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ABSTRACT: Polymer-tethered nanoparticles with different geometric shapes are very

useful fillers of polymer nanocomposites. Herein, a universal approach for the fabrication

of such nanoparticles with precisely controlled shape and composition is reported. By — W
microphase separation of poly(3-(triethoxysilyl)propyl methacrylate)-block-polystyrene SN %y,

(PTEPM-b-PS) in the presence of oligomers, o-TEPM (0T) and/or o-S (0S), followed by " ”5

cross-linking and dispersion in PS solvent, precisely tailored PS-grafted nanoparticles were 7% , o K

prepared. These particles include those with varied shapes but identical PS shells, particles 78 §

with varied core sizes but the same PS shell, and particles with fixed shapes but varied PS , ‘é m & s

shells. These particles are ideal model nanofillers to study the dynamics and reinforced & % @@"w\ /i

mechanism of polymer nanocomposites. ZAN ‘

he dispersion of nanoparticles (NPs) in a polymer matrix, PGNPs with precisely defined shapes, cores, and shell sizes for
generating polymer nanocomposites, is a powerful use as model fillers for research. Thus, how to fabricate PGNPs

method to improve the properties of polymer materials, such with various cores and polymer chains that can be
as electrical conductivity and mechanical and thermal proper- independently controlled is the basis of further work. In this
ties."” The polymer—particle interactions and the spatial study, a facile method of microphase separation of block
dispersion of nanoparticles have a significant impact on the copolymers (BCPs) in the presence of low molecular weight
properties of nanocomposites.” Surface chemical modification (MW) polymers was introduced to prepare PGNPs with
of nanoparticles, especially for grafting polymer chains on the precisely controlled structural parameters, including shape of
surface of NPs, is the most important strategy to control NP the core, size of the core, and length of the grafted polymer.
dispersion in the polymer matrix.* Kumar and co-workers® ™’ Copolymers comprising two chemically immiscible blocks
studied the influence of structures of polymer-grafted nano- can self-assemble into various ordered nanoscale structures,
particles (PGNPs) on their spatial distribution and how it such as spheres (S), cylinders (C), double gyroids (G), and
affected their properties. Parameters such as grafting density, lamellae (L),"* which have been used to fabricate a variety of
grafted chain length, matrix chain length, and loading volume, polymer nanomaterials."*~™"" Cross-linking the discontinuous
which affect NP dispersion, have been illustrated. Furthermore, domains, followed by dispersing in a good solvent of the non-
solvent-free nanoparticle® and star polymers with many arms”" cross-linked blocks, has become a new method (Assembly-

have also been studied. However, most of the work in this area Cross-link- Dlslgerzsmn, ACD) to fabricate grafted core/shell
has focused on spherical PGNPs. Highly anisotropic NPs, such nanoparticles. Because microphase-separated structures of
as carbon nanotubes, graphene, and clay, can achieve AB diblock copolymers are controlled by volume fractions,

mechanical and electrical percolations at much lower loadings PGNPs with different core shapes (e.g., sphere, cylinder, and
than spherical NPs."'~"* No clear understanding of the effects lamella) fabricated by the ACD method have different mass

ratios of core to shell, indicating that the structural parameters

of their surface-grafting factor on their properties has been
of PGNPs cannot be independently controlled by the original

reported. Moreover, the filled NPs in the literature include
various materials, but they are not comparable because of the

different chemical structures and size scales. Thus, the roles Received: June 19, 2015
played by NP shape and size have not been fully realized. The Accepted: September 2, 2015
problem is that there is no universal approach to prepare Published: September 9, 2015
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ACD method. Moreover, a series of block copolymers with
different compositions have to be synthesized to prepare
PGNPs with different structures. The microphase-separated
morphology of block copolymers can also be controlled and
changed by adding homopolymers, i.e. coassembly of
copolymers with homopolymers.”'~>* Herein, a modified
ACD method combining the original ACD method and the
coassembly of AB diblock copolymers with oligomer A or B
was developed to fabricate precisely defined PGNPs with not
only fixed shapes but also parameters of core and shell size.
The modified ACD method for controlling the structural
parameters is illustrated in Figure 1. The diblock copolymer is
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Figure 1. Schematic illustrations of fabrication of PGNPs with
different structures by the Assembly-Cross-link-Dispersion (ACD
method) of PTEPM-b-PS block copolymer and the corresponding
oligomers, oT and/or oS, as discussed in the text. (a), (b) PGNPs with
different core shapes; (c) lamellar PGNPs with different core
thicknesses; (d) cylindrical PGNPs with different core diameters;
(e) cylindrical PGNPs with different polymer brush lengths; (f)
spherical PGNPs with different polymer brush lengths. A: Assembly of
block copolymer and oligomers. C: Cross-linking of PTEPM domains.
D: Dispersion of bulk materials.

