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A new route of in situ formation and stabilization of ultrathin, needle-like manganese dioxide
nanoparticles (MnO2NP) in aqueous solution by using spherical polyelectrolyte brush particles
(SPB) is presented. The SPB that act as carrier particles consist of a solid polystyrene core of about 50
nm radius onto which long chains of the positively charged polyelectrolyte poly(trimethyl ammo-
nium ethyl methacrylate chloride) (pTMAEMC) are grafted to yield an overall radius of about 85 nm.
Potassium permanganate (KMnO4) is directly reduced within the brush layer of these particles
because of the basic environment within this layer. This mechanism appears to limit the size of the
MnO2NP to the dimensions of the brush layer. Powder X-ray diffraction, (PXRD), transmission
electron microscopy (TEM), and cryogenic transmission electron microscopy (cryoTEM) prove that
birnessite-type MnO2NP with a c*-disorder are generated on the SPB without adding any reducing
agent. The birnessite nanoparticles have an average length of 20 nm and a breadth of about 1.6 nm.
They are composed of single lamellae or of ultrathin stacks of very few lamellae. Energy-dispersive
X-ray spectroscopy (EDX) demonstrates that most of the charges of the thin birnessite platelets are
balanced by potassium ions. The excellent stabilization by the SPB carrier particles in aqueous
solution can be traced back to a strong interaction of the birnessite particles with the positively
charged pTMAEMC chains of the SPB.

Introduction

Manganese oxide materials and especially manganese
dioxide (MnO2) that appears in a wide variety of poly-
morphs suchasR-,β-,γ-, andδ-MnO2have attracted great
interest recently. This is due to the possible applications as,
for example, electrode materials,1,2 catalysts,3,4 ion ex-
change,5 and magnetic materials.6,7 All different poly-
morphs are based on the MnO6 octahedron and differ in
the linkage of these basic units.8 In principle, the synthesis
can be achievedby the oxidationofMn2þ, by the reduction
of permanganate (MnO4

-), or by direct conversion of

manganese oxides (Mn2O3, MnOOH, etc.).9-11 The phy-
sical and chemical properties of these materials change
when downsized to the nanoscopic scale, and great efforts
have been made to design MnO2 nanometer-sized struc-
tures of different size and shape.12-16 Hence, a number of
differentmorphologies have been realized, as, for example,
one-dimensional (1D) structures (nanorods, nanowires,
nanofibers, etc.), two-dimensional (2D) structures (nano-
sheets, etc.), and three-dimensional (3D) structures (ball-
like core-corona particles, nanodisks, etc.).8,17-20

Among these manganese oxides, birnessite has at-
tracted particular attention because of its unique proper-
ties and its use as an intermediate for the preparation of†Dedicated to Professor R€udiger Kniep on the occasion of his 65th birthday.
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other MnO2 based materials such as octahedral molecu-
lar sieves.21,22 Birnessite is a phyllomanganate meaning a
layered structure of hydrous manganese oxide composed
of edge-sharing octahedra containing predominantly
Mn4þ cations as central ions. Because of the presence of
Mn3þ cations and/or vacant octahedral sites a net layer
charge arises that is compensated by the incorporation of
different cations into the interlamellar space. Typically,
these interlayer cations are hydrated.23-26 The interlayer
cations can be exchanged against various other ions such
as tetraalkylammonium ions (TAA) or positively charged
aluminum based oligo-cations such as Keggin ions.27-30

