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ABSTRACT 

 

Self-assembly is known as a route to achieve order from disorder at various length 

scales, ubiquitously in nature, science and technology. Noncovanlent interactions 

such as electrostatic interactions, hydrophobic interactions, metal coordination and 

hydrogen bonding have been utilized extensively in past decades to build and control 

macromolecular self-assemblies. 

Hydrophilic macroions, with sizes ranging between simple ions (point charges valid 

for the Debye-Hückel Theory) and colloidal suspensions (usually described by the 

DLVO theory), demonstrate unique solution behavior by self-assembling into 

ordered, single layer, hollow, spherical “blackberry” structures. Counterion mediated 

attraction is considered as the main driving force for the self-assembly behavior. 

Herein, we investigated the solution behavior of ionic polyhedral oligomeric 

silsesquioxane (POSS) and cyclodextrin (CD) which have well-defined size, shape 

and charge density by laser light scattering (LLS). Sub-nanometer sized ionic POSS 

provides a valuable opportunity to explore the unknown size boundary between 

simple ions and macroions. Whereas studying ionic CD, a fully organic macroion, 

expands our understanding beyond inorganic macroion. 

Macroion-polymer based giant surfactant with smart responsiveness was design and 

fabricated. The novel hybrid can self-assemble in pure water and response to 

temperature and salt stimuli. We found different types of counterions impact the 

vesicle formation at room temperature. The development of such stimulative vesicles 

provides new and useful means for catalytic and biomedical applications. 
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CHAPTER I 
	  

INTRODUCTION 

 

Hydrophilic macroions, with sizes ranging between simple ions (point charges 

valid for the Debye-Hückel Theory) and colloidal suspensions (usually described by 

the DLVO theory), demonstrate unique solution behavior by self-assembling into 

ordered, single layer, hollow, spherical “blackberry” structures. Counterion mediated 

attraction is considered as the main driving force for the self-assembly behavior. 

Changing parameters such as the solvent polarity, the effective charge of macroions 

and the solution pH, can strongly influence the transition from discrete macroions to 

blackberries, as well as the blackberry size. The study of macroions is being expanded 

to different areas, e.g. polyoxometalates, metal-organic nanocages, charged 

nanoparticles and biomacromolecules. The development of synthetic methods in 

recent years enable people to functionalize macroions with organic ligands and 

explore other non-covalent interactions in these hybrid materials in additional to 

counterion mediated attraction.   

In Chapter II of the dissertation a broad overview of macroions will be 

presented. The Debye-Hückel Theory and the DLVO theory governing the solution 

behavior of simple ions and colloids will be discussed. The solution behaviors of 

Macroion, as a missing gap between the two major theories, will be addressed with a 

focus on polyoxometalate inorganic clusters. The possible driving forces of the 

macroionic self-assembly process will be discussed in detail. This chapter also 
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includes a description on how to control the blackberry size and the mechanism of 

blackberry formation. The current studies of macroion-organic hybrids will also be 

discussed. 

In Chapter III all the experimental techniques that were used in my research 

will be discussed with a major focus on laser light scattering and zeta potential 

analysis. Both static and dynamic light scattering were used to characterize the 

assembly structures in solution and provide information such as hydrodynamic radius 

and radius of gyration. Zeta potential measurements were conducted to provide the 

charge states of molecules in solution. Further information regarding transmission 

electron microscopy, conductivity analysis, and etc. will also be provided. 

A detailed study of both positively and negatively charged polyhedral 

oligomeric silsesquioxane (POSS) electrolytes will be included in Chapter IV. POSS 

macroions were observed to self-assemble into blackberry-type supramolecular 

structures in water/acetone mixed solvents, driven by the counterion-mediated 

attraction. Laser light-scattering studies revealed that the sizes of the blackberry 

structures increase with increasing acetone content, which suggests a charge-regulated 

process. These POSS ions further decrease the lower size limit of macroions that can 

self-assemble in polar solvents reported to date.  

In Chapter V the behavior of phosphate-functionalized γ-cyclodextrin 

macroanions in dilute solution will be discussed. The hydrophilic macroions in mixed 

solvents show strong attraction between each other, mediated by the counterions, and 

consequently self-assemble into blackberry-type hollow spherical structures. Time-

resolved laser light scattering (LLS) measurements at high temperature ruled out the 

possibility of hydrogen bonding as the main driving force in the self-assembly and 

indicated the good thermodynamic stability of assemblies regulated by the charge. 
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The transition from single macroions to blackberries can be tuned by adjusting the 

content of organic solvent. The sizes of blackberries vary with the charge density of γ-

cyclodextrin by adjusting pH. It is the first report that organic macroions that can 

generate supramolecular structures by themselves. 

In Chapter VI my study was extended from macroions to macroion-polymer 

hybrids. Polyoxometalates (POMs) as polar head groups were covalently 

functionalized with Poly (N-isopropylacrylamide) (PNIPAM) tails. The 

macromolecular hybrid demonstrated the solution behavior of hydrophilic macroions 

by self-assembling into blackberry structures at room temperature. It behaved like the 

amphiphilic surfactant by forming vesicular structure when the temperature is above 

the phase transition of PNIPAM. The reversible self-assembly was also salt sensitive 

and the salt-induced smaller vesicular formation is a result of counterion-association. 
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CHAPTER II 

BACKGROUND:  

MACROIONS AND SOLUTION BEHAVIORS OF MACROIONS 

 

2.1     Introduction      

 

Studying solution behavior of electrolytes is always challenge. In terms of the 

size of electrolytes, those solutions can be classified into two categories, including 

simple ions’ (<1nm, e.g. NaCl) solutions and colloidal suspensions (~10 to ~1000 nm, 

e.g. highly charged gold nanoparticles dispersed in the aqueous solution). Debye-

Hückel theory proposed by Peter Debye and Erich Hückel in 1923 was widely used to 

describe dilute solutions of simple ions which can be treated as point charges. (1) On 

the other hand, colloids with much larger size behave fundamentally different in the 

solution. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was established to 

relate the stability of colloid suspensions to the competition between attractive van 

der Waals force and repulsive electrostatic interaction. (2, 3) However, these two 

theories failed to deal with ions with size between ~1 to ~10 nm. In this range, ions 

are large enough that they cannot be treated as point charges, and they are soluble by 

forming homogeneously real solutions. We named these ions as macroions with their 

unique features. “How macroions behave in the solution” is a quite intriguing 

question and explore this area can fill the missing gap between simple ions and 

colloidal particles. (Figure 2.1-1) Currently investigated macroions are mainly
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composed of several groups: polyoxometalates (POMs), charged nanoparticles and 

bio-macroions. 

