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Because hollow nanoparticles play important roles in many
applications, including catalysis and nanoreactors, optics, sens-
ing, and controlled release, there have been numerous synthesis
efforts.'© Hollow particles or nanostructures have been synthesized
primarily through the “template method”. Through the use of col-
loid particles with reactive surfaces as templates, both inorganic
and polymer hollow particles have been prepared.'*>’~° Block
copolymer self-assembly has been developed to form hollow
vesicles or capsules and hybrid organic—inorganic hollow nano-
particles.'®™'* A freeze-dry process was developed to prepare
hollow polymer particles.'® Recently, through a spontaneous dis-
solution—regrowth process, uniform hollow silica colloids were
synthesized with an average particle size of 300 nm.'® The
development of more facile and efficient methods for synthesis of
monodisperse hollow nanoparticles is critically important for the
continued advancement of this area. Here we report a new facile
self-assembly technique for synthesizing monodisperse hollow
spherical nanoparticles that are less than 50 nm in diameter.
Preferential hydrogen bonding between an amphiphilic block
copolymer and a hydrogen-bonding agent (HA) enables formation
of monodisperse spherical solid polymer nanoparticles with the HA
residing in the particle core surrounded by the polymer. Removal
of the HA results in monodisperse hollow nanoparticles with tunable
hollow cavity size and surface reactivity.

Scheme 1. (i) Hydrogen-Bonding-Assisted Self-Assembly and (ii)
Formation of Hollow Nanoparticles
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Scheme 1 describes the hydrogen-bonding-assisted self-assembly
process and the formation of hollow nanoparticles. The amphiphilic
block copolymer was polystyrene-b-polyvinylpyridine (PS-PVP).
2-(4’-Hydroxybenzeneazo)benzoic acid (HBBA) was used as the
HA. For a typical synthesis, we added a 2 wt % solution of HBBA
in dioxane to a 2—4 wt % solution of PS-PVP in dioxane. After
the mixture was stirred and heated (70 °C) for up to 10 h, the
nanoparticles were collected through centrifugation. Formation of
hydrogen bonds between the —COOH groups of HBBA and the
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hydrophilic PVP chains'” facilitates phase separation, producing
solid nanoparticles with HBBA in the particle core (process i). This
was confirmed by dynamic light scattering results (Figure S1 in
the Supporting Information). Before addition of HBBA, PS-PVP
disperses in solvents without phase separation. Addition of HBBA
induces PS-PVP phase separation and nanoparticle formation in
the solution. Removal of HBBA was conducted using an alcohol
(methanol or ethanol) wash. Alcohols are good solvents for PVP
chains and nonsolvents for PS chains. During the alcohol wash,
the preferential solvation of the PVP chains with alcohol breaks
the hydrogen bonds between the PVP chains and HBBA; the alcohol
then dissolves and selectively removes the HBBA to form hollow
nanoparticles (process ii). The scanning electron microscopy (SEM)
image in Figure 1A shows as-prepared polymer nanoparticles
obtained using 2 wt % PS-PVP and 2 wt % HBBA before removal
of HBBA. The nanoparticles were monodisperse with an average
diameter (D) of 35 nm and a narrow size distribution [standard
deviation (o) of <7%]. The Figure 1A inset shows a transmission
electron microscopy (TEM) image of these nanoparticles. The
uniform electron contrast across each nanoparticle suggests that
the nanoparticles are solid particles. The TEM image recorded after
removal of HBBA by the alcohol wash (Figure 1B) shows evident
electron contrast between the cores and shells of the particles,
confirming the formation of hollow particles. The TEM image also
reveals that the hollow nanoparticles remain spherical in shape after
removal of HBBA, demonstrating their stability. The formation of
hollow nanoparticles further confirms that HBBA associates with
PVP chains and resides at the nanoparticle core surrounded by PS.
Because of the monodispersity, the hollow nanoparticles form large
areas of ordered arrays (Figure 1B and Figure S6). By careful
control of the molar ratio of HBBA to PVP, we determined a
HBBA/PVP molar ratio threshold of ~1.5 above which the hollow
diameter (Dy,) does not increase. Any extra HBBA crystallizes in
solution. Below the threshold, we can control D, from several
nanometers up to tens of nanometers by gradually increasing the chain
length of polymer and/or amount of HBBA (see Figures S2 and S3).

