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ABSTRACT: Multifunctionalization of microporous pol-
ymers is highly desirable but remains a significant
challenge, considering that the current microporous
polymers are generally hydrophobic and nonresponsive
to different environmental stimuli and difficult to be
carbonized without damage of their well-defined nano-
morphology. Herein, we demonstrate a facile and versatile
method to fabricate water-dispersible, pH/temperature
responsive and readily carbonizable hairy microporous
polymeric nanospheres based on combination of the
hyper-cross-linking chemistry with the surface-initiated
atom transfer radical polymerization (SI-ATRP). The
hyper-cross-linking creates a highly microporous core,
whereas the SI-ATRP provides diverse functionalities by
surface grafting of hairy functional blocks. The as-prepared
materials present multifunctional properties, including
sensitive response to pH/temperature, high adsorption
capacity toward adsorbates from aqueous solution, and
valuable transformation into well-defined microporous
carbon nanospheres because of hybrid of carbonizable
core and thermo-decomposable protection shell. We hope
this strategy could promote the development of both
functional microporous polymers and advanced hairy
nanoparticles for multipurpose applications.

O ver the past few decades, design and fabrication of various
nanoporous materials, including porous carbons," porous
silicas, porous metal oxides,’ metal—organic4 and covalent
organic® frameworks, and amorphous porous polymers,® have
attracted increasing interest for both fundamental research and
practical applications. Porous polymers combine the superiority
of porous materials and functional polymers. They have well-
defined porosity, high surface area, lightweight, tunable surface
chemistry and are easily processable.ét With such attributes,
porous polymers are extensively used in diverse fields includin

energy,7 ::1clsorption,6c’d’8 separation,9 medicine,lo and catalysis.l

In recent years, significant progress has been achieved in synthetic
methods, structural, compositional, and topological control over
polymeric framework and control of pore structure including
pore size, pore geometry, and pore surface in porous polymer
field. Among various porous polymers, microporous polymers,
defined as polymeric materials with pores smaller than 2 nm,
have been one of the most fertile arenas in materials science.
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Because of their extremely developed surface area and small pore
size, microporous polymers are widely utilized in gas storage,
adsorption, separation, and catalysis. However, the polymeric
frameworks for most microporous polymers generally comprise a
highly cross-linked hydrophobic network which restricts their use
in various aqueous media. Therefore, it is very challenging to
prepare inherently water-dispersible microporous polymers.
Moreover, introduction of multifunctionalities represents
another significant challenge for microporous polymers. For
example, to the best of our knowledge, microporous polymers
with sensitive response to the environmental stimuli such as pH
and temperature have not yet been reported. In addition, it is also
challenging to transform nonconductive microporous polymers
into conductive microporous carbons while maintaining definite
nanomorphology because the harsh carbonization conditions
often give rise to the serious damage of nanomorphology.

On the other hand, hairy nanoparticles are an important class
of nanomaterials composed of an inorganic/polymeric core and
linear polymer chains grafted from/onto the core. They can be
used as controlled release systems,* catalyst carriers,"” plasmonic
devices,'* or electrode materials for energy storage.'” The past
few decades have witnessed the rapid growth in the area of hairy
nanoparticles with various cores including silica nanospheres,'®
metal and metal oxide nanoparticles,’” quantum dots,"® and
polymeric nanospheres.''” However, the hairy nanoparticles are
essentially nonporous, except for a few unusual cases of
mesoporous silica nanoparticles as the core.'® Therefore, it has
been very difficult, if not impossible, to fabricate all-organic
porous hairy nanoparticles, especially microporous ones.

Herein, for the first time, we report the design and fabrication
of a novel class of water-dispersible, stimuli-responsive, and
readily carbonizable hairy microporous polymeric nanospheres
by the union of hyper-cross-linking chemistry and surface-
initiated atom transfer radical polymerization (SI-ATRP). As
shown in Figures 1 and S1, monodisperse poly(4-chloromethyl-
styrene) nanosphere with divinylbenzene (DVB) pre-cross-
linking (PCMS) was initially prepared by surfactant-free
emulsion polymerization and then was treated via a facile
hyper-cross-linking procedure to provide the nanosphere with
well-developed microporosity, thus obtaining microporous
polymeric nanosphere (xPCMS). Then, hairy stimuli-responsive
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Figure 1. Schematic illustration for fabrication of water-dispersible, responsive, and carbonizable hairy microporous polymeric nanospheres.