 

 

Figure 2.1-1. The schematic presentation of areas for simple ions, macroions and 
colloids. Macroion is a missing gap between Debye–Hückel theory and DLVO 
theory.  

 

2.2     Polyoxometalates type macroions and functionalized hybrid POMs  

 

Polyoxometalates are a large class of polyatomic ions consisting of multiple 

transition metal (Mo, W, V, Cr, Fe, etc.) oxide polyhedra. (4-6) These giant clusters 

have well defined three-dimensional frameworks by connecting oxygen atoms. 

Although POM clusters has been known since the late 19th century, they still attract 

extensive interests in virtue of their fascinating electronic, magnetic and optical 

properties and practical applications in catalysis, pharmacy, etc. (7, 8) Owning to 

tunable valence and coordination geometry, POMs with various sizes, shapes and 
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charges have been synthesized. The family of POM molecular clusters was expanded 

from early transition metal POMs (Mo, W, V, Cr, Fe, Mn, etc.) to late transition metal 

POMs (U, Nb, Au, Pd, etc.), and can be divided into three categories: 

heteropolyoxometalates, isopolyoxometalates, and the large POMs. (9, 10) Figure 

2.2-1 represents several examples of well-characterized POM molecular clusters. 

Most of POMs are negatively charged in solutions. According to the nature of their 

charges, POM clusters can be regarded as strong or weak electrolytes. In the first 

category, POMs carry inherent charges balanced by small ions in crystals and exist as 

macroanions in solutions. POMs in the second category are neutral molecules in 

crystals, but they can become charged in solutions because of the deprotonation of 

water ligands which are attatched to clusters. Moreover, the charge density of POMs 

can be tuned by substituting the central transition metals, changing the oxidation state 

of the metal ions, or simply changing the solution pH. 

 

	  

Figure 2.2-1. POMs with different topologies and sizes. Reprinted with permission 
from ref. 6. Copyright 2011 Wiley-VCH. 

 

POMs, generally speaking, are not compatible with organic media because of 

its high hydrophilicity, which hinders the development of POM-based functional 

materials. In past decades, a novel type of amphiphilic hybrid materials has been 
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Figure 2.2-2. Main coordination modes of organic groups covalently linked to POM 
units via p-block elements. Reprinted with permission from ref. 10. Copyright 2010 
American Chemical Society. 

 

created by grafting organic functional motifs onto POM clusters. Two major ways are 

applied for functionalizing POMs: 1) non-covalently grafting organic ligands onto 

POMs via electrostatic interaction, hydrogen bonding, or van der Waals interactions, 

etc.; 2) covalently connecting organic motifs to POMs (Figure 2.2-2). (10) The 
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inorganic-organic molecular hybrids rendering amphiphilic properties can form 

micelles, vesicles, and reverse-vesicles in appropriate solvents, as well as improves 

their potential applications because of the enhanced compatibility in organic media. 

The study of the unique solution behaviors of a functionalized POM hybrid material 

will be discussed in Chapter 6.  

 

2.3     Charged nanoparticles type macroions 

 

Molecular Nanoparticles (MNPs) are a family of particles with their size 

around nanometer scale. They are shape- and volumepersistent and have well-defined 

molecular structure and specific symmetry. (11) Typical MNPs include folded 

globular proteins, POMs, fullerene (C60) and polyhedral oligomeric silsesquioxanes 

(POSSs). Their overall shape can be held either by noncovalent bonds or covalent 

bonds. (12-20)  

 

 

Figure 2.3-1. Structures of polyhedral oligomeric silsesquioxanes. Reprinted with 
permission from ref. 22. Copyright 2011 Elsevier. 

	  

 



	   9	  

POSSs as the smallest silica nanoparticles are structurally well-defined, cage-

shaped clusters that have many attractive advantages owing to their nontoxic, 

biocompatible, chemically inert, and mechanically stable features. Usually POSS is 

prepared via the condensation of a silane or silanol precursor, resulting in the 

covalently conneting RSiO3/2 unites at regular intervals through Si-O-Si bonds (Figure 

2.3-1). (21, 22) The low dielectric constant of POSS materials makes them good thin-

film insulators. Moreover, their three-dimensionality, high symmetry, and size make 

them promising building blocks for nanocomposites. The family of cage compounds 

has a variety of sizes and symmetries among which Octa-silsesquioxane (R8Si8O12, 

T8) is the most common type with a cubic shape (0.87 nm as the diagonal distance) 

and eight corner groups that can be chemically modified to achieve desired solubility 

and functionality. One distinct advantage of the POSS system is the facile tuning of 

its surface functional groups by either selective monofunctionalization or 

simultaneous multisite functionalization. (23-26) Many POSS derivatives prepared by 

these methods have been commercialized. Recently, POSS molecular clusters were 

successfully integrated into various architectures such as polymer-based hybrid 

materials (Figure 2.3-2), with applications in electronics, light-emitting diodes 

(LEDs), catalysis, and superhydrophobic and antimicrobial coatings. (27-34) The self-

assembly of amphiphilic POSS–organic hybrids driven by noncovalent interactions 

(e.g., hydrophobic interactions, metal coordination, hydrogen bonding) has been 

studied extensively in past decades. (11, 35-40) However, POSS molecular 

nanoparticles with ionic domains as surface groups can be treated as a novel type of 

charged nanoparticle type macroions which haven’t been included in any previous 

literature. The solution behavior of ionic POSS molucules will be discussed in 

Chapter 4.   
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Figure 2.3-2. Hemi-telechelic, di-telechelic, eso-telechelic and penta-telechelic POSS-
containing hybrid polymers. Reprinted with permission from ref. 27. Copyright 2013 
Elsevier. 