The intercalation of bulky counterions can furthermore
be used to expand the interlayer space and finally dela-
minate the hexagonal sheets to gain single lamellae of
birnessite.31 This delamination process is well-known
from layered silicates or similarly structured materials,
for example, layered double hydroxides (LDHs). More-
over, it is important for the generation of ultrathin films
and for the building of layer-by-layer structures.32 The
generation of delaminated or exfoliated (stacks of only a
few lamellae) birnessites is usually a tedious multistep
process which involves the intercalation of bulky ions and
subsequent delamination.28,33,34 To our best knowledge
there is only one report in the literature of single step
routes to created ultrathin birnessite materials.35 Aqu-
eous suspensions of these particles do not exhibit a high
colloidal stability and are difficult to handle because of
their high surface area and the large lateral dimensions of
the platelets of up to 0.5 μm.Applications in, for example,
catalysis, however, require stable colloidal systems that
can be easily synthesized at a kilogram scale.
In this paper we present the synthesis and comprehen-

sive characterization of ultrathin birnessite nanoneedles
that are affixed to spherical polyelectrolyte brushes
(SPB).36 The SPBs used herein consist of a solid poly-
styrene core (PS core) onto which long polyelectrolyte
chains (PE chains) are densely grafted (Figure 1). Here we

use the strong polyelectrolyte poly(2-trimethylammo-
nium ethyl methacrylate chloride) (pTMAEMC) which
carries positive charges. Recent work has shown that the
immobilization of metallic or oxidic nanoparticles on SPB
is a promising way towards colloidally stable composite
particles with a high catalytic activity.37-41 Moreover,
cationic polyelectrolytes have recently been used success-
fully to create and stabilize thin films of birnessite.42,43

Here we demonstrate that cationic spherical polyelectro-
lyte brushes can be used to prepare and immobilize
ultrathin birnessite needles by adding KMnO4 solution
to the aqueous suspension of the SPB. The resulting
composite particles exhibit an excellent colloidal stability
and open new venues for the use of birnessite as catalyst in
aqueous systems.

Experimental Section

Materials. All chemicals were of analytical grade and used

without further purification. 2-Trimethylammonium ethyl

methacrylate chloride (TMAEMC) was received from Poly-

sciences. KMnO4 was purchased from Fluka and used as

received. Water used in all of our work described here was 18

MΩ Millipore water.

Synthesis of the Cationic SPB. Cationic SPB TMAEMC-40

was synthesized and characterized as described recently.44 In

a typical run, 62.5 g of 2-[p-(2-Hydroxy-2-methylpropiophe-

none)]-Ethylene Glycol-Methacrylate (HMEM) functionalized

polystyrene latex were dispersed in water to give a solid content

of 3.5 wt %. After addition of 56.0 g of TMAEMC to the

Figure 1. Scheme of a cationic spherical polyelectrolyte brushwith brush
monomer 2-trimethylammoniumethylmethacrylate chloride (TMAEMC).
Here R represents the hydrodynamic radius of the polystyrene core, L
stands for the contour length of the polyelectrolyte chains, and D is the
average distance of junctions of polyelectrolyte chains on the surface of
the core particle.
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dispersion, the mixture was degassed and cooled down to 8 �C.
The polymerizationwas started by irradiation of the dispersion

by UV light.45 The reaction was irradiated and cooled for

30 min. The dispersion was purified by ultrafiltration (UF)

until the conductivity of the serum reached values lower than

3 μS cm-1.

Synthesis of the MnO2NP Immobilized on SPB. The disper-

sion of SPB was diluted with water to a solid content of about

1.0 wt %. The mixture was bubbled with nitrogen under stirr-

ing for half an hour to remove oxygen. Afterward, 20 mL of a

0.04 M solution of KMnO4 were injected, and the solution was

stirred for 12 h. The composite particles were cleaned with water

by UF until the conductivity of the serum reached a value of

lower than 3 μS cm-1.

Synthesis of the Hþ-Birnessite. This compound was synthe-

sized according toMcKenzie et al.46 In a typical reaction, 1.58 g

of KMnO4 were dissolved in 100 mL of water, and 1.64 mL of

concentrated hydrochloric acid (HCl) were added dropwise to

the solution. The precipitate was filtered and cleaned by dialysis

against water.

