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Abstract

We describe the progress made in understanding the factors that deter-

mine the size, structure and stability of structurally persistent micelles

using a combination of designed synthesis, cryo-TEM imaging and

molecular-dynamics simulations. The importance of specific counter-

ion effects is revealed in detail. An unexpected effect of sodium coun-

terions leads to attraction between the polycarboxylate head groups of

the tailored dendrimers that make up the micelles. This effect even

leads to the formation of ‘‘superlattices’’ of highly negatively charged

micelles.
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Introduction

Soft nanostructures can be considered to be the second class of nanomaterials after to

‘‘hard’’ nanoparticles and similar structurally defined and static nanoscale structures. Nanos-

tructured soft matter represents a challenging research area, both for theory and experiment.

This is because soft matter is inherently dynamic in its structure and cannot, therefore be

treated as a single static object. Nonetheless, soft nanostructures can have significant ad-

vantages over hard nanoparticles. They are, for instance, formed in a dynamic equilibrium

process, so that their self-assembly is governed by thermodynamics, rather than the less

predictable process of kinetically controlled nucleation and precipitation. This advantage

can, however, soon become a disadvantage because many factors may determine the delicate

equilibrium that gives rise to soft nanostructures, so that they may be sensitive to their

environment. Nature uses soft nanoparticles almost exclusively in living organisms, so that

there can be no doubt that technological applications based on soft nanostructures are

potentially extremely powerful. Soft nanostructures are most likely to self-assemble from

organic precursor molecules in solution, probably aqueous. Conventional micelles [1] are

perhaps the best known soft nanoparticles, but although a very large amount of data about,

for instance critical micelle concentrations is available [2], relatively little is known about

the detailed structure and dynamics of micelles and other soft nanostructures.

Structurally persistent micelles [3] therefore represent an important milestone in the science

of soft nanostructures as they have consistent, well defined and persistent structures that can

be observed in detail by techniques such as cryo-transmission electron microscopy (cryo-

TEM). These characteristics not only make structurally persistent micelles intriguing experi-

mental objects, but also make them ideal for testing and validating molecular-dynamics

(MD) simulations and the force fields used for them. As we will describe below, simulations

have played a major role in advancing our understanding of structurally persistent micelles

and the factors that control their stability and structure.

Molecular Components

In 2004 Kellermann et al. [3] described the aggregation of seven amphiphilic dendro-

calixarene molecules 1 to uniform and structurally persistent micelles (Scheme 1).
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Scheme 1. Dendrocalixarene monomer.

The self aggregation behaviour of the molecules was investigated by pulse-gradient spin-

echo (PGSE) NMR spectroscopy and cryo-TEM experiments. Remarkably, the experiments

showed that a single distinct type of micelle was formed with no other aggregates of

different sizes. The key feature of this first amphiphilic dendrimer investigated is its cone-

shaped structure, which makes it possible to form small aggregates with high curvature.

Each hydrophilic polycarboxylate head-group is linked to four hydrophobic alkane chains by

a calyx[4]arene unit.

Hirsch et al. [4 – 7] later synthesized, characterized and investigated the aggregation beha-

viour of a series of new amphiphilic building blocks based on either calixarenes, fullerenes

(Scheme 2: 2, 3) or later perylene [8, 9] as the central scaffold. These scaffolds allow a

variety of hydrophilic and hydrophobic head and tail groups to be bound in a stereochemi-

cally controlled and tunable fashion. The polar head groups are Newkome-type oligocar-

boxylic acids in all cases. At neutral pH, they are predominantly deprotonated and guarantee

excellent water solubility.
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Scheme 2. Fullerene based amphiphilic building blocks.

Scheme 3. Single tailed 4 and perylene based 5 amphiphilic building blocks.
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Structurally Persistent Micelles – cryo-TEM

As outlined, structurally persistent micelles were first observed [3] by a combination of

spectroscopic and microscopic techniques, but the most striking results arise from cryo-TEM

studies, which reveal thousands of essentially identical micellar structures, as shown in

Figure 1a for the dendrimer 1.