PTEPM-b-PS, and the corresponding oligomers are oT and oS.
TEPM units containing trialkoxysilane groups may form cross-
linked polysilsesquioxane networks under acidic or basic
conditions. By adding either oT or oS to PTEPM-b-PS, the
volume fractions of PTEPM and PS are tuned; therefore, the
ordered microphase-separated structures are changed from one
to the other. For example, as shown in Figure la, when oS is
added to PTEPM-b-PS, the original morphology may change
from L to C and finally to S. The oS may be removed easily in a
near-theta solvent of PS after cross-linking the PTEPM
domains. By this method, the core shape is tuned from one
BCP precursor, while the content and length of the PS shell
remain unchanged. When the BCP is blended with a certain
amount of oT and oS mixture, whose ratio is the same as that of
the two components of the BCP, two oligomers enter into the
corresponding domains and increase their thickness, as shown
in Figures lc and 1d. Because of the blending with a constant
TEPM/S ratio, the microphase morphology remains un-
changed. After cross-linking, the oT merges into the core to
increase the core thickness, whereas the PS remains after
removal of the oS. By this method, PGNPs with fixed PS
lengths but controlled core sizes are obtained. Furthermore, the
PGNPs with the same core size but different PS lengths may be
prepared, as shown in Figures le and 1f.

A series of PTEPM-b-PS diblock copolymers with different
compositions and narrow MW distributions (polydispersity
index, PDI < 1.2) were synthesized by reversible addition—
fragmentation chain-transfer (RAFT)-mediated radical poly-
merization. Oligomers oT and oS were also synthesized by
RAFT polymerization. Experimental details are summarized in
the Supporting Information (SI). The characteristics of the
diblock copolymers and oligomers are collected in Table 1.
Oligomers with lower MW, which have a higher diffusion
coefficient, may improve the miscibility with the corresponding
block in the copolymers.””** Then the preparation of three sort
of PGNPs was illustrated as follow: core shape control with the
same shell, core size control with the same shape and shell,
brush length control with the same core diameter.

PTEPM;g-b-PSg self-assembled into a lamellar morphology
as confirmed by the small-angle X-ray scattering (SAXS) curve
and transmission electron microscopy (TEM) image (Figures
Sla,d, respectively). When 50 or 150 wt % of oS (to the weight
of copolymer) was blended with PTEPM,g-b-PS¢g, cylindrical
or spherical structures were obtained, respectively. In Figure S1,
both the SAXS patterns of the films and the TEM images of the
microtomed slices suggest the expected structures. The films
with desired morphology were exposed to an atmosphere of
hydrochloric acid for 12 h to induce the cross-linking reaction

Table 1. Characteristics of Block Copolymers and Oligomers Used in This Study

sample code” M,° (kg/mol)

block copolymers

S47 PTEPM g,-b-PS 11 48-b-42
S70 PTEPM,5,-b-PS, 1 48-b-111
S63 PTEPM;g,-b-PSs; 38-b-65
S71 PTEPM;g,-b-PSo3; 38-b-93
S80 PTEPM;g,-b-PS 5 38-b-152
oT o-TEPMg, 6

oS 0-Sgi 6

copolymer PDI* PS mass fraction (%) morphology

1.14 46.5 L
117 69.8 L
1.20 63.0 L
119 71.0 L
1.20 80.0 C
110 0

1.06 100

“The number denotes the mass fraction of the PS block in the copolymer. bCalculated from the monomer conversmn and the ratio of the two blocks
from 'H NMR spectra. “Polydispersity index, PDI = M,,/M,, as obtained from size exclusion chromatography. “Microphase separation morphologies

of block copolymer, L

= alternating lamellae, C = hexagonal cylinders.
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of the PTEPM domains (Scheme S1). Then, the PGNPs and
oS were dispersed in tetrahydrofuran (THF), a PS solvent. oS
must be removed because it is not compatible with the matrix
material (e.g, high molecular weight PS) used in the
nanocomposites. The mixture of PGNPs and oS was refluxed
in cyclohexane and then cooled to ambient temperature.
PGNPs were separated from solution because of their poor
solubility at ambient temperature, whereas oS remained
dissolved in the solvent (see details in SI). Both TEM images
(Figures 2a—c) and atomic force microscopy (AFM) height

