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B
ottom-up processes are one of the
key strategies for the preparation of
materials matching the demands of

today’s and future nanotechnology.1,2 Such
requirements are, for example, defect-free
spatial ordering over several micrometers,
control over interfacial energies, or the po-
sitioning of different functional groups
within close proximity. During the last de-
cades, co- or self-assembly processes have
proven to be the method of choice, provid-
ing tailored materials through the careful
adjustment of supramolecular and interfa-
cial forces and interactions. Often, block co-
polymers with suitable functional moieties
in different compartments are taken as uni-
molecular building blocks for the forma-
tion of compartmentalized structures in the
bulk,3�5 in thin films,6,7 or in solution.8�10 In
all of these cases, the driving force for struc-
tural evolution originates from the mutual
incompatibility of the unlike segments. An-
other facile and straightforward method to
induce co-assembly of block copolymers is
the formation of interpolyelectrolyte com-
plexes (IPECs) through electrostatic interac-
tions between two oppositely charged seg-
ments,11 either inter-12 or intramolecular.13

Furthermore, these interpolyelectrolyte
complexes are capable of undergoing dy-
namic polyion exchange reactions, render-
ing smart colloidal objects responsive to
changes in pH or salinity.14�18

The formation of so-called hybrid or
composite materials is another way to gen-
erate structures with manifold functional-
ities. The most common examples are
organic�inorganic hybrid materials where
metal or semiconductor nanoparticles are
incorporated into a polymeric matrix
material.19�22 The idea behind it is the com-
bination of both the unique properties of

metal nanoparticles regarding catalysis,23

chemical sensing,24 or data storage to-
gether with the cohesion, the processabil-
ity, and the flexibility of polymer chains.
Moreover, if carried out in solution, nano-
particles generated in this way are signifi-
cantly stabilized through the coordination
to the polymer chains, preventing further
aggregation taking place and facilitating a
narrow particle size distribution,25 which is
directly related to the materials’
properties.26,27 A prominent example are hy-
brid materials of block copolymers and
gold nanoparticles, both in the bulk28 and
in solution.29 Gold nanoparticles are of par-
ticular interest due to their electronic and
optic properties but also due to their
biocompatibility.25
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ABSTRACT Dynamic core�shell�shell�corona micelles are formed between two oppositely charged block

copolymer systems. Preformed polybutadiene-block-poly(N-methyl-2-vinylpyridinium)-block-poly(methacrylic

acid) (PB-P2VPq-PMAA) block terpolymer micelles with a soft polybutadiene core, an interpolyelectrolyte complex

(IPEC) shell made out of poly(N-methyl-2-vinylpyridinium) and poly(methacrylic acid), and a negatively charged

PMAA corona were mixed in different ratios at high pH with positively charged poly(N-methyl-2-vinylpyridinium)-

block-poly(ethylene oxide) (P2VPq-PEO) diblock copolymers. Under these conditions, mixing results in the

formation of a second IPEC shell onto the PB-P2VPq-PMAA precursor micelles, surrounded by a PEO corona. The

resulting multicompartmented IPECs exhibit dynamic behavior, highlighted by a structural relaxation within a

period of 10 days, investigated by dynamic light scattering (DLS), cryogenic transmission electron microscopy (cryo-

TEM), and scanning force microscopy (SFM). After a short mixing time of 1 h, the IPECs exhibit a star-shaped

structure, whereas after 10 days, spherical core�shell�shell�corona objects could be observed. To further

increase complexity and versatility of the presented systems, the in situ formation of gold nanoparticles (Au NPs)

in both the precursor micelles and the equilibrated IPEC was tested. For the PB-P2VPq-PMAA micelles, NP

formation resulted in narrowly distributed Au NPs located within the PMAA shell, whereas for the

core�shell�shell�corona IPEC, the Au NPs were confined within the IPEC shell and shielded from the outside

through the PEO corona.