Figure 1. (a) Representative electron micrograph of calixarene micelles (the bar is 100

Å). (b) Row 1 shows class averages representing different spatial views of the mi-

celles. Based on the assignment of corresponding Euler angles. 3D structure informa-

tion can be retrieved at a resolution of 12 Å. Reprojections (row 2) into the 3D volume

(row 3) the fit with the experimental data (bar is 50 Å). (c) Stereo view of the

isosurface rendered 3D structure (bar is 25 Å). Reprinted with permission from ref

3. Copyright Wiley-VCH Verlag GmbH & Co. KGaA 2004.
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Because the micelles are oriented randomly, the TEM-picture contains views from literally

thousands of different angles. This ensemble of views can be used to calculate a 3D-

structure for the micelles [10 – 12], as shown in Figure 1c for the micelles depicted in

Figure 1.

The reconstruction shows high-density areas that were interpreted as corresponding to the

carboxylate head-groups of the dendrimer and a hollow core. The low density and high

mobility of the alkane chains of the dendrimer explains that the core of the micelle does not

show up in the TEM picture. However, the dimensions of the micelles led to the conclusion

that a relatively large concentration of water must be present in the hydrophobic core of the

micelles. The first MD simulations were therefore designed to test this hypothesis and to

investigate the structure of this water in a hydrophobic environment.

Molecular Dynamics Simulations – Heptameric Micelles

Finding a suitable starting geometry for MD simulations is always critical to their success. In

this case, the 3D reconstruction of the positions of the head-groups was used to construct a

putative complete micelle structure by adding the alkane chains and flooding the resulting

structure with water and adding sodium ions to neutralize the ensemble. The resulting

geometry was then first geometry-optimized and then equilibrated very slowly by perform-

ing successive MD simulations in which the geometrical restraints that held the micelle

together were removed very slowly and carefully. A micelle resulted that was stable for

100 ns simulation time. This probably indicates that it is a stable and observable entity as

unstable micelles dissociate within just a few nanoseconds in the simulations. The relaxation

and equilibration led to the expulsion of the water molecules from the hydrophobic core,

which became very ‘‘dry’’, and a concomitant shrinking of the micelle until it was approxi-

mately 5 Å smaller than suggested by the cryo-TEM images [13]. This discrepancy is larger

than would normally be expected and raised the question as to exactly what the cryo-TEM

images were showing.

Unusually, staining with heavy-metal derivatives was not necessary in order to be able to

‘‘see’’ the micelles in the TEM images. TEM is usually considered to visualize differences in

density [14], so that we analyzed the density of our simulation box divided into small

voxels. The results revealed areas of higher than average density associated with the sodium

ions close to the anionic head-groups of the micelle. Detailed examination showed these

areas of high density to correspond to contact ions pairs or ion triplets with the general

structures shown in Scheme 4.
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Scheme 4. Schematic structures of sodium carboxylate contact ion pairs (left) and

triplets (right). Note the importance of the waters (red) that form strongly hydrogen-

bonded bridges between waters (blue) coordinated directly to the sodium ion and

oxygen atoms of the carboxylates.

Since the simulations were carried out with quite simple force fields that might not repro-

duce the behaviour of ions in aqueous solution correctly, we tested their stability by using

snapshots from PM3 [15, 16] MD simulations of sodium formate in water as starting

structures for geometry optimizations using density-functional theory (DFT). These calcula-

tions confirmed that structures of the types shown in Figure 2 are both stable and persistent

in simulations and on geometry optimization.

This observation resolves the apparent difference between the stable micelle structures found

in the simulations and the 3D-reconstructions from the cryo-TEM images. The carboxylate

head-groups and their associated sodium ions together provide the high-density regions that

appear in the unstained cryo-TEM images. This observation has since been confirmed for

several systems in which the micelles are not observable in the TEM without staining if

potassium, rather than sodium counterions are present. Figure 2 shows the time-averaged

regions of high density, which should correspond to the 3D-reconstruction obtained from the

cryo-TEM images from a simulation with sodium ions compared to a simulation with

potassium ions only.

97

Structurally Persistent Micelles: Theory and Experiment



Figure 2. Snapshots taken from micelle simulations with sodium (a) and potassium

(b) counterions. The figures show isodensity surfaces at a density value 20% higher

than the mean for the snapshot. Reprinted with permission from ref 13. Copyright

Wiley-VCH Verlag GmbH & Co. KGaA 2009.

One further aspect of the simulations [13] was also noteworthy; it proved far more difficult

to obtain a stable micelle structure using the procedure described above if potassium, rather

than sodium ions were used. This effect was traced to a far larger concentration of sodium

ions than potassium in the immediate environment of the polycarboxylate head-groups of the

dendrimers. Figure 3 shows an analysis of the time-averaged concentration of alkali-metal

ions in simulations of the micelle with sodium and potassium counterions. The sodium ions

associate far more tightly with the dendrimer head-groups and remain associated for far

longer than their potassium counterparts [13]. This specific counterion effect was found to

be responsible for the higher stability of micelles in 5:1 sodium:potassium buffer than with

only potassium ions.