hydrophilic polymeric blocks, such as pH/temperature dual-
responsive hydrophilic poly(2-(dimethylamino)ethyl methacry-
late) (PDMAEMA) and thermoresponsive poly(N-isopropyla-
crylamide) (PNIPAM), were grafted from xPCMS via SI-ATRP,
leading to formation of the water-dispersible responsive hairy
microporous polymeric nanospheres (e.g, xPCMS-g-PDMAE-
MA and xPCMS-g-PNIPAM). In this strategy, the choice of
xPCMS is critical, because it plays two roles: (i) xPCMS has a
high surface area of up to 1323 m* g~', which is vital to their
potential use, e.g., gas storage, adsorption, or drug delivery; (ii)
xPCMS contains many benzyl chloride initiating sites for SI-
ATRP to introduce diverse hairy functional polymeric blocks
(Table S1), which can bypass the complicated chlorine group
modification process. The as-prepared hairy microporous
polymeric nanospheres exhibit benign water-dispersibility, well-
defined microporosity, and high surface area. They are sensitively
responsive to pH/temperature and also demonstrate a much
better adsorption capability toward water-soluble molecules as
compared to original xPCMS. In addition, due to the hybrid of
carbonizable core and thermo-decomposable protection shell,
these hairy microporous polymeric nanospheres can be
carbonized and can also effectively avoid intersphere thermo-
fusion during carbonization, leading to formation of well-defined
microporous carbon nanospheres.

PCMS was synthesized by surfactant-free emulsion polymer-
ization of 4-chloromethylstyrene monomer and DVB precros-
slinker with 2,2’-azobis (2-amidinopropane) dihydrochloride as
initiator. The hydrodynamic diameter (Dj,) of PCMS in ethanol,
as measured by dynamic light scattering (DLS) analysis, was 591
nm (Figure S2A), which was slightly larger than the diameter
calculated by the SEM image (526 nm, Figures S2B and S3A).
The DVB pre-cross-linking is necessary for PCMS. Normally,
conventional PCMS nanospheres are fabricated by emulsion
polymerization of 4-chloromethylstyrene. Such nanospheres
without pre-cross-linking swell and dissolve in 1,2-dichloro-
ethane solution during hyper-cross-linking, and their spherical
shape would be seriously damaged or could even disappear.
Consequently, DVB was used as a pre-cross-linker to obtain the
pre-cross-linked PCMS, thus achieving the well-defined nano-
spherical morphology after hyper-cross-linking (Figure 2A). The
nanosphere size increased to 540 nm for xPCMS (Figures 2A and

T
% 2001(C)

w

5 2pae e
D150| e8IV

S 9 2004 1

g {855 4

o o~ 0. Q

=4 6 o

5500 8 Sto0  Se—an
S § °° 110 100
> o

£ 0 Pore width (nm)
§ 0.0 02 04 0.6 08 1.0

Relative pressure (P/P)

Figure 2. SEM images of (A) xPCMS and (B) xPCMS-g-PDMAEMA;
(C) N, adsorption-desorption isotherm and DFT pore size distribution
curve (the inset) for xPCMS-g-PDMAEMA.

S3B) and after surface grafting of PDMAEMA, to 568 nm for
xPCMS-g-PDMAEMA (Figures 2B and S3C). Fourier transform
infrared (FT-IR) spectra provided direct evidence of successful
grafting of PDMAEMA chains from xPCMS, in which new
adsorption peak around 1734 cm™' corresponding to ester
carbonyl band (C=O stretching vibrations) appeared after
grafting (Figure S4). The elemental analysis showed that the
nitrogen content for xPCMS-g-PDMAEMA was 1.69%, which
could translate into a weight percentage of grafted PDMAEMA
chains of 19.0%.

Nitrogen adsorption analysis was then used to track the
evolution of pore structure during hyper-cross-linking and SI-
ATRP (Figures 2C and SS). Before hyper-cross-linking, PCMS
only adsorbed an extremely small quantity of nitrogen and
presented a Brunauer—Emmett—Teller (BET) surface area as
low as 11 m’ ¢!, indicative of an essentially nonporous
characteristic. In sharp contrast, after the hyper-cross-linking
treatment, the resulting xPCMS exhibited a very steep rise in the
nitrogen adsorption amount at low relative pressure (P/P,),
indicating generation of a well-developed microporous structure.
This is because numerous —CH,— cross-linking bridges from
—CH,ClI were introduced to subdivide the originally nonporous
sphere space into a substantial number of micropores. Density
functional theory (DFT) analysis showed these micropores were
about 1.3 nm (Figure SS). Thus, xPCMS exhibited a very high
BET surface area of 1323 m* g™, After grafting of nonporous
PDMAEMA of 19.0% from the periphery of xPCMS, the
diameter of micropores basically remained around 1.3 nm (the
inset in Figure 2C), and a BET surface area as high as 562 m* g™
was still retained. It should be noted that “grafting from”
approach has already been a well-established method to
synthesize polymer-grafted porous nanoobjects. 19020 However,
the pore accessibility and specific surface areas were often
sacrificed to a large extent. Interestingly, in the present case, most
micropores were too small to allow for the polymer chain growth
inside it via SI-ATRP, leading to the good preservation of
microporosity after the surface grafting. Thus, the BET surface
area for xPCMS-g-PDMAEMA was much higher than those for
almost all reported polymer-grafted porous nanoobjects
(normally 1.7—253 m* ™', Table S2).