KEYWORDS: dynamic multicompartment micelles · interpolyelectrolyte
complexes · hybrid materials · gold nanoparticles
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Within this work, we present a combination of all
three previously mentioned approaches for the genera-
tion of novel complex materials: first, the self-assembly
of an amphiphilic ABC block terpolymer in a selective
solvent and the generation of dynamic complex multi-
compartment micelles. Second, the electrostatically
driven co-assembly at pH 10 between negatively
charged polybutadiene-block-poly(N-methyl-2-
vinylpyridinium)-block-poly(methacrylic acid) (PB-
P2VPq-PMAA, the degree of polymerization for PMAA
has to be significantly higher than that for P2 VPq) block
terpolymer micelles and positively charged poly(N-
methyl-2-vinylpyridinium)-block-poly(ethylene oxide)
(P2 VPq-PEO) diblock copolymers is investigated. Fi-
nally, the synthesis and encapsulation of narrowly dis-
persed gold nanoparticles within the intermediate shell
of these IPECs is presented.

Both polymers were synthesized via living sequen-
tial anionic polymerization. Upon mixing at certain Z ra-
tios (Z (�) being the overall ratio of positive to nega-
tive charges), core�shell�shell�corona IPECs are
formed with a soft PB core, two adjacent IPEC shells
consisting of PMAA and P2VPq, and a PEO corona. We
show that these complexes first exhibit a star-like ap-
pearance which changes to a spherical shape during 10
days due to the dynamic nature of such IPECs. For Z(�)
� 1, uncomplexed PMAA is still present in the interme-
diate shell formed by both PMAA and P2VPq, providing
a suitable environment for the in situ formation of gold

nanoparticles. After preparation, these nanoparticles
are protected by the outer PEO shell. The aggregates
were analyzed with light scattering, scanning force
(SFM), and transmission electron microscopy (TEM,
cryo-TEM).

RESULTS AND DISCUSSION
Dynamic Multicompartment Micelles from B800Vq190MAA550.

Recently, we reported on the unique micellization be-
havior of polybutadiene-block-poly(N-methyl-2-
vinylpyridinium)-block-poly(methacrylic acid)
B800Vq190MAA550 (Mn � 110 kg/mol, PDI � 1.02) block
terpolymers in aqueous systems. The subscripts denote
the number-average degrees of polymerization of the
corresponding block. Dynamic multicompartment mi-
celles which showed response to changes in salinity or
pH were formed and exhaustively characterized.13 A
cryo-TEM micrograph of such micelles at pH 10 and the
proposed solution structure are shown in Figure 1. The
micelles consist of a soft polybutadiene core, a patchy
intramicellar interpolyelectrolyte complex shell formed
by P2VPq and parts of the PMAA, and a negatively
charged and, thus, stretched corona of excess PMAA
(DP (PMAA) � DP (P2VPq)).

Interpolyelectrolyte Complex Formation between
B800Vq190MAA550 and Vq94EO1245. For the IPEC formation, these
aggregates were mixed with quaternized poly(1-
methyl-2-vinylpyridinium)-block-poly(ethylene oxide)
Vq94EO1245 diblock copolymers in a ratio so that the
overall ratio of positive to negative charges Z � 1 (tak-
ing into account the estimated quaternization effi-
ciency of 80% for the P2VPq block). The degrees of po-
lymerization are 94 (Vq) and 1250 (EO). The mixing
process as well as the proposed structure of the result-
ing IPECs is shown in Figure 2. As described earlier,13 we
assume a remaining DP of 360 of the negatively
charged PMAA for the multicompartment micellar pre-
cursor after the intramicellar IPEC formation. More pre-
cisely, for one molecule B800Vq190MAA550, approximately
3.8 molecules Vq94EO1245 are added.