Figure 3. Areas of high sodium (blue) and potassium (green) ion density around the

surface of the micelle (white).
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Specific Ion Effects and the Hofmeister Series

Franz Hofmeister was born in Prague in 1850 and died in Würzburg in 1922 [17]. He

studied medicine in Prague and became Professor of Pharmacology there in 1885. After

Czech became the only language at the Charles University in Prague, he moved to Stras-

bourg in 1896, but was eventually forced to move to Würzburg when Strasbourg became

French. He enjoyed a remarkable career and was the first to suggest that peptides and

proteins consist of amino-acid residues connected by amide bonds. This honour is often

accorded Emil Fischer, but Hofmeister spoke before Fischer at the conference in which both

announced their discovery. Hofmeister is best known for what is now known as the Hof-

meister series [18 – 21]. This series now describes the effects of ions on the solubility of

proteins in water, although Hofmeister never formulated it in terms of individual ions, but

rather for salts. Although phenomenological rationalizations for the Hofmeister series

abound [22 – 26], no really convincing microscopic explanation exists. Early ideas that ions

could provoke (or destroy) long-range order in water proved not to be correct [18, 27 – 29].

However, the effects described by the Hofmeister series clearly affect self-aggregation by

polyelectrolytes and may therefore even determine the shape, size and stability of structu-

rally persistent micelles.

This sensitivity of structurally persistent micelles to counterion effects makes them ideal

research objects for investigating Hofmeister-like effects on polyelectrolytes as the micelles

are uniformly structured and react strongly to changes in their ionic environment. These

sensitive but nonetheless well defined systems provide an unprecedented level of informa-

tion about specific ions effects in general and also about the factors that affect micelle

structure and stability.

Experimental (cryo-TEM) tests of the differences between sodium and potassium counter-

ions on the structures and stability of the micelles revealed strong effects. Replacing the

original 5:1 Na:K buffer with a pure potassium one at the same concentration resulted in

larger micelles than those observed originally. Remarkably, the original heptameric micelles

were obtained by titrating the solution with a five-fold excess of pure sodium buffer [13]. At

higher concentrations, the Na:K buffer gave the original heptameric micelles once more, but

the cryo-TEM images revealed fewer than at lower concentrations. At the same high con-

centration, a pure potassium buffer gave no micelles at all. Figure 4 shows the relevant cryo-

TEM images.
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Figure 4. Cryo–TEM images of 1 in the presence of 0.027M potassium (a) and

sodium/potassium (5:1) (b) phosphate buffer. The images reveal significant differ-

ences in the micelle diameter (~10 vs. ~7 nm). Each of the above images is combined

with a row of selected class sum images calculated from corresponding data sets of

2,300 images of individual assemblies. The general difference in the diameter between

the two preparations is obvious and highlighted by white circles. Scale bars are 500 Å

(above) and 100 Å (below). Reprinted with permission from ref 13. Copyright Wiley-

VCH Verlag GmbH & Co. KGaA 2009.

These results not only emphasize the importance of specific counterion effects, but also

suggest a possible rationalization for the experimental observations. The heptameric micelles

are marginally stable in potassium solution because the binding provided by the interaction

of the hydrophobic chains in their core is just large enough to hold them together. The

additional stabilization provided by sodium counterions stabilizes the small micelles. This

interpretation is consistent with the observation [30] that ultrasonification of the original

solution of 1 (with Na:K buffer) under a layer of hexane for 24 hours results in larger

(dodecameric) micelles, once again with a well defined and persistent structure. The original

heptameric micelles remained unchanged when treated with ultrasound for 24 hours without

a hexane layer, showing that the change is caused by the hexane.

Once again, MD simulations were used to test the stability of micelles constructed on the

basis of the TEM images. The fact that ‘‘unstable’’ micelle structures dissociate within a few

nanoseconds in the simulations allowed us to study many possible starting structures with

varying amounts of hexane in the core of the micelle. All simulations except those with 36
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hexane molecules led to fast dissociation of the micelles into smaller aggregates, whereas

that with 36 remained stable over 100 ns, both with sodium and potassium counterions [30].