Synthesis of the Kþ-Birnessite.Kþ-birnessite was synthesized
by the thermal decomposition ofKMnO4 at 800 �C for 16 h. In a

typical run, 5.0 g of KMnO4 were heated at 2 �Cmin-1 to 800 �C
and kept for 16 h at this temperature, before cooling down with

1 �Cmin-1. The product was washed with water until the filtrate

became clear.47

Methods. Transmission electron microscopy (TEM) and

cryogenic transmission electron microscopy (cryoTEM) mea-

surements were conducted with a Zeiss EM922 EFTEM (Zeiss

NTS GmbH, Oberkochen, Germany) as described recently.48

Dynamic light scattering (DLS) was performed with an ALV

4000 (Peters) light scattering goniometer. Samples for Powder

X-ray diffraction PXRD were prepared onto a silicon zero-

background plate via a back-loading technique to minimize

textural effects. PXRD patterns were obtained using nickel

filtered Cu-KR radiation (1.54187 Å) on a Bragg-Brentano-

type diffractometer (Panalytical XPERT-PRO) equipped with

an X’Celerator Scientific RTMS detector. Energy Dispersive

X-ray spectroscopy (EDX) was conducted with a Zeiss 1530

FESEM.The number of amino groups of the SPB, and therefore

the core to shell ratio, was determined by potentiometric titra-

tion of TMAEMC-40 with 0.01 M silver nitrate (AgNO3)

standard solution (Merck) using a WTW cond 197i conduct-

ometer. The amount of MnO2 immobilized on the SPB was

determined by thermal gravimetric analysis (TGA) using a

Mettler Toledo STARe system. Zeta potential measurements

were performed with a Malvern Zetasizer Nano ZS.

Results and Discussion

Synthesis. The synthesis of the cationic spherical poly-
electrolyte brushes was conducted as described in pre-
vious work.44 The hydrodynamic radius Rh of the poly-
styrene-co-HMEM core due to DLS measurements is
42.7 nm (0.3 nm. After the photoemulsion polymeriza-
tion,Rh of the cationic SPB increased to 84.7 nm(0.5 nm
because of the grafting-to process of polyelectrolyte
chains consisting of pTMAEMC onto the core particles.

The pTMAEMC shell thus grafted to the surface of the
core particles has a Rh of 42.0 nm (0.8 nm. Potentio-
metric Titration with 0.01 M AgNO3 standard solution
gives the total number of charges on one particle. This
analysis showed that the SPB used in this study had a
core-to-shell mass weighted ratio of 6.6 to 1. Thus, the
weight fraction of the shell is approximately one-third of
the weight. The precise determination of this mass ratio is
important for the mechanistic studies given below.
After adding the KMnO4 solution to the dispersion of

the cationic SPB (see Figure 2), the process of the reduc-
tion of the MnO4

- ions could be directly seen by the
fading of the color from purple to brown. The MnO4

-

ions are exchanged against the chloride counterions of the
polyelectrolyte brush and a p(TMAEMMnO4) precursor
is formed with the quaternized ammonium groups of the
polymer chains. We conclude that this reaction step is
similar to the synthesis of layered MnO2 structures using
low molecular weight tetraalkylammonium halogenides
according to Brock et al.29 Thus, the precursor is reduced
in situ inside the brush layer andMnO2 nanoparticles are
formed. This reaction seems to be promoted by the slight
basic environment within the brush layer which results
from possible diffusion of OH- ions into the positively
charged brush. Additionally, the generated MnO2 nano-
particles may be able to act as a catalyst for further
reduction of KMnO4.
To elucidate this reaction further, we studied the influ-

ence of different reaction conditions for the formation of
the MnO2NP. We varied the amount of added KMnO4

solution, the rate of addition, and the temperature.
Increasing the amount ofMnO4