By mixing with positively charged Vq94EO1245 diblock
copolymers in solution at pH 10, further IPEC forma-

tion takes place, providing a new shell
around the PB core, as depicted in the right
part of Figure 2. Although, for clarity reasons,
the right part in Figure 2 displays two differ-
ent IPEC shells (the red one being the former
patchy shell of the precursor particles and
the orange shell the newly formed IPEC) sur-
rounding the PB core, it is rather unlikely
that both can be distinguished, as they con-
sist of the same two charged polymer seg-
ments. After IPEC formation, the whole
core�shell�shell micelle is further sur-
rounded by a PEO corona, depicted in green
in Figure 2. Dynamic light scattering (DLS)
was performed to compare both solutions

Figure 1. Cryo-TEM of B800Vq190MAA550 micelles at pH 10 (A); proposed
multicompartment architecture of the micelles (B).13

Figure 2. Formation of IPECs between negatively charged B800V190MAA550 block ter-
polymer micelles and positively charged Vq94EO1250 diblock copolymers at Z(�) � 1;
please note that the precursor micelles on the left are shown according to an “on-top”
view, whereas the IPEC on the right is shown as a cross section.
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(Figure 3). The “precursor” micelles have a hydrody-
namic radius �Rh�z � 99 nm (PDI � 1.18). After 1 h of
mixing at Z � 1, the size of the aggregates increased
significantly, resulting in �Rh�z � 155 nm (PDI � 1.19).
Moreover, if the same experiment is performed again
after 10 days, the radius decreased to 133 nm (PDI �

1.08). No significant decrease in size was observed af-
ter these 10 days. Furthermore, the distribution of the
hydrodynamic radii significantly narrows after 10 days,
indicating a certain equilibration of the system.

One possible explanation is that the formed IPECs
are capable of undergoing polyion exchange reactions
in aqueous solution and that this is the effect of some
structural rearrangement of the formed polymeric
micelles.11,17 To evaluate this, cryo-TEM of a sample
was performed 1 h after mixing (Figure 4A,B).

Figure 4A displays star-like micellar aggregates with
a radius of around 125 nm. The PB core has a radius of
30�35 nm and is surrounded first by a very thin dark
ring (d � 10 nm) and then by a 10�20 nm thick lighter
gray shell ending up in several (typically 12�16)
stretched arms. In Figure 4B, at a first glance, the struc-
ture appears similar, but the thin dark ring around the
PB core has almost vanished and the surrounding gray
shell is thicker and more continuous. Also the arms ap-
pear shorter if compared to Figure 4A. In our opinion,
panels A and B in Figure 4 represent different states of
a dynamic system on its way to equilibrium. A possible
illustration for the formation of this intermediate struc-
ture is shown in Figure 5. Such structural rearrange-
ments after the initial formation of an IPEC have been
reported for the IPEC formation between
polyisobutylene-block-poly(methacrylic acid) micelles
with positively charged poly(N-ethyl-4-
vinylpyridinium).15

In the beginning, the corona chains of
B800Vq190MAA550 micelles at pH 10 are charged and,
hence, stretched. The same accounts for the positively
charged part of Vq94EO1245. Upon mixing, first IPEC for-
mation takes place between two stretched, oppositely

charged polymer chains. Afterward, upon charge neu-

tralization and, thus, less repulsion between the chain

segments, the formed IPECs start to fuse, form a con-

tinuous shell around the PB core, and overlap with the

already existing “patchy” shell of the precursor micelles.

The star-like appearance of the aggregates in Figure

4A,B could be explained in this way. If the aggregation

number determined for the precursor micelles (Nagg �

243)13 is taken into account, each of these “ray-like” pro-

trusions should consist of 15�20 PMAA chains and the

respective 3.8-fold number of oppositely charged

P2VPq chains. Furthermore, the thin dark ring around

the PB core in Figure 4A seems to represent the former,

noncontinuous shell of the B800Vq190MAA550 multicom-

partment micelles. Figure 4B depicts a system already

somewhat closer to equilibrium, visible by the thicker

and more developed IPEC shell around the PB core and

the shorter arms. In addition, the dark ring has almost

vanished, indicating the formation of a continuous in-

terface between the “old” and the newly formed IPECs.