	  

2.4     Charged biomolecular type macroions 

 

Highly charged bio-macromolecules, such as DNA, RNA, proteins, virus, etc., 

with size in nanometer scale can also be treated as macroions. Electrostatic 

interactions are critical to various phynomena in these bio-macroionic systems, e.g. 

DNA condensation and the formation of virus capsids. However, hydrophobic 

interactions, hydrogen bonding, and salt bridges are also possibly involved in 

interactions between these bio-macroions, which make their solutions very complex. 

Ideal models are needed for understanding the solution behavior of 

biomacromolecules.  
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Cyclodextrins (CDs) are a class of cyclic oligosaccharides consisting of six, 

seven, or eight glucose entities, which are called α-, β-, or γ-CDs. CD molecules show 

a toroidal shape, forming by α-1,4-linked d-glucopyranosides, (41-43)  with the 

diameter of the primary hydroxyl rim narrower than that of the secondary hydroxyl 

rim (Figure 2.4-1). (42, 44, 45) Due to the abundant OH groups, the external surface 

of CD toroid is highly hydrophilic, whereas the internal cavity is relatively 

hydrophobic, which enables CDs to host various guests. (46, 47) By virtue of its 

water-solubility, biocompatibility, and strong ability of incorporating guest molecules, 

CD has applications in areas such as food, pharmaceutical, drug delivery, and 

chemical industries. (41, 43) The inclusion complexation between CDs and guests, as 

well as its impacts on the assembly of these systems, has been extensively 

investigated. (46, 48) Previous work demonstrated that CDs crucially participate in 

the self-assembly of amphiphilic systems (either as a modulator or as a building 

block), as well as realize the reversibility and stimuli-responsiveness of assemblies 

and materials, particularly hydrogels that use inclusion complexes as crosslinks. (49-

51) Furthermore, the involvement of CDs in macromolecular assemblies provided 

many other applications, such as controlling solution properties, DNA decompaction, 

and protein reconstruction. (51) Recently, it was found that CDs and CDs/surfactants 

complexes could self-assemble in aqueous solution driven by CD–CD H-bonds, 

instead of hydrophobic interactions in amphiphilic systems. (52-57) However, it is 

still, to our knowledge, unknown in dilute solutions how the pure, hydrophilic CDs 

themselves behave. Currently, many CD derivatives were obtained by a wide variety 

of synthetic methods. (58-60) Ionic CDs (61) such as phosphate, sulfate, and 

carboxylate sodium salts are readily commercialized. Since CD has much simpler 

chemical structure than other biomacromolecules, it can be treated as an ideal model 
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of macroions for studying charge-related solution behavior as discussed in Chapter 5. 

 

Figure 2.4-1. Chemical structure and space-filling model of cyclodextrins. Reprinted 
with permission from ref. 48. Copyright 2010 Royal Society of Chemistry. 

	  

2.5     Solution behaviors of macroions: theories and experimental observations 

 

Table 2.5-1. Information on the structure, charge density, and self-assembly behavior 
of macro-polyoxoanions in aqueous solutions. Reprinted with permission from ref. 
150. Copyright 2012 Royal Society of Chemistry. 

 

 

In the past decades, people achieved significant development of synthesizing 

various POMs with their sizes from 2 nm to 6nm (Table 2-1). (62-69) In contradiction 

to classic theories, these POM clusters don’t homogeneously distribute to form real 

and stable solutions like what simple ions usually do nor behave similarly with 
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colloids by forming temporal suspensions. Instead, these highly charged macroions 

started to be full soluble in the aqueous solution and then slowly self-assembly into 

spherical, hollow, single-layered vesicular structures, which are named as 

“blackberry” type structures. Their solution behavior is valuable to help fill the 

missing gap between simple ionic solution and colloidal suspensions. For 

understanding this unique phenomenon, it’s necessary to exam two classic (Debye–

Hückel theory and DLVO theory) theories which were widely applied to describe 

electrolyte solutions. 

 

2.5.1     Debye–Hückel Theory 

 

 

Figure 2.5-1. A snapshot of 2D section of an idealized solution of a 1:1 electrolyte.  
 

The fundamental idea of the Debye–Hückel Theory is that ions in solution are 

not uniformly distributed. Overall, the ionic solution is neutral, but near any given ion 

there is a higher concentration of counterions. A snapshot of 2D section of an 

idealized electrolyte solution will regard ions as spheres with unit electrical charge 
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and the solvent as a uniform medium without structure (Figure 2.5-1). A given ion is 

surrounding by an excess of its counterions. The time-averaged “spherical cloud”, 

which is called ionic atmosphere, includes those counterions with a net opposite 

charge equal to that on the central ion. If considering the ionic atmosphere around a 

given ion in solution, we will find the concentration of counterions C decreases 

exponentially as they depart from the ion with distance r.  

 

 C  e−κ r                                                                                                                   (2.1) 

 

where the inverse of the decay rate κ-1 is called the Debye length which is thought to 

be the radius of the ionic atmosphere. Physically, it is the distance from the central ion 

over which ions do not fell each other. 

In an electrolyte solution, the Debye length is shown as equation 2.2. 

 

κ −1 =
εrε0kBT
2NAe

2I
                                                                                                         (2.2)     

 

where εr is the relative permittivity of a medium, ε0 is the permittivity of free space, 

kB is Boltzmann’s constant, T is the temperature of the solution, NA is Avogadro’s 

number, e is the elementary charge, I is the ionic strength of the solution.                       