- ions leads to an increase
of the total amount of MnO2NP. An important finding is
that the amount of inorganic nanoparticles still increases
even if the molar amount of KMnO4 exceeds the amount
of functional groups in the brush layer. This is a clear
indication that KMnO4 does not react with the monomer
units of the brush. Varying the amount of KMnO4 does
not have a significant influence on the size or the structure
of the formed MnO2NP, which was proven by cryoTEM
and PXRD (see below). The overall size of the nanopar-
ticles is only limited by the dimensions of the SPB, which
again demonstrates that their formation proceeds along
the polyelectrolyte chains via a p(TMAEM MnO4) pre-
cursor. Moreover, the dosage time of the KMnO4 solu-
tion did not affect any properties of the nanoparticles.
Furthermore there were no noteworthy effects related to
the dosage rate of theKMnO4 solution. The generation of
the particle seems to proceed very fast since a color shift is
visible within a few seconds after the KMnO4 addition.
Increasing the temperature to 90 �C leads to a slight
increase of the total amount of MnO2NP formed on the
SPB without changing the shape or the grade of crystal-
linity of the nanoparticles (see Supporting Information,
Figure S2). Working at elevated temperatures, however,
has negative influence on the stability of the composite
system since coagulation processes are promoted.
The mechanism of particle formation thus implies that

the reduction takes place only in the brush layer of the SPB,
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and the generated nanoparticles are directly stabilized by
the pTMAEMC chains. This explains why there are
virtually no free MnO2NP in solution as will become
evident by the analysis of the system by TEM and
cryoTEM below. Another explanation for this finding is

thatMnO2NP usually possess a negative surface charge.29

Therefore these particles are bound to the SPB by ionic
interaction of the oppositely charged pTMAEMC shell.
Measurements of the zeta potential support this conclu-
sion since there is a notable decrease of the potential after
the MnO2NP have been generated within the polyelec-
trolyte shell of the SPB. Moreover, DLS-measurements
demonstrated that the hydrodynamic radius of the SPB
decreases from 82.7 to 66.0 nm after the formation of the
nanoparticles. This fact can be explained by the interac-
tion of the positively charged pTMAEMCchainswith the
negatively charged MnO2NP leading to a bridging of the
chains of the shell and a decrease of the hydrodynamic
radius as schematically depicted in Figure 4. Schrinner
et al. discussed this effect in their studies of themechanism
of the formation of gold nanoparticles within cationic
SPBs.38 The strong interaction of the MnO2NP with the
polyelectrolyte chains leads to an excellent colloidal
stability of the composite particles that allows us to purify
them by extensive ultrafiltration against pure water. This
pointwill become important when analyzing the structure
of the MnO2NP.
TEM and cryoTEM studies. We now turn to the

analysis of the particles by transmission electron micro-
scopy (TEM). Figure 2a displays the TEM pictures of the
particles that refer to the dry state whereas cryoTEM
images in Figure 2b and 2c display the structure of the
composite particles in the aqueous phase, that is, directly
in situ.The cryoTEMmicrographs show that theMnO2NP
are of needle-like shape and have a typical breadth of
1.6 nm and an average length of 20 nm. The thickness of
the particles derived from the cryoTEM micrographs
indicates that the nanoparticles consist mainly of single
lamellae or ultrahin stacks of very limited numbers of
lamellae. We conclude from the habitus of the nanocryst-
als together with the analysis by wide-angle X-ray scatter-
ing (PXRD) given below that the modification of MnO2

given here is birnessite. Since structures with a thickness
of a few nm of birnessite show a poor electron contrast in
cryoTEM, only particles vertically aligned with their ab
plane to the electron beam are clearly visible. This be-
comes evident looking at Figure 2c. The dark, thin needle-
like particles are stacks of octahedral layers of MnO2

where the basal planes are within the angle of vision. In
some cases individual birnessite particles are aligned
parallel to each other. This indicates a layer-by-layer
structure of the polyelectrolyte and the nanoparticles
resulting from their opposite charge. This is in good
agreement with the proposed particle generationmechan-
ism which is shown in Supporting Information, Figure
S1. In contrast to that, thin lamellae oriented horizontally
with the ab plane to the electron beam are hardly visible
(Figure 2c). This is also due to the high background
caused by the solid polystyrene lattices. As already men-
tioned above, the length of the MnO2NP does not exceed
the dimensions of the brush layer which proves the
mechanism of a polymer-assisted nanoparticle growth
and stabilization. In addition, there are no free MnO2NP
in the solution, which is in good agreement with previous