The presence of aggregates at different stages of the

equilibration process after a short mixing time could

also explain the decreasing polydispersity of the IPECs

during the 10 days of mixing.

The same aggregates at Z � 1 after 1 h mixing time

were also analyzed by scanning force microscopy (SFM)

on polished silicon wafers. Figure 4C provides an over-

view (2.0 � 2.0 �m, height image, z-scale � 7 nm) with

several IPECs of similar size and shape, and Figure 3D

shows the height image of two single IPECs. The single

Figure 4. (A,B) Cryo-TEM micrograph of IPECs at Z(�) � 1 and pH 10 after
1 h mixing time at different locations of the same sample; (C,D) SFM height
images of an IPEC solution at Z(�) � 1 and pH 10 after deposition on a
carbon-coated TEM grid (image size is 2 � 2 �m (C) and 1 � 0.5 �m (D);
z-scale in both cases is 6 nm), with D displaying an enlargement of C.

Figure 3. DLS CONTIN plots for the B800Vq190MAA550 block
terpolymer precursor micelles (�Rh�z � 99 nm, PDI � 1.18,
▫), the IPECs at Z(�) � 1 after 1 h (�Rh�z � 155 nm, PDI �
1.19, Œ) and 10 days mixing time (�Rh�z � 133 nm, PDI �
1.08, o).

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 8 ▪ 2095–2102 ▪ 2009 2097



IPECs in Figure 4D have an overall radius of around

150 nm with a core of 75 nm and nine bumps of 10�15

nm surrounding both. The increase in size is caused by

the flattening of the aggregates on the silicon substrate.

Also the arms seem to be less stretched than in the cor-

responding cryo-TEM micrographs (Figure 4A,B).

The (according to DLS) equilibrated IPECs at Z(�) �

1 after 10 days mixing were also analyzed by cryo-TEM.

The resulting cryo-TEM micrographs are shown in Fig-

ure 6.

Indeed, the appearance of the structures has signifi-

cantly changed. Instead of the former core-patchy

shell�corona micelles, now a thick, fuzzy, continuous

shell can be observed. The core size has remained con-

stant; in both cases, a radius of 30�35 nm was mea-

sured. The shell thickness is around 20�30 nm. We pro-

pose that this continuous shell is made of both the

former, intramicellar IPEC and the newly formed one

between excess PMAA and Vq94EO1245. As expected, the

two different parts of the IPEC shell are not distinguish-

able. The rather fuzzy appearance of the micellar shell

could be due to an incomplete mixing of the two IPEC

shells. According to the volume of the newly formed

IPEC shell compared to the volume of the two polyelec-

trolyte chains participating (243 PMAA chains13 with a

DP of 360 and �900 P2VPq chains with a DP of 94), it is

quite likely that also PEO chains are incorporated or

buried into this shell. This would also lead to a certain

swelling of this shell through the solvent, water. A PEO

corona, surrounding the shell, is expected, though not

visible in cryo-TEM. However, charge neutrality of the

outmost part of the micellar aggregates can be as-

sumed as the micelles do not show repulsion apparent

through a strongly deviating core-to-core distance. To

confirm this, the zeta-potential of these solutions was

determined, revealing �35.8 mV (B800Vq190MAA550 pre-

cursor micelles), 	 14.7 mV (Vq94EO1250 diblock copoly-

mer in aqueous solution), and 	 0.2 mV (resulting IPEC

at Z � 1) at comparable concentrations (c 
 1 g/L). Al-

though one has to be careful about a quantitative

Figure 6. Cryo-TEM micrograph of the IPEC formed between B800Vq190MAA550 and Vq94EO1245 at Z(�) � 1 after 10 days mix-
ing time (A); enlargement of a single IPEC (B); proposed structure of the assembly (C).