In order to demonstrate the functionalization advantages for
xPCMS-g-PDMAEMA, water-dispersibility tests of xPCMS and
xPCMS-g-PDMAEMA were performed. As shown in Figure 3A,

L
——.&—

Figure 3. Water-dispersibility tests (0.3 mg mL™", stirring for S min) of
(A) xPCMS and (B) xPCMS-g-PDMAEMA; and water contact angle
measurements of (C) xPCMS and (D) xPCMS-g-PDMAEMA.
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xPCMS failed to disperse in water and thus aggregated on the
surface of water, due to their inherent hydrophobicity. In sharp
contrast, after surface grafting of water-soluble PDMAEMA
chains, xPCMS-g-PDMAEMA was hydrophilic and dispersed
very well in water (Figure 3B). Water contact angle measure-
ments (Figures 3C,D) further indicated that PCMS and xPCMS-
g-PDMAEMA presented water contact angles of up to 142.0° and
<5°, respectively, confirming the surface grafting-induced
hydrophilicity.

The pH/temperature dual-responsive behavior for xPCMS-g-
PDMAEMA was investigated by DLS measurements at different
pH and temperatures, as shown in Figures 4 and S6. At pH 2,

pH=10, T=25 °C

pH T/
D,=661 nm
D,=1364 nm pH=10, T=50 °C
pH=2, T=25 °C
D,=1237 nm
pH=2, T=50 °C

Figure 4. Hydrodynamic diameters of xPCMS-g-PDMAEMA (0.3 mg
mL™") at different pH and temperatures, illustrating the pH/temper-
ature dual-responsive behavior.

PDMAEMA chains were fully protonated and transformed into
cationic polyelectrolytes. Due to the interchain electrostatic
repulsion and good water affinityy PDMAEMA chains were
swollen and showed large D}, = 1364 nm at 25 °C. However, when
pH rose to 10, PDMAEMA chains were deprotonated, and their
interchain interactions became stronger than chain—solvent
interactions. As a result, xPCMS-g-PDMAEMA partially
collapsed and Dj, reduced to 837 nm at 25 °C. Moreover, Dy, of
xPCMS-g-PDMAEMA can be further decreased to 661 nm upon
increasing the temperature to S0 °C. This transition is related to
lower critical solution temperature (LCST) of nonprotonated
PDMAEMA. However, lower pH =2 at 50 °C swelled protonated
PDMAEMA chains again leading to D, = 1237 nm. Taken
together, xPCMS-g-PDMAEMA demonstrated an interesting
pH/temperature dual-responsive performance. Furthermore,
xPCMS-g-PDMAEMA exhibited fast response kinetics; e.g,, its
Dy, promptly decreased upon changing pH from 2 to 10 and
immediately recovered upon decreasing pH to 2 again (Figure
S7).

To further demonstrate the universality of this surface grafting-
induced functionalization, we substituted the PDMAEMA with
another thermoresponsive polymer, poly(N-isopropylacryla-
mide) (PNIPAM), thus producing xPCMS-g-PNIPAM. FT-IR
spectrum of xPCMS-g-PNIPAM (Figure S8) showed new
absorption peaks at 1653 and 1543 cm™ corresponding to
amide I band (C=O stretching) and amide II band (N—-H
stretching) after grafting. The as-prepared xPCMS-g-PNIPAM
still had a high BET surface area of 595 m* g~' (Figure S9),
indicating good micropore preservation. The thermosensitive
behavior was confirmed by DLS at different temperatures. For
example, high Dy = 716 nm of xPCMS-g-PNIPAM at 20 °C,
decreased to 614 nm at 40 °C, a temperature above the LCST of
PNIPAM (Figure S10).