The Debye–Hückel theory includes a very detailed discussion of the 

assumptions and their limitations. (70) The principal assumption is that departure 

from ideality is due to electrostatic interactions between ions, mediated by Coulomb’s 

law: the force of interaction between two electric charges is given by, (70) 
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Force = z1z2e
2

4πε0εrr
2                                                                                                       (2.3) 

 

where z1, z2, r are the charge number of ionic species 1 and species 2, and the 

separated distance of two ionic species, respectively. 

The non-ideal behaviors of an electrolyte solution can be expressed by the chemical 

potential of an ith ion as 

 

µi = µi
ideal + Δµi

el                                                                                                         (2.4) 

 

For an ideal solution, 

 

µi
ideal = µi

0 + RT ln xi                                                                                                   (2.5) 

 

For an electrolyte solution, 

 

µi = µi
0 + RT ln xi + RT lnγ i                                                                                       (2.6) 

 

where γi is the activity coefficient of the ith ion. Thus the deviation due to the 

electrostatic interaction is  

 

Δµi
el = RT lnγ i                                                                                                            (2.7) 

 

The Debye–Hückel limiting law enables us to determine the activity coefficient of an 

ion in a dilute solution of known ionic strength as the equation below. 
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lnγ i = −
zi
2e2κ

8πε0εrkBT
= −

zi
2e3NA

1/2

4π (ε0εrkBT )
3/2

I
2
= −Azi

2 I                                           (2.8) 

 

I = 1
2

zi
2 ni
n0i

∑                                                                                                            (2.9) 

 

where zi is the charge number of ion species i, A is a constant that depends on 

temperature, and ni and n0 are number density of i species and the bulk.  

There are also assumptions for Debye–Hückel theory beyond which the theory will 

not hold. 

1. Electrolytes completely dissociate into ions in solution. 

2. Ions are treated as point charges with no polarizability. 

3. The solvent plays no role other than providing a medium of constant relative 

permittivity (or dielectric constant). 

 

Debye–Hückel limiting law is only applicable for electrolyte solution with 

I<10-2.3. Chemists extended D-H equation for solution with higher ionic strength by 

adding a term which is called the ion size parameter a as shown in Equation 2.10. 

This term is supposed to take into account that ions have a finite radius and are not 

point charges. Values are given in Table 2-2. A and B are constants with values of 

respectively 0.5085 and 0.3281×108 at 25 °C in water. The extension of Debye–

Hückel theory is empirically applicable for electrolyte solution with I<0.1. (70) 

 

logγ i = −Azi
2 I
1+ Ba I

                                                                                           (2.10)  
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Table 2.5-2. Parameters a and individual ion activity coefficients. 

	  
	  

2.5.2     Derjaguin, Landau, Verwey, and Overbeek (DLVO) Theory 

 

A colloidal particle has a Brownian motion in solution. Upon approaching 

another particle, it is affected not only the surrounding solvent, but also the 

interactions with other particles. Particle-particle interaction is a result of the static 

forces. During the 1940s, two groups of scientists (Boris Derjaguin and Lev Landau 

in the Soviet Union, and Evert Verwey and Theo Overbeek in the Netherlands) 

independently published a quantitative theoretical analysis of colloidal stability, 

which made a major advance in colloid science. The theory became known as DLVO 

theory.  

DLVO theory assumes that the more long-ranged interparticle interactions, 

including two types of force van der Waals force and double-layer force, mainly 

control colloidal stability. (71) A van der Waals force is regardless of the chemical 
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nature of the particles or the medium. In simple words, that is if the particles are 

similar, this force is always attractive. Moreover, most colloidal particles carry 

charges either from their surface charge groups or by specific ion adsorption from the 

solution. This surface charge leads to a repulsive double-layer force which becomes 

significant when two colloids approach each other and their electrical double layers 

begin to interfere. Thus, the total interaction potential Φ as a function of distance h 

can be written as 

 

Φ(h) = ΦA (h) +ΦR (h)                                                                                            (2.11) 

 

and the corresponding force equals 

 

F = −
dV
dh

= −
dΦA

dh
−
dΦR

dh
                                                                                     (2.12) 

 

Let’s illustrate the typical properties of the interaction potentials and the 

corresponding force by considering the interaction between two identical half-planes 

separated by a distance h. The attractive van der Waals interaction ΦA is 

 

VA (h)
area

=
−A
12πh2

                                                                                                       (2.13) 

 

where A represents the Hamaker constant. 

At large separations, the double-layer interaction force is  
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F
area

 32(kT )2 εrε0
z2e2

κ 2Γ0
2 exp(−κh)                                                                      (2.14) 

         = 64kTc0
*Γ0

2 exp(−κh)  

 

where c0
* represents the bulk electrolyte concentration and Γ0=tan(zeΦ0/4kT) 

depending on the potential at the charge surface Φ0. The distance dependence is solely 

determined by the Debye screening in the solution. 

We obtain the corresponding potential by integrating Equation 2.14 

 

ΦR (h)
area

=
64kTc0

*Γ0
2

κ
exp(−κh)                                                                                 (2.15) 

 

Thus the total interaction potential and force can be written as 

 

Φ(h)
area

= −
A

12πh2
+
64kTc0

*Γ0
2

κ
exp(−κh)                                                                  (2.16) 

 

F
area

= −
A

6πh3
+ 64kTc0

*Γ0
2 exp(−κh)                                                                     (2.17) 

 

As shown in Figure 2.5-2, we can plot the DLVO potential Φ as a function of 

the distance between two particles. (71) The attractive term ΦA dominates the 

repulsive term ΦR when h is very large or very small. The potential curve displays 

two minima, a deep primary minimum at shorter separations and a shallow secondary 

minimum farther out. A potential energy barrier separates the two minima when the 

surface is sufficiently charged and the electrolyte ions do not screen too much. If the 
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system reaches the primary minimum, the irreversible coagulation process takes 

place. If the energy barrier is far away from kT, the primary minimum becomes 

inaccessible and the whole system is kinetically stable. The depth of the secondary 

minimum is quite sensitive to the salt concentration, and if it’s deep enough, the 

colloidal particles can flocculate and form colloidal crystallites, which is a reversible 

process. 

