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anoporous polymers and their related carbon materials can
Nincorporate many structural features, such as controllable
pore shape and size, tunable pore surface chemistry, well-devel-
oped porosity, high surface area, good conductivity, and low bulk
density." Therefore, they find utility in many fields including
adsorption, catalysis, separations, medicine, environmental, and
energy-related applications."”” Currently, there is an increased
focus on the synthesis and examination of nanoporous materials
with hierarchical nanostructures because they can exhibit the
advantages of each of hierarchical pores with a synergistic effect
and thus lead to fundamental breakthroughs that improve their
properties in many applications.3
Nanostructured porous network (NPN) materials, with three-
dimensionally (3D) continuous nanopores, are a very important
class of porous materials. The high degree of pore connectivity
can provide materials with good mass transport properties and
improve material lifetime in applications where pore blockage
is an issue, such as energy storage, adsorption, separations, and
catalysis. However, since typical NPN materials are usually
prepared using uncontrolled polymerizations, such as condensa-
tion or conventional free radical polymerization, their molecular
and nanoscale structure cannot be well controlled. Thus, the
networks prepared using current approaches are generally com-
prised of nanoparticulate network units which are poorly
defined?**** This is well exemplified by the very typical NPN
materials, organic aerogels based on phenolic monomers, and the
corresponding carbon aerogels. Here, lack of accurate control of
the condensation polymerization of phenolic monomers and of
their supramolecular organization yields nanoparticulate net-
work units with wide size distributions and ill-defined shapes.”"*
Recently, we have developed a new class of NPN materials, in
which the network units are microporous polystyrene nanopar-
ticles cross-linked via formation of carbonyl (—CO—) bridges
between polystyrene chains.>* This development resulted in the
unique network-type microporosity and guaranteed the preser-
vation of the nanostructure during carbonization, since carbonyl
bridges ensure hi§h cross-linking density and serve as a source of
oxygen atoms.”>" However, the network unit of such prepared
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nanonetworks still had the form of ill-defined solid nanoparticles™
and lacked any hierarchical structure.***

Herein we describe a new strategy to address these shortcomings,
which is based on the use of well-defined hairy nanoparticles as
network precursors. Hairy nanoparticles, acting as core—shell
network building blocks, were prepared by grafting polystyrene
chains from the surface of silica nanoparticles using surface-initiated
atom transfer radical polymerization (SI-ATRP),” followed by
intra-/interparticle carbonyl cross-linking of polystyrene. The
overall synthesis procedure is illustrated in Scheme 1.

This strategy has several significant advantages. First, it allows
for the design and fabrication of network unit at a molecular level.
Since the molecular structure of hairy nanoparticles can be tuned,
the properties of the resulting NPN materials can be easily tailored.
Another unique aspect of such prepared materials is derived from
the core—shell structure of nanosphere network unit. The final
NPNs contain three types of pores: (i) micropores induced by
cross-linking of the hairy polystyrene shell, (i) mesopores obtained
by removal of sacrificial silica nanoparticle core, and (iii) meso-/
macroporous network formed through interparticle cross-link-
ing. Use of the unique, well-defined, core—shell network unit
could afford the nanomaterials with advanced responsive proper-
ties and superior performance as storage/release matrices. Finally,
the new synthetic approach described herein further exemplifies
the use of controlled polymerizations, such as ATRP, for the
preparation of nanoporous materials. In addition to the well-
developed microporosity, the polystyrene-based framework
opens the way to further functionalization and customization
of surface chemistry.

The diameter of the bare SiO, nanoparticles, as measured by
dynamic light scattering (DLS) analysis, was ~18 nm, Figure 1,
and ~14 nm, according to the TEM image shown in Figure 2A.
Slightly higher value of particle diameter obtained from DLS in
comparison with TEM was, most likely, a result of their hydrodynamic
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Scheme 1. Preparation Process of Novel NPN Polymer and
Carbon Materials
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Figure 1. DLS size distributions for SiO,, SiO,—Br, and SiO,-g-PS.