The adsorption properties in an aqueous phase for xPCMS-g-
PDMAEMA were studied using water-soluble alizarin red as a
model molecule. As shown in Figure 5A, xPCMS-g-PDMAEMA
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Figure 5. (A) Specific adsorption capacity per unit surface area toward
alizarin red at 30 °C for xPCMS-g-PDMAEMA and xPCMS, showing
the importance of good water-dispersibility for microporous polymer
adsorbents in aqueous solution. SEM images of (B) C-xPCMS-g-
PDMAEMA and (C) C-xPCMS, highlighting the importance of
protection shell to nanomorphology stability during carbonization.

had a significantly higher specific adsorption capacity per unit
surface area than xPCMS at various adsorption times. For
example, xPCMS-g-PDMAEMA and xPCMS had 0.75 and 0.15
mg m™2at 1 h, respectively, and had 1.03 and 0.28 mg m2at20h,
respectively. This demonstrated that for xPCMS-g-PDMAEMA
adsorption was much faster and had much more efficient pore
surface utilization, probably because the water-dispersibility
made the pores much more accessible to the adsorbates in the
aqueous solution. Therefore, the alizarin red adsorption capacity
of xPCMS-g-PDMAEMA was as high as 580 mg g™

Porous carbon nanomaterials not only possess common
characters of porous nanomaterials but also exhibit excellent
conductive and electrochemical performances. They are used in
many areas including energy, environment, adsorption, and
catalysis. To fabricate porous carbons with well-defined
nanostructures, one of the most common and effective routes
is the pyrolysis of polymer precursors in inert atmosphere.
However, during the pyrolysis treatment, fusion of polymeric
nanostructure is generally inevitable, which makes it very difficult
to obtain well-defined nanostructures for porous carbons.”!
Surprisingly, since xPCMS-g-PDMAEMA simultaneously con-
tained carbonizable core and thermo-decomposable protection
shell, xPCMS-g-PDMAEMA can be carbonized and can also
effectively avoid intersphere fusion during carbonization. As a
result, a novel class of well-defined carbon nanosphere with a
highly microporous structure (C-xPCMS-g-PDMAEMA) by
simple carbonization of xPCMS-g-PDMAEMA at 900 °C was
produced. TGA measurement showed that PDMAEMA shell and
xPCMS core started to degrade around 205 and 410 °C,
respectively (Figure S11). SEM image of Figure SB indicated that
C-xPCMS-g-PDMAEMA preserved the uniform nanospherical
morphology very well. Raman spectrum showed that C-xPCMS-
g-PDMAEMA presented a graphite-like microcrystalline struc-
ture (Figure S12). Nitrogen adsorption measurement showed
that C-xPCMS-g-PDMAEMA possessed numerous 0.5 nm
micropores and had a high BET surface area of 908 m* g~!
(Figure S13). As a control, xPCMS was also carbonized under the
same conditions. However, significant intersphere fusion
occurred during the carbonization process, and thus the resulting
C-xPCMS had a very ill-defined and irregular nanomorphology
(Figure SC). This comparison clearly confirmed that the
protection of the sacrificial thermo-decomposable PDMAEMA
shell is crucial to formation of the well-defined carbon
nanomorphology.
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In summary, we present a successful development of a novel
class of water-dispersible, pH/temperature-responsive and
readily carbonizable hairy microporous polymeric nanospheres
based on the union of hyper-cross-linking and SI-ATRP.
Microporous polymeric nanosphere xPCMS was first synthe-
sized by hyper-cross-linking and then was directly used as
initiating sites for SI-ATRP to introduce water-soluble and
stimuli-responsive hairy polymeric grafts on the periphery of the
nanosphere, including pH/temperature dual-responsive
PDMAEMA and thermoresponsive PNIPAM. The as-prepared
new hairy microporous polymeric nanospheres exhibited high
surface areas because of the well-developed and preserved
microporous structure in their hyper-cross-linked cores and
displayed good water-dispersibility and valuable stimuli-
responsiveness resulting from the water-soluble responsive
hairy shells. The advanced microporous polymeric nanospheres
also demonstrated excellent adsorption performance toward
water-soluble molecules. Moreover, the unique hybrid of
carbonizable core and thermo-decomposable protection shell
made these new hairy nanoparticles an ideal precursor to well-
defined microporous carbon nanospheres. We hope that this
methodology will open a new door for design and fabrication of
advanced multifunctional microporous nanoobjects and thus
provide new opportunities for various areas including adsorption,
separation, energy, catalysis and medicine.
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