 

 

Figure 2.5-2. Plot the DLVO potential Φnet versus the distance between two colloidal 
particles.  

 

Although the DLVO theory successfully provided explanation and prediction 

of some important solution behaviors in colloidal systems, within the last 40 years, 

people observed new experimental phenomena beyond the application of DLVO 

theory. For example, Ise and co-workers noticed large void regions exist in 

equilibrium with densely packed regions for highly charged silica latex particles. (72) 
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In 1973, Hachisu found that increasing the salt concentration resulted in melting of 

colloidal crystals, which is however opposite to DLVO theory as people believed 

higher salt concentration should deepen the secondary minimum and therefore 

stabilize the colloidal crystals. (73) Moreover, Schurr and co-workers reported a 

strange “ordinary-extraordinary phase transition” when studying the dynamics of 

poly-L-lysine upon addition of salt. Over a narrow ionic strength range, they found 

the apparent diffusion coefficient Dapp decreased by 20 times, which indicated the 

formation of clusters in solution. (74, 75) Failures of applying DLVO theory to 

explain these results could be caused by the fundamental assumption that the short-

range van der Waals force is the only attraction in the colloidal systems.  

 

2.5.3     Blackberry type structures formed by {Mo154} POM 

 

{Mo154} giant anions  ((NH4)28[Mo154(NO)14O448H14(H2O)70]·nH2O) with 

wheel-like shape was first identified by Dr. Achim Müller and his colleagues. (76) 

Instead of staying as discrete ion, this anionic POM was observed to slowly aggregate 

to form larger structures in the aqueous solution. Laser light scattering (LLS), 

commonly applied for analyzing particles in solutions, was used to monitor the dilute 

POM solutions. Static light scattering (SLS) can give information such as weight-

average mass (Mw), radius of gyration (Rg), as well as the nature of interparticle 

interactions of the studied solute (the second virial coefficient A2) through measuring 

the angular dependence of scattered intensity from sample solutions at different 

concentrations. Dynamic light scattering (DLS) can measure the intensity-intensity 

time correlation function of the scattered light which can be related to the average 

hydrodynamic radius (Rh) of the particles and the particle size distribution. We found 
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Figure 2.5-3. (A) Tyndall effect of a {Mo154} aqueous solution when a green laser 
passes through the solution. (B) TEM image on dilute aqueous solution of {Mo154} 
macroions showing the existence of spherical, ~45 nm radius assemblies. (C) Zimm 
plot based on the SLS study of the {Mo154} aqueous solutions at pH=3; (inset) 
CONTIN analysis on the DLS study of the same solution. (D) Schematic plot 
showing the supramolecular blackberry structure formed by {Mo154} macroions in 
aqueous solution. Reprinted with permission from ref. 77. Copyright 2003 Nature 
Publishing Group. 
	  

the POM solution forming large aggregates took a long time to reach equilibrium with 

no precipitation at room temperature. (77) A typical CONTIN analysis of DLS 

measurements of {Mo154} dilute solution at pH=3.0 indicated that those large 

assemblies have an average Rh of 45±1 nm and a narrow size distribution. SLS 

measurements analyzed by the Zimm plot demonstrated that the assemblies had an 

average Mw of 2.54×107 g/mol and an average Rg of 45.2±1.4 nm. As shown in Fig. 

2.5-3, the transmission electron microscopy (TEM) study showed that a lot of 
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spherical assemblies with a relatively uniform size around 90 nm were formed in 

{Mo154} aqueous solution. The ratio of Rh/Rg is approximate to 1 for spherical 

objects, suggesting the formation of hollow vesicular structure. The average Mw is 

equivalent to ~1165 single {Mo154} macroions also supports the hollow interior of the 

assemblies since a solid 45 nm radius {Mo154} nanocrystal would contain a much 

more individual macroions. These evidences proved that these giant clusters were 

distributed to form a single layer on the surface of assembled spheres with an average 

intermolecular distance around 0.9 nm. We gave the novel assemblies a nickname 

“blackberry” due to the similarities between these two species. Similar self-assembly 

are also observed in other systems of POM macroanions and nanocage macroanions 

in various polar solvents.    

 

2.5.4     Driving forces of the self-assembly behavior 

 

It’s worthy to notice that the formation of blackberry structures is 

fundamentally different from those bilayer vesicular micelles or liposomes because 

based on the chemical structure of POM macroions there is no hydrophobic regions 

that can cause possible hydrophobic interactions. Since macroions are highly charged 

in the aqueous solution, we expected that they would like to repel each other because 

of the strong electrostatic repulsion. To trigger the self-assembly, certain attractive 

forces should overcome the repulsive force to bring these macroions coming close to 

each other. In our systems, van der Waals force, hydrogen bonding and counterion-

mediated attraction were taken into account as possible driving forces.   

One simple experiment was done by mixing acetone with {Mo132} water 

solution (Figure 2.5-4) to help clarify driving forces and distinguish macroions from 
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other types of solutes. (78) In pure water, {Mo132} clusters exist as discrete ions 

because of strong electrostatic repulsion. When adding acetone more than 3 vol.% to 

the aqueous solution, blackberries began to form. With introducing more acetone, the 

blackberry size became bigger. When acetone was more than 70%, blackberries 

dissociated back into single molecules. During the whole process, the magnitude of 

attractive van der Waals forces basically does not change. On the other hand, the 

estimated inter-POM distance on the blackberry surface (close to 1 nm) also suggests 

that the van der Waals attraction should be weak. Therefore, these observations 

confirm that the van der Waals forces are not the major driving forces for the 

blackberry formation. 