nature.>® The surface of the nanoparticles was functionalized by
reaction with 1-(chlorodimethylsilyl)propyl 2-bromoisobutyrate
to introduce Br-containing surface ATRP initiation sites.> Accord-
ing to Figures 1 and 2B, the resulting SiO,—Br nanoparticles
functionalized with ATRP initiators have almost the same diameter
as the parent SiO,. Thus, the functionalization treatment essen-
tially did not change the particle size. Subsequently, the SI-ATRP
grafting of polystyrene from the SiO,—Br nanoparticles was
carried out, using the following molar ratio: styrene/SiO,—Br/
CuBr/CuBr,/dNbpy = 1000/1/4/0.4/8.8 at 90 °C for 20.5 h.
The purified PS-grafted SiO, (SiO,-g-PS) powder dissolved
in tetrahydrofuran (THF) at a concentration of 1 mg/mL
had a narrow and unimodal size distribution with a maximum
d = 51 nm, according to DLS (Figure 1). The PS was cleaved from
the nanoparticles by etching with hydrofluoric acid (HF) and
characterized by GPC. As shown in Figure S1, the cleaved PS had
a narrow, unimodal peak with molecular weight M,, = 23 200 and
M,,/M, = 1.12, indicating an efficient SILATRP. The PS content
of the SiO,-g-PS nanoparticles, as measured by thermogravi-
metric analysis (Figure S2), was 69 wt %. Depending on whether
one uses the diameter of silica nanoparticles determined by TEM
or DLS (14 vs 18 nm), this polymer content translates into a
relatively high grafting density of respectively 0.28 or 0.36 chains/nm”.

The as-prepared SiO,-g-PS nanoparticles were cast into a film
from a chloroform solution of SiO,-g-PS (concentration 10 mg/
mL) by evaporating to dryness in a Petri dish at room temperature.

(B)

Figure 2. TEM images of (A) SiO,, (B) SiO,—Br, (C) SiO,-g-PS,
(D) SiO,/cross-linked PS composite, (E, G, I) nanoporous polystyrene,
and (F, H, J) nanoporous carbon.

Figure 2C shows the TEM image of the scratched SiO,-g-PS
films. The SiO,-g-PS nanoparticles in the films retain a well-
defined spherical shape with average size of about 18 nm and
aggregate with each other in various directions. Such aggregation
facilitates the interparticle cross-linking during the subsequent
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Figure 3. DFT pore size distributions of (A) SiO,/cross-linked PS composite, (B) nanoporous polystyrene, and (C) nanoporous carbon.

Friedel—Crafts (F—C) reaction. The F—C cross-linking was
achieved by placing the SiO,-g-PS films into a heated (75 °C)
mixture of anhydrous aluminum chloride and carbon tetrachlor-
ide (CCl,) for 20 h under stirring. The PS chains in the SiO,-g-PS
nanoparticles underwent an intraparticle cross-linking process by
formation of —CCl,— cross-linking bridges between the phenyl
rings, while swollen in CCl,. This procedure subdivided the
original solid PS shell into numerous micropores because of the
formation of a network structure. The —CCl,— cross-linking
bridges were subsequently converted into the —CO— ones by
hydrolysis in the presence of water.***® Such —CO— bridges are
essential for efficient carbonization of the PS framework and
inheritability of the nanostructure during carbonization.*> Be-
cause of the introduction of the cross-linking bridges, the PS shell
had a weight gain of about 6%, which translated into the molar
ratio of styrene unit to —CO— bridge approximately equal to 4:1.
The presence of the resultant micropores was confirmed by an
adsorption uptake at low relative pressure in the N, adsorp-
tion—desorption isotherm of Figure $3.” According to the pore
size distribution (PSD) curve by density functional theory (DFT),?
in Figure 3A, the size of the micropores is centered at 1.3 nm.
During the cross-linking reaction, the swollen PS chains on the
periphery of the shell of the interaggregated nanoparticles in the
films could interpenetrate and then be joined with each other by
interparticle cross-linking under stirring, eventually leading to
the formation of a 3D nanonetwork structure (Figure 2D). Such
a nanonetwork contains many mesopores and macropores as a
consequence of the combination of compact and loose cross-
linked-aggregation of nanoparticles, respectively. The PSD curve,
shown in Figure 3A, indicates that the size of these meso-/
macropores throughout the 3D network for the as-obtained
SiO,/cross-linked PS composite ranges from 2 to 170 nm with
a maximum at 27 nm.