Figure 5. Schematic depiction of the formation of the star-like intermediate structures of the IPECs between B800Vq190MAA550

and Vq94EO1245; please note that the precursor micelles on the left are shown according to an “on-top” view, whereas the
IPEC on the right is shown as a cross section.
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evaluation of these measurements, the general mes-

sage is quite clear. At Z � 1, almost uncharged particles

are obtained.

Effect of the Overall Z(�) Ratio. All data presented so far

have been obtained for Z(�) � 1. To elucidate the ef-

fect of this ratio on particle size, micelle polydispersity,

or the remaining particle charge, we prepared IPECs at

different Z values of 0.1, 0.2, 0.5, and 0.75. DLS CONTIN

plots and zeta-potential measurements for these solu-

tions after 10 days mixing are shown in Figure 7.

With increasing Z, the radius of the IPECs measured

by DLS increases steadily. In the beginning, for Z � 0.1

and �Rh�z � 98 nm (PDI � 1.17), almost no change can

be seen as compared to the block terpolymer precur-

sor micelles (�Rh�z � 99 nm, PDI � 1.18). At Z � 0.2,

the radius increases slightly to 102 and the distribution

narrows (PDI � 1.16). This effect becomes more pro-

nounced at higher Z values (Z � 0.5, �Rh�z � 117 nm,

PDI � 1.11; Z � 0.75, �Rh�z � 123 nm, PDI � 1.12; Z

� 1.0, �Rh�z � 133 nm, PDI � 1.08). The measured

zeta-potential for these solutions follows the same

trend: �8 mV (Z � 0.1), �6 mV (Z � 0.2), �2.5 mV (Z

� 0.5), �0.2 mV (Z � 0.75), and 	0.2 mV (Z � 1.0) were

obtained. The zeta-potential at Z � 0.75 does not seem

to be different from that for Z � 1. We assume that, in

this case, the shell of the B800Vq190MAA550 precursor mi-

celles is already completely covered with Vq94EO1245

molecules, burying any remaining uncomplexed PMAA

within the IPEC shell.

To further increase the complexity of these dy-

namic multicompartmental systems, the preparation

of gold nanoparticles inside the IPECs was tested. We

therefore prepared IPEC solutions at Z(�) � 0.2.

Nanoparticle Generation inside the IPECs. There is a gen-

eral and growing interest in the generation of gold

nanoparticles within or on polymeric scaffolds,20,30 for

applications in either electronic or catalytic devices.

There are several examples about the ability of PAA,

PMAA, or comparable weak polyelectrolytes as carriers

for noble metal nanoparticles in the literature. For ex-

ample, Bi et al. generated Ag nanoparticles inside the

PAA core of PS-b-PAA diblock copolymer micelles in

toluene.31 Caruso et al. reported the loading of PbS and

Au nanoparticles on polymer spheres coated with PAA/

poly(allylamine hydrochloride) (PAH) multilayers.32 To

elucidate the use of the presented IPECs as carriers for

gold nanoparticles, they were mixed with HAuCl4 in so-

lution. The precursor micelles with a PMAA corona

serve as a reference system. For the system presented

here, both PMAA and P2VPq could serve as stabilizers

for Au NPs. However, we assume that the P2VPq com-

partments are almost completely located within the col-

lapsed IPEC domains and, hence, by far less accessible

for the AuCl4
� ions. Even so, it cannot be completely ne-

glected that some metal particles are located at either

the P2VPq or the IPEC. Typically, the PMAA chains of

both the reference system and the IPEC at Z � 0.2 were

loaded with 10% HAuCl4, calculated on the proposed

remaining DP for PMAA of 36013 in combination with

the charge ratio. After 24 h in the dark and subsequent

Figure 7. DLS CONTIN plots for IPECs of B800Vq190MAA550 and Vq94EO1245 after 10 days mixing at different Z(�) � 0.1 (�Rh�z

� 98 nm, PDI � 1.17, ▫), 0.2 (�Rh�z � 102 nm, PDI � 1.16, o), 0.5 (�Rh�z � 117 nm, PDI � 1.11, Œ), and 0.75 (�Rh�z � 123
nm, PDI � 1.12, p) (A); hydrodynamic radii (▫) and zeta-potential (Œ) depending on the prepared Z(�) ratio (B).