 

 

Figure 2.5-4. Transition from discrete macroions (molecules) to blackberries, then to 
discrete macroions due to the change of solvent content for 1.0 mgmL-1 {Mo132} in 
water-acetone mixed solvents. Reprinted with permission from ref. 176. Copyright 
2007 American Chemical Society. 

	  

Hydrogen bonds formed between macroions may be one of the important 

forces for stabilizing blackberries, which is indicated by recent experimental results 

form our group and other groups. For example, {Mo72Fe30} and {Mo72Cr30} are two 

types of POMs with the same size and morphology, and their charge density can be 

the same by carefully tuning their solution pHs (shown in Table 2-1). (69, 79) 
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Meanwhile, their assembly sizes vary with each other when they possess the same 

charge density, implying the charge interaction is not the only driving force existed in 

the system and other forces must play a role in regulation the blackberry size. (80) 

Oleinikova et al. conducted dielectric relaxation measurements during the self-

assembly of {Mo154}, and noticed that “the strength of the hydration extends as 

cluster aggregation takes place with more water molecules being more strongly bound 

between the wheels and the presence of relatively fewer less strongly bound water 

molecules”. (81) In other words, water molecules staying between macroions show 

higher viscosity and act as “glue” to help attract adjacent POMs together by forming 

hydrogen bonds. Schmitz et al. provided an interesting hypothesis of hydrogen 

bonded water molecule “fingers” to explain the spherical geometry of blackberries. 

(82) However, the self-assembly of two POM macroions {Mo72Fe30} and {Mo72Cr30} 

in aqueous solution is pH-dependent, in which no self-assembly at low pH, suggesting 

that water-bridged hydrogen bonding might not be the major driving force for the 

blackberry formation, but the force to strengthen the interaction between macroions. 

(80, 83) 

It’s worthy to notice that in various maroionic solutions the blackberry size 

increases linearly with the inverse of the dielectric constant of the solvent, implying 

the blackberry formation process is charge-regulated. This assumption was further 

confirmed by the pH dependent self-assembly of  {Mo72Fe30}. {Mo72Fe30} belongs to 

weak electrolyte-type POMs which surface charges come from the partial 

deprotonation of water ligands attached to its 30 FeIII centers. (81) Thus, its charge 

density can be reversibly tuned by changing the solution pH and consequently the 

deprotonation equilibrium. As shown in Figure 2.5-5, the {Mo72Fe30} clusters are 

almost non-charged and stay as discrete molecules in solution when pH<2.9, while at 



	   26	  

pH>2.9, clusters self assemble into blackberry structures with smaller sizes as pH 

increase. The transition from single clusters to blackberries amplifies the importance 

of charges in blackberry formation. (84)   	  	  

 

 

Figure 2.5-5. Average hydrodynamic radii (Rh) of the blackberries formed in 
0.5mgmL-1 aqueous solutions of {Mo72Fe30} at different pH (adjusted by NaOH or 
HCl), as measured by DLS at 90° scattering angle. TEM images of aggregates on 
carbon films formed at pH~3.0 (left; conventional TEM) and pH~4.6 (right; more 
appropriate cryo-TEM). Reprinted with permission from ref. 84. Copyright 2006 
American Chemical Society. 
 

All of experimental results have raised our attention that the counterion-

mediated attraction might be the possible reason to realize the blackberry formation of 

the macroionic solution. Actually, the counterion-mediated attraction was early 

proposed by Ise and Sogami who thought there exist long-range weak attractions 

between charged colloids because of counterions. (85) (Although it is still 

controversial in the colloid community since van der Waals force among colloidal 

particles are dominant) Moreover, in biomacromolecular systems, divalent or 

multivalent counterions were reported to induce the self-association of proteins and 

DNAs longtime ago. (86-88) Couterions with high valence can strongly associate 

with biomacromolecules and may even reverse the sign of their surface charges. 

Those biomacroions attract each other with a layer of counterions in between, which 
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is called counterion condensation. (89, 90) However, monovalent counterions can 

rarely trigger counterion condensation in colloidal or biomacromolecular systems. In 

macroionic system, the blackberry formation can take place in the presence of only 

monovalent counterions, which indeed indicates the uniqueness of solution behaviors 

of macroions.   

      

2.5.5     Interactions between macroions and counterions 

 

Since we have realized the importance of counterions on triggering the self-

assembly of macroions, the experimental proofs of interactions between macroions 

and counterions are necessary. 

  

2.5.5.1  Counterions association with macroions 

 

Inorganic chemists started to explore the role of counterions and their 

interaction with POMs on the catalytic properties of POM clusters over a decade ago. 

Pope noticed that counterions could interact with some POMs at special binding site. 

(91) For midsize POMs, Weinstock and co-workers observed close ion pairing in the 

dilute solution of 1nm size Keggin anions via electrochemical studies. (92, 93) Using 

molecular dynamics simulations, Leroy et al. revealed direct, contact ion pairing 

between monovalent cations and Keggins in more concentrated solutions, while 

Antonio et al. experimentally detected contact ion pairing between Lindqvist POM 

[Nb6O19]8- and monovalent counterions in aqueous solution. (94) More significant 

counterion-macroion interactions were expected to exist in large POMs’ systems. The 

conductivity measurement can be applied to evaluate the macroion-counterion 



	   28	  

interaction by comparing the measured and theoretic values. Counterions even 

monovalent ions (such as NH4
+ and Na+) were found to closely associate with 

macroanions (such as {W148} and {Mo132}), and thus they didn’t contribute to the 

total solution conductivity. We also found the degree of counterion-association is 

concentration dependent which is stronger at higher concentration.  