The structure of the micelles in the simulations consisted of an equatorial ring of seven

dendrimers with two different caps of two and three, whereas the reconstructed cryo-TEM

3D structures suggest two equivalent caps, each consisting of three dendrimer monomers,

and a central ring of six dendrimers. This discrepancy is small and may either be caused by

force-field deficiencies or by the fact that the MD simulations sampled a slightly less stable

structure than that found in the experimental studies. However, the extremely well resolved

cryo-TEM images pointed to a further indication of the importance of the alkali-metal

counterions.

Attraction Between Polycarboxylates

The 3D-reconstructions of the cryo-TEM images suggest orientations for the polycarbox-

ylate head groups that indicate them to be attracting each other, as shown in Figure 5.

Figure 5. 3D-reconstruction of the micelles of 1 after 24 hours ultrasonification with

n-hexane. Reconstructed volume with visually fitted dendron fragments of 1 simpli-

fied to tetrahedra to represent their overall t-butyl-like shape (tetrahedra of the same

color belong to the same molecule, the calixarene ring and alkyl chains are not shown

for clarity). The circled area on the left shows a magnification of the three branches of

a single dendron (highlighted by the red triangle). Reprinted in part with permission

from ref 30. Copyright 2010 American Chemical Society.

Closer examination of the results of the MD simulations [30] revealed that the micelles

formed by the sodium salt have a more compact and less dynamic structure than their

potassium equivalent. Closer examination revealed that the orientation of the polycarbox-

ylate head groups in the former case does indicate attraction between head groups of

different dendrimer monomers and that this attraction is caused by bridging sodium ions

in RCO2
7...Na+...7O2CR ion triplets and quadruplets. A snapshot of the interstitial area

between two head groups is shown in Figure 6.
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Figure 6. Snapshot of the interstitial area between two headgroups of the micelle. The

dendrimer head-groups are from two different dendrimers, which are colored blue and

orange. Three bridging sodium ions (blue spheres) are shown that bind three carbox-

ylate groups together. Two non-bridging sodium ions are shown as blue crosses.

Reprinted with permission from ref 30. Copyright 2010 American Chemical Society.

These results suggest a counterintuitive attraction between the polyanionic head groups. This

effect was confirmed by further cryo-TEM images, in which the micelles were observed to

form hexagonal ‘‘superlattices’’ in solution with sodium buffer, but not with potassium [31].

These structures represent a further important step in the controlled self-organization of soft

particles as they provide an additional level of organization over and above that represented

by the micelles themselves. Further experimental studies were based on a new single-tailed

Newkome-dendritic surfactant 4 that lacks a central linking unit and varies in the length of

the hydrophobic alkane chain. In this study [31], the effect of counterions on the formation

of such structurally persistent micelles was investigated systematically for the first time. The

critical micelle concentrations (CMCs) were found to decrease with increasing alkyl chain

length, but most importantly were lower for the pure sodium salts than either for lithium or

potassium, confirming the special role of sodium counterions in stabilizing polycarboxylate

micelles.

MD simulations designed specifically to investigate the ‘‘head to head’’ aggregation of

polycarboxylate dendrimers confirmed that sodium counterions can mediate an attractive

interaction between deprotonated polycarboxylates by taking up bridging positions between

carboxylate anions. The pH-dependence of micelle formation [31] suggests that these Na+

bridges stabilize more strongly than conventional hydrogen bonds between protonated car-

boxylic acids.
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One remarkable feature of all these results is how well the simple force-field based simula-

tions are able to reproduce the quite subtle effects observed experimentally. There has been

considerable discussion of the lack of accuracy of force fields for metal ions, or more

accurately of combinations of force fields for metal ions and for water [32 – 34]. Surpris-

ingly, the interactions between ions of opposite charge seem to be far less critical than the

hydration of ions. Both direct MD simulations using the PM3 semi-empirical molecular

orbital Hamiltonian and subsequent geometry optimizations with density-functional theory

density reproduce the structures [31] observed in snapshots from the classical MD simula-

tions. The strongest argument for the reliability of the simulations, however, is that they have

been able to reproduce and in many cases even predict the unusual effects observed experi-

mentally.

Summary and Outlook

Structurally persistent micelles remain fascinating research objects, both from the point of

view of potential technological applications and because they reveal effects that are hidden

in more complex or less well defined systems. Above all, the combination of synthesis, cryo-

TEM and simulations has proven to be extraordinarily powerful and to lead to significant

progress. It is important in this respect that impulses for new research directions and specific

experiments or simulations may come from both experiment and simulation.
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