Figure 8. Schematic depiction of the formation of Au nanoparti-
cles on negatively charged B800Vq190MAA550 terpolymer micelles
(upper scheme), and IPECs from B800Vq190MAA550 and Vq94EO1245 at
Z(�) � 0.2 after mixing for 10 days (lower scheme).
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dialysis for another 24 h to remove noncoordinated
HAuCl4, the solutions were exposed to UV irradiation
for 30 min. Afterward, pink solutions were obtained.
The reaction scheme is shown in Figure 8.

For the IPECs prepared at Z � 0.2, the newly formed
shell still exhibits a negative charge and, hence, uncom-
plexed PMAA units, thus enabling the formation of
gold nanoparticles within the IPEC. This was confirmed
by zeta-potential measurements (cf. Figure 7B). Accord-
ing to the proposed solution structure of the IPECs,
the Au NPs should be formed within the shell shielded
from the outside by the PEO corona. Here we assume
that, for this charge ratio, the equilibrium structure is
comparable but with uncomplexed PMAA present. Af-
ter loading with the Au NPs, the B800V190MAA550 terpoly-
mer micelles were analyzed by TEM. The nanoparticle
loading of the IPECs was investigated by cryo-TEM. The
results are shown in Figure 9.

As depicted in Figure 9A, the Au nanoparticles
formed within the PMAA shell of the B800Vq190MAA550

micelles are narrowly distributed and around 3�4 nm
in diameter, as shown in the enlargement in Figure 9A.
They are densely located directly within the IPEC shell
around the soft PB core and less packed with growing
distance. The patchy shell of these micelles is not visible
here as the contrast of the metal particles simply is too
high compared to the different block polymer compart-
ments. Strikingly, only very few free Au NPs can be
seen, indicating a strong tendency of the HAuCl4 pre-
cursor to coordinate within the IPEC shell or the PMAA
corona. Figure 5B shows a cryo-TEM of the IPEC solution
at Z � 0.2 after being loaded with Au NPs in a similar
manner. Round-shaped objects with a radius of 60�75
nm can be seen, each exhibiting a thin dark ring inside
the gray shell. These must be the Au NPs, located within
the IPEC shell and still surrounded by the PEO corona.
This is highlighted more clearly in the inset in Figure 8B
showing an enlargement of one single IPEC. A thin, con-
tinuous dark ring with a thickness of around 5 nm is em-
bedded within the gray IPEC micelle. Furthermore, al-

Figure 9. (A) TEM micrograph of B800Vq190MAA550 terpolymer micelles loaded with Au NPs on a carbon-coated copper grid; the inset dis-
plays an enlargement. (B) Cryo-TEM micrograph of the IPEC at Z � 0.2 loaded with Au NPs; the inset shows an enlargement. (C) UV�vis
spectra of both the B800Vq190MAA550 micelles (solid black line) and the IPEC (solid gray line) loaded with Au NPs; the insets are photographs
taken of the IPEC solutions before (left) and after (right) nanoparticle formation. (D) Gray scale analysis of two adjacent IPECs in B (marked
via the black rectangle), highlighting the location of the nanoparticles inside the structure.
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most no free nanoparticles can be observed in the cryo-
TEM in Figure 9B.