Another way to investigate the counterion asscociation with macroions is 

small angle X-ray scattering (SAXS). SAXS is a powerful technique to determine 

characteristic distances of partially ordered materials, pore sizes, and the microscale 

or nanoscale structure of particle systems in terms of such parameters as averaged 

particle sizes, shapes, distribution and surface-to-volume ratio. SAXS is appropriate 

for studying POMs’ dilute solution when those clusters are very stable in the aqueous 

solution with simple and highly symmetrically structures; they have a reasonable 

amount of metal counterions to generate a detectable X-ray scattering contrast; they 

don’t have any specific surface sites for interacting cations; they do not have co-ions 

or excess salts so that the true physical picture of counterions can be revealed. (95) 

Based on POM clusters form factors, scattering curve can be calculated for 

comparison with the experimental results. The scattering curve will obviously change 

if counterion association or the self-assembly of POMs takes place.   

The dilute solution of {Mo72V30} (2.5 nm size Keplerate cluster carrying 31 

charges with the counterions being 14 K+, 8 Na+, 2 VO2+, and 5 H+) was explored in 

the first SAXS experiment. The distance pair distribution p(r), generated from the 

Moore analysis of the SAXS curve, corresponds to the probability of finding the 

vector length r in a molecule and can provide a physically meaningful description of 

the particle morphology. (78) For {Mo72V30} in dilute aqueous solution, the p(r) 

curves shown in Figure 2.5-6 (top) correspond to discrete cluster with no counterion 
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association (a core-shell spherical particle with a maximum linear dimension of ~26 

Å). When certain amount of acetone was introduced into the solution, another isolated 

small peak which is centered at ~30 Å and extends the effective distribution to ~34 Å 

appeared in the p(r) plot (Figure 2.5-6 (bottom)). The peak of {Mo72V30} macroanions 

remained unchanged, indicating that the macroanions still existed as discrete ions 

since blackberry formation is a very slow process. The additional peak is caused by 

 

 

Figure 2.5-6. Top: distance distribution functions based on calculated and 
experimental scattering data for {Mo72V30} obtained by using an indirect Fourier 
transform of the primary SAXS data. (o): 0.052 mm {Mo72V30}, (): 0.013 mm 
{Mo72V30}, (—): {Mo72V30} calculated. Bottom: experimental distance distributions 
for 0.26 mm {Mo72V30} in water and acetone–water mixed solvents with various 
acetone contents (in vol%). (—): 75% acetone–water, (o): 65% acetone–water, (---): 
45% acetone–water, (): 10% acetone–water, (): in pure water. Reprinted with 
permission from ref. 78. Copyright 2009	  Wiley-‐VCH. 
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higher electron density found around the {Mo72V30} macroanions, suggesting that 

some metal counterions are closely associated with the macroions and distributed in 

the range of 0.2-0.9 nm to the surface of macroions. With increasing acetone content, 

the peak due to the counterion association became more and more distinct, and the 

average Rg of {Mo72V30} macroions also increases according to Guinier plots. The 

apprearance of the peak due to associated couterions coexisted with the apprearance 

of the blackberry structures, indicating the direct connection between these two issues 

and the role of counterions in the blackberry formation. 

 

2.5.5.2  Counterions exchange around macroions 

 

 Macroions can not only associate with couterions, but also distinguish 

couterions owning different hydrated sizes by interacting with them according to a 

corresponding preference sequence. In other words, the exchange of counterions 

around macroions can be achieved. 

For {Mo72Fe30} dilute solution, the original counterions were protons, and the 

blackberry size was observed to change due to adding a small amount of extra salts 

(Figure 2.5-7). By adding 1-20 mM LiCl or NaCl into the original solution, the 

blackberry size remained the same as the salt-free solution. By adding 0.1-10 mM 

KCl or a tiny amount of RbCl, the blackberry size significantly increase. A possible 

explanation was proposed as that ions with smaller hydrated sizes such as K+ and Rb+ 

ions could replace protons around {Mo72Fe30}, which consequently increased the 

attractive force between macroions and lead to larger blackberries, while ions with 

larger hydrated sizes such as Li+ and Na+ ions could not replace protons because of 

their lower priority. (96) Isothermal titration calorimetry (ITC) measurements was  
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Figure 2.5-7. Change of blackberry size (in Rh) with added chloride salt concentration 
(A) and total ionic strength (B) for 0.5 mgmL-1 {Mo72Fe30} solutions. For each added 
cation salt there is a CSC (critical salt concentration), above which the blackberry size 
increases with increasing salt concentration. Reprinted with permission from ref. 96. 
Copyright 2010 American Chemical Society.  

	  

	  

Figure 2.5-8. ITC results obtained when adding RbCl (left) and KCl (right) into 
2.0mgmL-1 {Mo72Fe30} solutions. Concentrations of 40mM for RbCl and 334mM for 
KCl were used. The molar ratio needed for saturation of the {Mo72Fe30} binding sites 
is ~50-60:1 for K+ and ~10:1 for Rb+. Reprinted with permission from ref. 96. 
Copyright 2010 American Chemical Society. 

 

applied for proving this hypothesis (Figure 2.5-8). When titrating NaCl to the aqueous 

solution of {Mo72Fe30}, there was no noticeable binding between Na+ ions and 

{Mo72Fe30} clusters even the molar ratio of Na+ to POM was extremely high as 
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1000:1. However, the titration curves showed the binding between K+/Rb+ with 

macroions, in which 50-60 K+ were needed for saturating the binding sites (~6) on 

each {Mo72Fe30} cluster, and <10 Rb+ ions were needed for saturating. This result 

also suggested the binding strength of Rb+ ions to {Mo72Fe30} is much stronger than 

that for K+ ions. The ITC study confirmed that macroions can interact with 

counterions following the preference sequence of (Li+, Na+) < H3O+ < K+ < Rb+ < 

Cs+. The counterion exchange can also be supported by the decrease of pH value 

(~0.2) after adding a 10:1 molar ratio of RbCl or CsCl to the {Mo72Fe30} aqueous 

solution. This evidence indicated that the original protons disassociated with 

{Mo72Fe30} clusters and became free in solution.  

