive charge.

The choice of PPy as a core-forming polymer was motivated by the fact that core-shell
particles with conductive cores and dielectric shells can be used as the building blocks in
fabrication of nanostructured materials with periodically modulated conductive properties. In
such materials an ordered array of monodispersed spheres synthesized from a conjugated
polymer is dispersed in an insulating or a semi-conductive polymer matrix. Nanostructured
materials produced in this fashion have potential applications in sensor and nanocapacitor
devices, and in nano-resettable fuses. Inorganic SiO,-TS particles were used to achieve a high
refractive index modulation in the ultimate nanocomposite material.

The individual core particles (PPy or SiO,-TS particles) were mixed with small negatively
charged beads of PMMA, P(MMA-co-BMA), or PBMA. Heterocoagulation induced by
electrostatic interaction, followed by heating the dispersion at temperature above the glass
transition temperature of the polyacrylic particles generated core-shell particles.

PPy core particles were prepared by dispersion polymerization. Interfacial polymerization of
PMMA on the surface of PPy using K,S,0s, 2,2'-azobis(2-methyl propionitrile) and 4,4'-
azobis(4-cyanovaleric acid) as the initiators proved to be problematic. In the first two cases
polymer conversion was relatively low (<40%), whereas with the latter initiator, broad particle
size distribution was often obtained. In contrast to interfacial polymerization,
electrostactically-driven heterocoagulation proved to be an efficient way to the preparation of
PPy core-polyacrylate shell particles. To obtain monodisperse core-shell particles with smooth

polyacrylic shells several requirements had to be fulfilled. First, monodisperse heterocoagulate
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units could be obtained only at the optimum total concentration of particles in the dispersion
of ca. 0.1 wt %. In more concentrated systems, notable particle aggregation was observed.
Second, a critical number ratio of small-to-big particles, Ng/Nj, existed above which
individual monodisperse heterocoagulates were obtained. Figure 6a shows the variation in
dimensions of heterocoagulate units as a function of Ng/Ny, for 204 nm PPy beads mixed with
48 nm PMMA particles. For Ng/Ni, < 84, the mean size of the heterocoagulate units was

substantially larger than ca. 300 nm anticipated for individual heterocoagulate units, which
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Figure 6. Effect of Ng/N on the variation in diameter (a) and electrokinetic potential (b) of
heterocoagulate units formed by electrostatically-driven heterocoagulation of 204 nm PPy
beads and 48 nm PMMA particles. SEM images of PPy/PMMA-co-PBMA composite
particles prior to (c) and after annealing for 23 h annealing at 90 °C (d). Ns/N_ = 180. Scale
bar 300 nm.

indicated strong uncontrolled particle aggregation. For 84 < Ng/Np < 112, the average
heterocagulate size gradually reduced to ca. 300 nm and for Ng/Ni > 112, no further change

was observed. These results correlated with the variation in C-potential of heterocoagulates
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(Fig. 6b). In Fig. 6b, the value of C-potential gradually decreased and for Ng/Ni= 84 it reached
a constant value of — 40 mV, which was close to that of the individual PMMA beads. The
dependence of heterocoagulate size and C- potential could be explained by bridging of several
PPy beads through the small polyacrylic particles, that is, in excess of PPy particles.

The role of charge of cationic and anionic particles was two-fold. A large contrast between the
charges of PPy and polyacrylic particles resulted in a strong driving force for
heterocoagulation, however repulsion between the similarly charged small beads adsorbed on
the core surface counteracted their dense packing. Low packing density of the small particles
resulted in a raspberry structure of the shells.” Figure 6c and d show PPy/PMMA-co-PBMA
heterocoagulate units imaged before and after heat processing. For optimized Ns/Ni after
annealing the raspberry structure of the heterocoagulate units was substantially smeared.

A similar approach was used for the preparation of hybrid core-shell particles. SiO,-TS
particles encapsulated with P(MMA-co-BMA) copolymer. Monodisperse SiO, particles with
dimensions varying from 300 to 800 nm were prepared using sol-gel process. These particles
were then coated with TS using a modified approach of Matijevich.”® The process of coating
was driven by electrostatic attraction between the negatively charged silica particles and
positively charged TS clusters at pH = 4; therefore TS coating had a raspberry structure. > After
heterocoagulation, the SiO,-TS beads carried a small positive charge. Figure 7a shows the
results of Energy Dispersion X-Ray analysis of the composite SiO,-TS microspheres. In this
graph the weight ratio TS/Si0; in the particles is plotted as a function of ¢, the ratio of the
mass of TS in the system to the total surface area of silica particles. When ¢ increased, the
fraction of TS in the composite particles grew due to the more complete coverage of the SiO,
core. On the basis of the EDS measurements, for the complete coverage of the silica cores
with TS achieved at ¢ = 0.085 g/em?, the weight ratio TS/SiO; reached ca. 35%, this ratio
corresponded to ca. 26 wt % of TS in the composite particles.