Besides electron microscopy, UV�vis spectroscopy
is one of the standard methods to determine the aggre-
gation state of noble metal colloids in solution.33

UV�vis spectra of the B800Vq190MAA550 micelles (solid
black line) and the IPECs loaded with Au NPs (solid gray
line) are shown in Figure 9C. In both cases, an absorp-
tion maximum at around 520 nm was obtained, also in-
dicating the formation of rather small gold particles
without further aggregation occurring. The inset is two
photographs taken from the IPEC solution before (left)
and after (right) Au NP formation. The pink color in the
right image supports the drawn conclusions. In addi-
tion, gray scale analysis on two adjacent IPECs was per-
formed and is depicted in Figure 9D. The sharp insec-
tions (arrows) on both sides of the cores present the
thin dark ring and, thus, the nanoparticles. Both elec-
tron microscopic and spectroscopic techniques con-
vincingly show that the formation of Au NPs selectively
within the IPEC shell of complex particles in solution
was successfully performed.

CONCLUSION

We have successfully prepared dynamic and multi-

compartmental colloidal objects with a radius of around

100�150 nm through the combination of three inher-

ently different approaches: nonsolvent induced self-

assembly, ionic complexation, and coordination chem-

istry. IPEC formation between negatively charged core-

patchy shell�corona micelles from B800Vq190MAA550

terpolymers and positively charged Vq94EO1250 diblock

copolymers rendered core�shell�shell�corona ob-

jects, which showed a dynamic relaxation behavior

within 10 days, changing from a star-like to a spherical

shape. The remaining charge of these colloids could be

adjusted via the mixing ratio of both polymers. The

IPECs could be even further modified through the in

situ reduction of HAuCl4 through UV irradiation within

the IPEC shell, resulting in narrowly distributed Au NPs

with a diameter of 3�4 nm. These systems could be in-

teresting candidates for catalytic application or act as

carriers for sensitive substances through the protective

PEO corona.

METHODS
Synthesis. The synthesis and characterization of poly(2-vinyl

pyridine)-block-poly(ethylene oxide)18 and polybutadiene-block-
poly(2-vinyl pyridine)-block-poly(tert-butylmethacrylate)34 as well
as its modification into polybutadiene-block-poly(1-methyl-2-
vinylpyridinium)-b-poly(methacrylic acid)13 have been described
elsewhere.

Quaternization. Poly(2-vinyl pyridine)-b-poly(ethylene oxide)
V94EO1245 (1 g, 0.015 mmol) was dissolved in dioxane (50 mL). A
20-fold excess of dimethyl sulfate (3.56 g, 28 mmol, calculated
with a degree of polymerization of 94 for the P2VP) was added
via syringe. After stirring at 40 °C for 5 days, the excess of di-
methyl sulfate was removed by dialysis (regenerated cellulose
membranes, MWCO 3.500 g/mol, spectra/por) against deionized
water. Poly(N-methyl-2-vinylpyridinium)-b-poly(ethylene oxide)
was obtained via freeze-drying. The degree of quaternization
was estimated via FTIR measurements and was around 80%.13

Preparation of the Interpolyelectrolyte Complexes. Both Vq94EO1245

(5 g/L) and B800Vq190MAA550 (1 g/L) were dissolved in a pH 10
buffer solution (VWR, AVS Titrinorm). Afterward, the correspond-
ing volumes to reach a certain Z value (overall ratio of positive
to negative charges) were mixed in small glass vials and stirred
at room temperature.

Preparation of the Au Nanoparticles. HAuCl4 was dissolved in
deionized water (1 g/L) and kept in the dark. The Au load was cal-
culated according to the number of uncomplexed PMAA units
present in solution (depending on the Z value in case of the
IPECs). Typically, the Au load was 10% or 0.1 equiv compared to
the number of PMAA units. The necessary amount of HAuCl4 in
solution was added to the micellar solution at pH 10, stirred for
24 h at room temperature, and kept dark. Excess of HAuCl4 was
removed afterward via dialysis against pH 10 buffer solution (RC
membranes, MWCO 3.500 g/mol, spectra/por). Already after this
step, the solutions appeared slightly purple, indicating the for-
mation of Au nanoparticles. For the final nanoparticle formation,
the solution was exposed to UV irradiation (Hoenle VG UVAH-
AND 250 GS) for 30 min.