The hollow nature and the accessibility of the cavity were further
verified by nitrogen sorption measurements using a surface acoustic
wave technique.'® Figure 1C compares nitrogen sorption isotherms
of solid and hollow nanoparticle films at 77 K. Both films followed
type-IV sorption isotherms. The solid nanoparticle films showed a
dramatic nitrogen uptake starting at P/Py ~ 0.8 with a small
hysteresis, suggesting the existence of large mesopores.'® This is
due to the gaps between neighboring nanoparticles. After removal
of HBBA, the hollow nanoparticle film exhibited an Hl1-type
hysteresis loop, with almost vertical steps on the ascending and
descending curves starting at P/Py~0.8, which is characteristic of
a mesoporous material with a narrow pore size distribution. The
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Figure 1. (A) Representative SEM image of monodisperse solid polymer
nanoparticles prepared using 2 wt % PSi99-PVP2o 4 and 2 wt % HBBA.
Because of the monodispersity, the nanoparticles form ordered hexagonal
arrays. Inset: TEM image revealing that the nanoparticles are solid. (B)
Representative TEM image of the specimen in (A) after removal of HBBA
by the alcohol wash. The large-area ordered arrays of hollow nanoparticles
on the right part of the image consist of individual hollow nanoparticles
like those shown in the left part of the image. The inset square box highlights
three individual hollow nanoparticles. Figure S6 shows three-dimensionally
ordered arrays of solid and hollow nanoparticles. (C) Nitrogen sorption
isotherms obtained at 77 K for (circles) a solid nanoparticle film prepared
with 2 wt % PS,0x-PVPjox and 2 wt % HBBA and (squares) a hollow
nanoparticle film after removal of HBBA (adsorption, solid data markers;
desorption, open data markers). The films were applied to an area of ~1
cm? on a piezoelectric ST-cut quartz substrate with interdigital gold
transducers designed to operate at ~97 MHz. Mass change was monitored
(~80 pg cm™? sensitivity) as a function of relative pressure using a surface
acoustic wave technique. The inset table shows the porosities, surface areas,
pore sizes, and refractive indexes of the two nanoparticle films. (D) Light
transmission vs wavelength for microscope glass slides that were covered
on both sides with a 256 nm thick film of hollow nanoparticles serving as
an AR coating. The nanoparticle coating prepared using hollow nanoparticles
(solid line) exhibited a light transmission of ~98% at ~1250 nm. Results
for an uncoated glass slide (dashed line) are shown for comparison.

measured surface areas of both the solid and hollow nanoparticle
films demonstrate the accessibility of the hollow cavities and the
mesoporosity between neighboring nanoparticles. Subtraction of
the porosity of the solid particle film from that of the hollow-particle
film gives a porosity of 23% resulting from the hollow cavities.
Visible ellipsometric data for this film before and after removal of
HBBA were fitted with refractive indices (n) of 1.63 and 1.30,
respectively, at 550 nm. The decrease in » is due to the presence
of the hollow cavity. By controlling the amount of added HBBA,
we tuned the index of refraction from that of the solid PS-PVP
(1.64) down to 1.20 at 550 nm. With such a low n and pore and
particle sizes less than 50 nm, the hollow nanoparticle films are
viable alternatives for antireflective (AR) coatings. Figure 1D
compares the transmission of a bare-glass slide and a hollow-
nanoparticle-coated glass slide. The hollow-nanoparticle-coated
glass slide showed ~98% transmission in the near-IR spectrum,
which is better than the optimium value of the inorganic coating
material MgF, (~97.5%).

Removal of HBBA results in empty space and available nitrogen
(—N=) from PVP chains on the inner surface, providing a well-
defined nanocavity and surface reactive sites for further introduction

of functional elements. To demonstrate the reactivity of the inner
surface of the hollow cavity, we prepared hybrid nanoparticles
containing TiO, nanoparticles by introduction of titanium(IV) rert-
butoxide (TBO) (Figure S4). Hydrolysis and condensation of TBO
produced hydroxylated oligomers or nanoclusters associated with
PVP through hydrogen bonding between the hydroxyl groups and
nitrogen (—N=) of the PVP chains. Further nucleation and growth
of TiO, nanoparticles were thus confined within the hollow cavities.
Besides TiO,, we extended the method to the synthesis of hybrid
nanoparticles containing silica or tungsten oxide nanoparticles
(Figure S5).

In summary, our method is a facile process for synthesizing
monodisperse hollow nanoparticles with controlled hollow cavity
size and internal surface reactivity. Formation of large areas of
uniform films of ordered hollow nanoparticle arrays allows practical
utilization of these nanoparticles in applications such as membrane
separation®” and catalysis and sensing® and as nanoreactors® for
the synthesis of complex organic, inorganic, and biospecies
assemblies in general. The robustness of our method enables the
fabrication of hybrid polymer—inorganic nanoparticles.
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