Figure 2. TEM of the composite system SPB-MnO2-8 (a) and cryoTEM
of the same system (b and c) shows the structural difference of the
MnO2NP immobilized on the SPB in the dried and the dispersed state.
Whereas TEM indicates a more isotropic structure of the nanoparticles,
the vitrified sample shows the formation of MnO2 nanoneedles immobi-
lized on the SPBs.
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results of other work.40,42,49 This point is important for
possible applications, because separation of the nano-
particles from the solution is simplified by immobilizing
them on SPB by, for example, centrifugation.
The comparison between the TEM and the cryoTEM

micrographs demonstrates that the structure obtained by
both methods differs strongly. Obviously, the drying
necessary for the TEM pictures leads to a collapse of
the fine needle-like nanoparticles. Moreover, the drying
leads to a loss of the interlayer water in the birnessite
structures which will quickly evaporate under the condi-
tions of TEM.
Structural Characterization by X-ray Diffraction. The

assignment of the modification can be corroborated by
wide-angle diffractograms to be discussed in the follow-
ing. To elucidate the structure of the nanoparticles gen-
erated on the SPB, two well-known birnessite modificat-
ions (Hþ-birnessite, see ref 46; Kþ-birnessite, see ref 47)
have been synthesized for comparison. The PXRD pat-
terns of the composite particles, of Hþ-birnessite, and
Kþ-birnessite are shown in Figure 3. The series of 00l
reflections between 10� and 30� in 2θ of the birnessite

modifications contain crucial information on the d-spa-
cing between consecutive lamellae and the thickness of
the stacks and shall therefore be discussed in more detail:
The PXRD-analysis shows a regular 3D ordering in the
case of the Kþ-birnessite. For this material, both the
stacking vector and the mutual position of stacked la-
mellae arewell-defined (c*-ordered). TheHþ-birnessite is,
however, much less ordered as indicated by, first, a
broadening of the 00l reflections and, second, the
absence of any reflections of mixed indices, for instance
the 104 reflection which is missing in Hþ-birnessite but is
clearly visible in case of the Kþ-birnessite. Instead of
symmetrically shaped peaks of reflections of mixed in-
dices, for Hþ-birnessite, besides the 00l series, only l-
shaped hk-bands are observed in the diffractogram, for
instance the 10-band at 36� in 2θ. This lack of reflections
of mixed indices indicates that in Hþ-birnessite the in-
dividual lamellae are stacked turbostratically meaning
that the relative position and/or orientation of adjacent
lamellae in the stack are random (c*-disordered). The hk-
bands are thus the result of a 2D interference within the
plane of the lamellae. Furthermore, the broadening of the
00l reflections indicates that the stacks formed in Hþ-
birnessite or considerably thinner than in Kþ-birnessite.
The PXRD pattern of the MnO2NP formed in the

composite material are yet again distinctly different as
compared to both Kþ-birnessite and Hþ-birnessite.
Please note that the two very broad peaks in the diffrac-
togram of the composite particles at 9.4� and 19.1� (2θ)
can be assigned to the bare SPB. In this angular region,
neither Kþ-birnessite nor Hþ-birnessite exhibit any
peaks. Besides these peaks due to the SPB carrier, only
hk-bands are observed. The positions of these are in good
agreement with what is found for Hþ-birnessite suggest-
ing that the lateral dimensions of the lamellae are similar
in Hþ-birnessite and the MnO2NP in the composite

Figure 3. (a) PXRDpatternsof the composite particle (black line), the c*-
disorderedHþ-birnessite (red line) and the c*-orderedKþ-birnessite (blue
line). The twobroad peaks of the compositematerial in the first part of the
pattern can be assigned to the bare SPB, whereas the hk-bands at 36� and
65� 2θ are due to the c*-disordered birnessite nanoneedles (b). Please note
the lack of any 00l reflections for the composite material.