Figure 2. TEM images of isolated PGNPs with different structures. (a)
lam-65k, (b) cyl-65k, and (c) sph-65k are PGNPs with different shapes
but the same brush length. (d) lam-18 nm-42k, (e) lam-21 nm-42k,
and (f) lam-27 nm-42k are lamellar PGNPs with different core
thicknesses but the same brush length. (g) cyl-26 nm-111k, (h) cyl-32
nm-111k, and (i) cyl-40 nm-111k are cylindrical PGNPs with different
core diameters but the same brush length. (j) sph-25 nm-65k, (k) sph-
25 nm-93k, and (1) sph-25 nm-152k are spherical PGNPs with
different brush lengths but the same core size (inset shows the size
distribution of PGNPs in solvent measured by DLS).

images (Figures S1g—1) show that PGNPs with different shapes
were obtained. These PGNPs from PTEPM;g,-b-PS; have the
same PS shell length and content. Thus, three different shaped
particles were obtained and characterized by thermogravimetric
analysis (TGA) (Figure S2), which demonstrated identical
degradation behaviors, implying that the shaped PGNPs have
the same core and shell composition. The characteristics of the
particles, including core size and mass fraction, PS shell molar
mass, and graft density, are collected in Table 2 (Series 1).
Thus, the PGNPs with identical compositions but different
shapes can be prepared by the procedure shown in Figure la.
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Another series of PGNPs with the same PS shells but
different shapes were obtained from PTEPM;g,-b-PS sy, which
has a C phase. By adding an optimized amount of oT (23 wt
%) or oS (100 wt %), the ACD method resulted in lamellar or
spherical phases (Figure S3) as expected (Figure 1b).
Thereafter, different shaped PGNPs with PS;qy shells were
prepared, and their characteristics are collected in Table 2
(Series 2). Note that the content of the lamellar core was
different by this method because the blended oT was merged
into the cores.

The PTEPM,4-b-PS,, copolymer is used as the starting
material, which forms the lamellar morphology in bulk (Figure
S4). When the copolymer was blended with a mixture of oT
(35 wt %) and oS (31 wt %), whose ratio is the same as that of
the block copolymer, the microphase-separated structures
remain, but the blended oligomers increase their periodic
length. After cross-linking, the oT merged into the cores,
whereas oS was removed. As a result, the blended oT gave an
increase of core thickness from 18 to 21 nm as given by the
SAXS data (Figure S4). Further blending with more oT (83 wt
%) and oS (74 wt %) resulted in the structure with a core
thickness of 27 nm. Thereafter, the obtained lamellar PGNPs
showed well-defined thicknesses as shown by the TEM
(Figures 2d—f) and AFM (Figures S4g—i) images. These
platelets have identical PS shells but varied core thicknesses.
Controlling the core diameter of cylindrical PGNPs is similarly
conducted with PTEPM,g-b-PS; ;. The data in Figure S5
show an increase in the periodic length upon blending both oT
and oS. The dispersed cylinders show an obvious increase in
the core diameter from 26 to 40 nm (Figures 2g—i). However,
all of the particles have the same PS length, PS;;;;. The
characteristics of both the lamellar and cylindrical PGNPs are
summarized in Table 2 (Series 3 and 4).

Three PTEPM-b-PS copolymers, PTEPM;4-b-PS,, (x = 65k,
93k, 152k), were applied. PTEPM;g;-b-PS; sy, with the longest
PS block forms a cylindrical phase (Figure S6). It was observed
that blending PTEPM38k—b—P865k and PTEPMSSk—b—PS93k with
50 and 25 wt % oS, respectively, to ensure the TEPM/S ratio is
the same as the PTEPM,q-b-PS sy, may form the C phase
(Figure S6). Therefore, three final cylinders with the same
diameters with different PS lengths ranging from 65k to 93k to
152k were obtained. A similar adjustment was also applied to
spheres. The same BCPs were applied and mixed with different
amounts of oS, ie, PTEPM;q-b-PSs + 280 wt % oS,
PTEPM,q,-b-PSgy, + 200 wt % 08, and PTEPMg-b-PS sy +
100 wt % oS, to maintain the total TEPM/S ratio as a constant.
Because of the greatly increased volume ratio of the PS phase,
three blended samples formed the S phase as shown in Figure
S7. After cross-linking the core and removing oS, mono-
dispersed spheres with the same diameters but different PS
lengths were obtained (Figures 2j—1). The diameters of the
spherical PGNPs in THF, monitored by dynamic light
scattering (Figures 2j—], insets), increased with increasing PS
block length. The characteristics of the cylindrical and spherical
PGNPs are collected in Table 2 (Series S and 6). Six PGNPs of
these two series were prepared from the same group of BCPs
with the aid of oS. Each series had the same shape but varied in
PS length.