Dynamic Light Scattering. DLS measurements were performed
in sealed cylindrical scattering cells (d � 10 mm) at an angle of
90° on an ALV DLS/SLS-SP 5022F equipment consisting of an
ALV-SP 125 laser goniometer with an ALV 5000/E correlator and
a He�Ne laser with the wavelength � � 632.8 nm. The CONTIN

algorithm was applied to analyze the obtained correlation func-
tions. Apparent hydrodynamic radii were calculated according to
the Stokes�Einstein equation. Prior to the light scattering mea-
surements, the sample solutions were filtered using Millipore Ny-
lon filters with a pore size of 1.2 or 5 �m. Apparent polydispersi-
ties for the aggregates in solutions were calculated using the
cumulant analysis.

Transmission Electron Microscopy. TEM images were taken with a
Zeiss CEM902 EFTEM electron microscope operated at 80 kV or
a Zeiss EM922 OMEGA EFTEM electron microscope operated at
200 kV. Both machines were equipped with an in-column energy
filter. Samples were prepared through deposition of a drop of
micellar solution (concentration always 0.1 g/L) onto the TEM
grid (gold, 400 mesh). Afterward, the remaining solvent was re-
moved with a blotting paper.

Cryogenic Transmission Electron Microscopy. For Cryo-TEM studies,
a drop (�2 �L) of the sample solution (c 
 0.1 wt %) was placed
on a lacey carbon-coated copper TEM grid (200 mesh, Science
Services, München, Germany), where most of the liquid was re-
moved with blotting paper, leaving a thin film stretched over the
grid holes. The specimens were shock vitrified by rapid immer-
sion into liquid ethane in a temperature-controlled freezing unit
(Zeiss Cryobox, Zeiss NTS GmbH, Oberkochen, Germany) and
cooled to approximately 90 K. The temperature was monitored
and kept constant in the chamber during all of the preparation
steps. After freezing the specimens, they were inserted into a
cryo-transfer holder (CT3500, Gatan, München, Germany) and
transferred to a Zeiss EM922 OMEGA EFTEM instrument. Exami-
nations were carried out at temperatures around 90 K. The trans-
mission electron microscope was operated at an acceleration
voltage of 200 kV. Zero-loss filtered images (�E � 0 eV) were
taken under reduced dose conditions. All images were regis-
tered digitally by a bottom-mounted CCD camera system (Ultras-
can 1000, Gatan), combined, and processed with a digital imag-
ing processing system (Gatan Digital Micrograph 3.9 for GMS
1.4).

Scanning Force Microscopy. SFM images were recorded on a Digi-
tal Instruments Dimension 3100 microscope operating in tap-
ping mode. Samples were prepared on polished silicon wafers
through dip-coating. The wafer was previously cleaned in tolu-
ene, dried on a heating plate, and finally treated with a snow jet.
Afterward, the precleaned silicon wafers were dipped into the
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sample solution for 20 s, and the excess of solution was after-
ward removed with a dust-free blotting paper. All images were
treated with the Nanoscope 7.20 software.

Zeta-Potential. The zeta-potential was determined on a Malv-
ern Zetasizer Nano ZS in conjunction with an MPT2 autotitrator
(Malvern). The electrophoretic mobilities (u) were converted into

 potentials via the Smoluchowski equation, 
 � u�/�0�, where
� denotes the viscosity and �0� the permittivity of the solution.

UV�Vis Spectroscopy. The UV spectra of the gold nanoparticle
solution were recorded on a Hitachi U-3000 spectrophotometer
with a scanning speed of 300 nm/min and a sampling interval of
0.50 nm.
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