The SiO, core was then removed to form a spherical meso-
pore by treating the SiO,/cross-linked PS composite with HF,
resulting in a totally new targeted network unit. As shown in the
TEM images of the as-prepared nanoporous polystyrene, in
Figure 2E,G, the network units are well-defined hollow nano-
spheres, with d ~18 nm, with a mesosized core and a micro-
porous shell. These units are interconnected with each other in
various directions to form a unique 3D meso-/macroporous
network structure. A high magnification TEM image, Figure 2I,
confirms that the micropores are within a network of cross-linked
shells and are 3D interconnected with each other. Additionally,
the silica-templated mesoporous cores are separated by cross-
linked PS shells. However, since this shell itself is a 3D micro-
porous network, the hierarchical nanopores, including mesopor-
ous core, microporous shell, and meso-/macropores formed in
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the interparticle network, are interconnected in various direc-
tions. Thus, the resulting nanoporous polystyrene has good pore
interconnectivity, which is essential in potential applications of
these hierarchically porous nanostructured materials.*” Further-
more, by comparing the PSD curves of the samples before and
after etching, Figure 3A vs 3B, the peak at 9 nm can be ascribed to
the SiO,-templating mesosized cores, with the intraparticle net-
work micropores and the interparticle network meso-/macro-
pores concentrated at 1.5 and 25 nm, respectively. The diameter
of the SiO,-templating mesosized cores obtained by the DFT
method is slightly lower than that of SiO, nanoparticle based on
TEM image in Figure 2A, which is most likely due to different
characterization principles. The application of Brunauer—Emmett—
Teller (BET) equation to the N, adsorption—desorption isotherm
shown in Figure S3 gives the BET surface area of the nanoporous
polystyrene equal to 417 m* g™, and the t-plot method gives the
corresponding micropore and external, i.e., meso- and macro-
pore, surface areas equal to 143 and 274 m” g ', respectively.
Finally, the targeted nanoporous carbon was obtained by
carbonization of the SiO,/cross-linked PS composite over 3 h
at 800 °C (38 wt % of carbonization yield for cross-linked PS
shells), followed by etching the resulting SiO,/carbon compo-
site. A comparison of TEM images of the samples before and
after carbonization (Figures 2E,G,I vs 2F,H,]) clearly demon-
strates that the carbonyl-cross-linked PS shells retained stability
during carbonization, which resulted in a carbon network unit
with a mesosized core and a microporous shell structure. How-
ever, as in the case of the formation of most porous carbon
materials, the initial network framework underwent a certain
level of framework shrinkage during the transformation from
polymer to carbon because of the loss of many noncarbon
elements and carbon-containing compounds during carboniza-
tion p1‘ocess.3a’4c’9 This led to a decrease in the size of inter-
particle network nanopores from the original 25 to 13 nm; see
the comparison of Figures 3B and 3C. Moreover, carbonization
led to the formation of numerous new micropores of 0.6 nm in
the carbon framework (Figure 3C) which increased the number
of micropores, judging from a higher N, uptake at low relative
pressure (Figure S3). However, the original intraparticle network
micropores of 1.4 nm and the SiO,-templated mesopores of 9 nm
were retained after carbonization (Figure 3C). The BET surface
area of the as-prepared nanoporous carbon was calculated to be
525 m” g~ ". The t-plot method demonstrated that the micropore
surface area and meso-/macropore surface area were 252 and 273
2 _—1 . . .
m”g ', respectively. The ratios of micropore (P,;.) and meso-/
macropore (P) to the total surface area were calculated to be
48% and 52%, respectively, according to the following equations:
Pmic = (Smic/SBET) X 100%) and Pext =100% — PmiC'
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In conclusion, novel NPN polymer and carbon materials with
a unique core—shell nanosphere network unit were successfully
synthesized by carbonyl-cross-linking of PS chains tethered on
silica nanoparticles prepared by SI-ATRP, followed by carboni-
zation. The procedure allowed for the formation of various types
of interconnected nanopores: (i) micropores resulting from the
intraparticle cross-linking of PS shells, (ii) mesopores formed by
removal of silica cores, and (iii) network of meso-/macropores
induced by interparticle cross-linking. It is envisioned that further
tuning of nanostructures prepared according to this method
could be accomplished by variation of silica particle size, molec-
ular weight of PS, grafting density, and cross-linking density.
Novel nanoporous materials of this kind hold considerable
promise in applications as electrode materials in supercapacitors
and fuel cells, as controlled drug delivery systems, advanced
catalyst supports, CO, capture materials, and as HPLC packing
materials.
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