Figure 4. Schematic representation of the stabilization of the layered
birnessite structure by the cationic pTMAEMC chains of the SPB.
Ultrathin, turbostratically disordered stacks and delaminated lamellae
are sandwiched between pTMAEMCchains and thus tightly immobilized
by electrostatic forces between SPB carrier andMnO2NP.The inset shows
the crystal structure of a Kþ-birnessite (water molecules in the interlayer
are not shown).

(49) Lu, Y; Spyra, P.; Mei, Y; Pich, A.; Ballauff, M.Macromol. Chem.
Phys. 2007, 208, 254–261.
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material. However, most surprisingly, the 00l series is
not visible at all in case of the composite particles. Since
the much less intense 10-band is clearly observable, the
basal peaks should also be above the detection limit, and
the lack of the 00l-peaks is therefore not because of the
high background caused by the carrier particles. The
intensities of the 00l-peaks can be diminished by three
different mechanisms. (1) Random interstratification,
meaning that interlayer distances between the individual
consecutive lamellae in the stack vary and thus partially
destroy the regular alteration of the electron density along
the stacking direction. (2) Although utmost precautions
have been taken in the sample preparation to minimize
texture, a certain degree of preferred orientation in the
samples of Kþ-birnessite and Hþ-birnessite will be un-
avoidable because of the platty particle morphology,
while in the composite material a random orientation of
theMnO2NP is assured by the SPB carrier. This definitive
lack of preferred orientation might in turn reduce the
intensities of the 00l-series. While small contributions of
random interstratification and reduction of preferred
orientation may not be ruled out, the cryoTEM micro-
graphs showing very thin MnO2NP suggest that the non-
visibility of the basal reflection actually is related to (3)
the thickness of the stacks. As the stacks of lamellae
become thinner and thinner the fwhm (full width at
half-maximum) values will steadily increase and the basal
peaks will be broadened and pushed into the background.
Finally, the 00l-series will fade away completely when
the material is delaminated into single lamellae. At this
stage all inner surfaces (interlamellar space) will have
been converted into external surfaces. Thus the lack of
00l peaks in the diffractogram of the composite material
suggests that the MnO2NP in the composite material will
be at least highly exfoliated, possibly even partially
delaminated into single lamella. Evidently, single lamellae
of birnessite exhibit a strong negative charge that must be
balanced by counterions. Here EDX-measurements that
will be discussed in the following provide valuable in-
formation.
Energy Dispersive X-ray Spectroscopy. The EDX spec-

trum of the composite particles shows high contents of
potassium (K) and chlorine (Cl) (see the Supporting
Information, Figure S3). The potassium ions (Kþ ions)
refer to either interlayer cations in exfoliated MnO2NP
with birnessite structure or to Kþ ions absorbed to
external surfaces of delaminated lamellae. Since the sam-
ples have been thoroughly purified by ultrafiltration, the
appreciable amount of Kþ ions cannot be explained by
the presence of the ions in the aqueous phase. Moreover,
because of the positive charge of pTMAEMC chains,
other positive ions will be mostly excluded from the brush
layer. Hence, we concluded that the Kþ ions are bound to
internal or external surfaces of the lamellae of birnessite.
Charges at the external surface of the nanoparticles are
thus balanced by the pTMAEMC chains and by con-
densed Kþ ions. The presence of chloride ions (Cl- ions)
indicates that these ions are not completely replaced by
theMnO4

- ions as counterions of the pTMAEMC chains

even if an excess ofKMnO4 is used. This indicates that the
reduction and condensation reaction of MnO4

- to form
birnessite-type nanoneedles is significantly faster than the
exchange of Cl- and MnO4