Encapsulation of the composite SiO»-TS cores with a polymeric shell was accomplished via
electrostatic heterocoagulation of the cationic SiO,-TS particles and anionic P(MMA-co-
BMA) microbeads. The requirements for controlled heterocoagulation were similar to those
described for PPy-polyacrylic particles. Upon heating SiO,-TS/P(MMA-co-BMA)
heterocoagulates obtained at sufficiently high Ng/Ni formed core-shell particles with
reasonably smooth shells. Figures 7b and ¢ show the SEM images of the SiO,-TS/P(MMA-
co-BMA) heterocoagulates before and after annealing, respectively. A near complete polymer

spreading was observed and the surface roughness of the hybrid particles was almost
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smoothed over. Some voids remaining in the P(MMA-co-BMA) shells resulted presumably
from the polymer flow and penetration in the gaps between the TS clusters adhering to the

surface of silica cores.
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Figure 7. (a) Experimental (0) and calculated (o) weight ratios of TS/SiO; in th composite
particles plotted as a function of the weight ratio of TS/surface area of silica. (b) SEM images
of Si0,-TS/PMMA-PBMA hybrid particles obtained at Ng/Ni, = 119 (c) after heat processing.

Optical Applications of Polymer-Based Materials Produced from Core-
Shell Particles

Three-dimensional optical data storage. Further progress in information technologies depends
critically on the development of new materials for high-density optical memory storage. As an
alternative to two-dimensional (2D) data storage, 3D media promise a dramatic increase in
memory capacity since the storage density scales as 1/4% and 1/4> , where 1 is the wavelength
of the reading beam, for 2D and 3D optical memories, respectively. Nanostructured materials
with a periodic modulation in optical properties (photonic crystals) show great promise as a

medium for high-density 3D optical data storage.”
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Polymer nanocomposite material with a periodic close-packed array of fluorescent particles
periodically embedded in an optically inert matrix (Fig. 3) was examined with respect to 3D
optical writing/reading. In the two-photon recording experiments, we employed a Biomedical
Photometrics confocal microscope equipped with a home-built femtosecond laser. Optical
recording in the polymer nanocomposite was achieved by addressing and photobleaching the
individual fluorescent particles. Pulses were typically 100 fs centered at 844 nm. Reading out
of the resulting bit pattern was accomplished with the same two-photon confocal microscope
using 0.5 mW average power laser fluences. Figure 8a shows a two-dimensional plane of the
nanostructured material located at the depth of ca. 200 mm, in which optical recording was
carried out by photobleaching fluorescent particles for approximately 150 ms at 5 mW of
average power. A photobleached fluorescent bead appears as a black spot in the periodic
structure of the nanocomposite. Since the absorption peak of the dye is 476 nm and the
polymer is transparent in the visible and near IR range, absorptive coupling of the laser light

occurred through two-photon absorption by the NBD dye. The photobleaching of the NBD
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Figure 8: Two-photon writing in a 3D nanostructured material induced by local
photobleaching of the fluorescent dye incorporated into the core particles. (a) Structure of the
addressed plane located 200 pm from the top surface. The center-to-center particle distance is
1 pum. (b) Fluorescence decay vs. time for the addressed particle.

dye caused by photooxidation was irreversible, providing the basis for permanent data storage.
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As can be seen from Fig. 8b showing a decay of fluorescence in time, a contrast ratio of 2:1 in
fluorescence intensity of unbleached to bleached particles, respectively, was achieved after an
exposure time of 20 ms (Fig. 8b).

In these experiments, core-shell particles with rigid fluorescent cores were used as the
building blocks of the nanostructured recording media. Preliminary results obtained in our
laboratory showed that NBD dye was photobleached substantially faster when the
nanostructured material was fabricated from the three-layer particles with a fluid fluorescent
core.

1% have demonstrated that nanostructured

Optical limiters and switches. Recently, Sargent et a;
materials with periodically modulated nonlinear refractive index have potential applications in
optical limiting and switching devices. In such materials, the linear refractive index of the
particles and the matrix are very close, whereas their nonlinear refractive indices are different
and opposite in sign. This feature can be accomplished by incorporating nonlinear optics
species in the core and in the shell of the core-shell particles used as the structural units in the
fabrication of such materials. Covalent attachment of organic species, e.g., azobenzenes to the
CFP or SFP or doping of the CFP or SFP with inorganic nanocrystals (quantum dots) proved
to be a very efficient method in tuning optical limiting properties of nanocomposite films.

Currently, these experiments are conducted in our laboratory in collaboration with Sargent's

group.

Conclusion

The core-shell strategy shows a broad avenue to the fabrication of advanced polymer
materials. A large number of possible combinations of the core-forming materials and the
shell-forming polymers allows for production of nanostructured materials with various
structural and compositional patterns. A particular method used for the preparation of core-
shell particles depends on the corresponding polymers and should be chosen with caution.
Core-shell particles with tunable optical properties great potential applications as high density

three-dimensional optical data storage and optical limiting.
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