The structural parameters of the six series of PGNPs
prepared in this paper are listed in Table 2. The above results
demonstrate that core/shell PGNPs may be tailored with the
aid of oT and/or oS. Advantages of the modified ACD method
to create grafted nanoparticles are obvious. In the previous BCP
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Table 2. Composition of Assembly Films and the Structural Parameters of Six Series of PGNPs

composition of assembly

core size
D¢ (nm)

mass fraction of core

égraft densi

series (parameters adjusted) films® PGNPs” (core—brush MW) Dgaxs” Drpy® (%) chains/nm®)
series 1 (shape) neat S63 lam-65k 14 - 27.0 0.134
S63 + 50% oS cyl-65k 23 22 27.0 0.109
S63 + 150% oS sph-65k 28 26 27.0 0.090
series 2 (shape) S80 + 23% oT lam-152k 22 - 25.0 0.096
neat S80 cyl-152k 25 24 13.4 0.118
S80 + 100% oS sph-152k 25 24 134 0.081
series 3 (lamellae thickness) neat S47 lam-18 nm-42k 18 -- 41.5 0.138
S47 + 35% oT + 31% oS lam-21 nm-42k 21 - 54.0 0.095
S47 + 83% oT + 74% oS lam-27 nm-42k 27 - 64.4 0.078
series 4 (cylinder diameter) S70 + 50% oS cyl-26 nm-111k 26 24 211 0.098
S70 + 15% oT + 110% oS cyl-32 nm-111k 32 30 28.6 0.080
S70 + 31% oT + 175% oS cyl-40 nm-111k 40 37 35.1 0.073
series S (brush length for neat S80 cyl-25 nm-152k 25 24 13.4 0.118
cylinders) $71 + 25% oS cyl-24 nm-93k % 23 201 0112
S63 + 50% oS cyl-23 nm-65k 23 22 27.0 0.109
series 6 (brush length for S80 + 100% oS sph-25 nm-152k 25 24 13.4 0.081
spheres) S71 + 200% oS sph-25 nm-93k 25 25 20.1 0.081
S63 + 280% oS sph-25 nm-65k 25 24 27.0 0.080

“Oligomer content expressed as a weight percentage of the copolymer. “lam: lamella; cyl: cylinder; sph: sphere. “Thickness of the lamellae, diameter
of the cylinders and spheres. 4Calculated from the SAXS spectrum. “Determined from the TEM images of the isolated spherical or cylindrical
PGNPs. For each sample, more than 100 particles were measured to obtain the average size. The calculation method of structural parameters can be

found in the SL

approach without oligomers, factors such as shape, core, and
shell size were changed simultaneously because of the nature of
block copolymer microphase separation. Now, these factors
may be independently tuned in the presence of oT and/or oS
(Table 2). Compared to graftir}% polymerization from nano-
particles with prefixed shapes,”® which typically involves a
reaction on the solid surface, the cores are formed in situ from
one segment of BCPs, and the shell polymers are inherited
from another segment. The distribution of the number of
chains per particle (for spherical PGNPs) and the spatial
distribution of the graft points on the particle are very uniform
because the assembly is in a thermodynamic equilibrium state.
The final shape of the PGNPs is governed by the volume ratio
of the two polymers, which are contributed by either the
composition of the BCPs or the blended oligomers.
Furthermore, PGNPs with bimodal brushes (of two different
lengths) or mixed brushes (of two different polymers) can be
easily achieved by using a mixture of two precursor copolymers.

In summary, a facile and versatile method to prepare PGNPs
with precisely controlled structural factors is presented. The
ACD method has extended the structural parameter space of
PGNPs in terms of nanoparticle shape and size, grafting
density, and brush length and composition. Further possibilities
can be explored by changing the structure of the diblock
copolymers and the additive amounts of oligomers. Further-
more, the strategies used herein can be easily applied to other
copolymer systems once they contain a component on which
cross-linking reactions can occur. In terms of application, these
precisely tailored PGNPs are ideal model fillers for polymer
nanocomposites, which are likely to provide a full under-
standing of the structure—property relationship of nano-
composites. For example, how the packing, orientation and
percolation of nonspherical PGNPs contribute to the reinforce-
ment of PGNPs under melt and solid states of the polymeric
materials will be elucidated. Additionally, by eliminating
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chemical and physical differences, the effect of the shape of
fillers on the dynamics (e.g, diffusion, viscoelasticity) of
polymer composites can be investigated.
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