- ions itself.
This is in good agreement with the fact that the dosage

rate of KMnO4 solution to the SPB dispersion did not
affect the reaction. Furthermore Cl- ions can only stay
inside the brush layer as counterions of pTMAEMC
chains. This leads to the conclusion that only a small
fraction of the negative charges of the birnessite-type
nanoneedles is balanced by the pTMAEMC itself and
that the charges aremostly compensated by theKþ ions in
the interlayer which is in good agreement with the K
fraction seen in the EDX spectrum. As a consequence,
after the reduction of the MnO4

-, the Cl- ions have to
balance most of the charges of the pTMAEMC chains
again. This finding may be used to further increase the
total amount of MnO2NP since the exchange and reduc-
tion ofMnO4

- ions should repeatedly be possible. This is
in full accord with the above finding that the molar
fraction of TMAEMC functional groups can be exceeded
by the added KMnO4 leading to an increase in the total
MnO2NP content of the composite particles (table 1).
Combining the results of TEM, PXRD, and EDX, the

schematic structure of the composite particles shown in
Figure 4 may be derived. Birnessite-type single lamellae
and ultrathin, turbostratically disordered stacks of only
very few lamellae are sandwiched between cationic
pTMAEMC chains and thus are tightly immobilized by
electrostatic interactions between the SPB carrier and the
negative surface charge of MnO2NP. Nevertheless, the
high contents of Kþ ions found by EDX analysis prove
that most of the negative charges of the internal and
external surfaces of the birnessite-type nanoparticles are
not balanced by pTMAEMC chains bound to the exter-
nal surface but instead by intercalated and surface-ad-
sorbed Kþ ions, respectively. A penetration/intercalation
of the pTMAEMC chains between birnessite lamellae
seems not to occur, since the steric hindrance of large ions
leads to a decreasing probability for intercalation with
increasing ion radius.28 Instead the pTMAEMC chains
interact with the external surface charge only. This is in
good agreement with the finding that the length of the
nanoparticles does not exceed the size of the polyelec-
trolyte chains.

Table 1. Characterization of the Composite Particles of Cationic SPB and

MnO2NP Used in This Study

sample
name

n(TMAEMC):
n(KMnO4)

a

rate of
KMnO4

addition/
ml/h

m(MnO2)
wt %b T /�C

SPB-MnO2-1 2/1 40 3.15 RT
SPB-MnO2-2 2/1 3600 3.08 RT
SPB-MnO2-5 1/1 40 4.90 RT
SPB-MnO2-8 2/3 40 6.46 RT
SPB-MnO2-9 1/1 40 5.79 90

aMolar ration of quaternized ammoniumgroups in the brush layer to
the added molar amount of KMnO4.

bRelating to the solid composite
particle.



2922 Chem. Mater., Vol. 22, No. 9, 2010 Polzer et al.

Conclusions

A facile route has been developed for the preparation
of ultrathin birnessite-type nanoneedles within SPB by
in situ reduction of KMnO4 precursor molecules. We
conclude that the KMnO4 reacts with the quaternized
ammonium groups of the brush polymer to form a
p(TMAEM MnO4) precursor which is directly reduced
by the basic environment within the brush layer. This
leads to a polyelectrolyte-directed growth and stabiliza-
tion of the nanoparticles which causes a size limitation of
the MnO2NP by the brush extension. TEM micrographs
reveal a collapsed structure of the birnessite nanoparticles
immobilized on SPB because of drying effects and the loss
of interfacial bound water between the single lamellae. In
contrast to this, cryoTEM images confirm the needle-like
nanoparticles with an average length of 20 nm and a
breadth of 1.6 nm are well distributed among the carrier
particle. No MnO2NP are found in free solution. Cryo-
TEM and the PXRD analysis point out that the needles

exhibit a c*-disordered birnessite type structure of the
MnO2. The excess charge of these nanoneedles is mostly
balanced by Kþ ions which could be inferred from the
EDX analysis. Hence, we obtained ultrathin birnessite-
type nanostructures without further delamination pro-
cesses. Moreover, the composites of the SPB and the
nanoparticles exhibit an excellent colloidal stability.
These properties make the composite particles a promis-
ing material for applications in catalysis. Work along this
direction is under way.
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