 

2.5.6     Controlling the assembly/disassembly and blackberry size 

 

Previous studies indicate that the charge density of macroions plays an 

important role in the blackberry formation. The transition between single ions to 

blackberries, as well as tuning the blackberry size can be realized by adjusting the 

macroionic charge density from several aspects such as solvent polarity, solution pH, 

extra salt concentration, al et. 

For the weak electrolyte POMs, the surface charge comes from the partial 

deprotonation of water ligands attached to it, which can be easily tuned by changing 

the solution pH. When the pH of 0.5 mg/mL {Mo72Fe30} aqueous solution is below 

2.9, the clusters stay as single molecules since the charge density is too low for them 

to self-assemble. The self-assembly process can be triggered by adding base into the 

solution. {Mo72Cr30} anions demonstrate the similar pH-controlling assembly 

behavior with the switch point at pH=2.7. {Mo72Fe30} with ammonium ions as 
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counterions are able to capture those counterions in the nano-pores on its surface, and 

thus macroions with appropriate charge density can self-assemble driven by the 

counterion-mediated attraction. However, after mildly heating of the solution to 40 

°C, the total scattered intensity decreases as a result of disassembly of blackberries. 

The “power off” process can be attributed to the temperature induced release of 

ammonium ions from the pores into the bulk solution, leading to the enhanced charge 

density of macroions. (97) For the strong electrolyte macroions such as {Mo132} and 

Pd6L4(NO3)12  nanocages, the blackberry formation can be triggered only when the 

appropriate amount of less polar solvent is added into solutions. Moreover, a small 

amount of water soluble surfactants (with different chain length such as 

cetyltrimethylammonium bromide surfactant (CTAB), trimethyltetradecylammonium 

chloride surfactant (CTAT), dodecyltrimethylammonium bromide surfactant (DTAB), 

and octyltrimethylammonium bromide surfactant (OTAB)) were also introduced into 

macroionic solution such as {Mo72V30} for decreasing the charge density, and 

consequently weakening the electrostatic repulsion between macroions. (98) The 

long-chain surfactants such as CTAB and CTAT were found to stoichiometrically 

interact with {Mo72V30} clusters and could trigger the blackberry formation when the 

molar ratio of {Mo72V30} to surfactant is 1:1.2. The average Rh of blackberries 

continuously increases with increasing surfactant concentration. 

    It’s worthy to notice that the average blackberry size (for different POMs 

water/organic mixed solutions such as {Mo132}, {Mo72V30} and {W72Mo60}) is 

inversely proportional to the dielectric constant ε, suggesting that the self-assembly 

process is charge regulated. (80, 99-101) A general expression of blackberry sizes can 

be related with several parameters (as shown in Equation (2.18) and (2.19)). 
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Figure 2.5-9. Top: Charge density on {Mo72V30} decreases with the increment of 
surfactant concentration, which leads to the increment of blackberries size. Bottom: 
Average hydrodynamic radius (Rh) of the {Mo72V30} blackberries in aqueous solution 
increases with surfactant (CTAB or CTAT) concentration. The concentration of 
{Mo72V30} is 0.026 mM. Reprinted with permission from ref. 98. Copyright 2010 
American Chemical Society. 
 

R ≈ –48λbu/ζ2                                                                                                          (2.18) 

 

λb = e2/4πεoεrkBT ≈ 56/εr                                                                                         (2.19) 

 

in which ζ is the zeta potential, u is the cohesive bond energy (which reveals the 

magnitude of the attractive forces among the macroions on the blackberry shell), λb is 
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the Bjerrum length, εo is the vacuum permittivity, εr is the relative dielectric constant 

of the medium, e is the electron charge, kB is the Boltzmann constant, and T is the 

absolute temperature. 

 

 

Figure 2.5-10. Plot of the average blackberry radius versus the inversed dielectric 
constant (1/ε) of the solvent for different POMs in water/acetone mixed solvents, 
demonstrating a linear relationship for these systems. Reprinted with permission from 
ref. 101. Copyright 2009 American Chemical Society.  

 

The critical size of macroions is also an important issue for the unique self-

assembly behavior. Different from colloidal suspensions, in macroionic solutions 

counterions cannot be treated as point charges and the hydrated size of counterions 

affects their affinity to macroions. Therefore, the size disparity between highly 

charged particles and counterions is considered to play a key role in ion-pairing and 

like charge attraction. As an important but unclear question, what is the lower critical 

size limit of macroions that tend to attract each other and form blackberry structures? 

Currently, the smallest macroions that were proved to be able to self-assemble are 



	   36	  

ionic POSSs with their size smaller than 1 nm and highest charge density (>4 per 

nm2). (102)   

	  

2.5.7     The mechanism of the self-assembly: connection to the virus capsid formation 

 

Different from relatively fast self-assembly of amphiphilic systems, the 

transition from single macroions to blackberry structures takes a long period of time, 

sometimes even several months, to reach the equilibrium. The kinetic studies of the 

slow self-assembly process have been conducted by monitoring solutions for long 

time, which shared similarities with the self-assembly of virus capsid proteins. 

 

2.5.7.1   The kinetic properties of the self-assembly 

 

The slow blackberry formation process under certain circumstances enables 

detailed study on the mechanism of the self-assembly. Both typical SLS and DLS 

studies were performed for investigating the formation of {Mo72Fe30} blackberries in 

aqueous solution at different macroionic concentrations. (103) Figure 2.5-11 

demonstrates that at room temperature the self-assembly process takes months to 

reach equilibrium. The scattered intensity monitored by SLS increased continuously 

with time, suggesting the continuous formation of assembly structures in solution. 

Meanwhile, two types of particles were observed by the CONTIN analysis from DLS 

Measurements in solution: one with Rh ≈ 1.2 nm which could be assigned to 

{Mo72Fe30} unimers and the other with average Rh ≈ 25 nm which was attributed to 

large assemblies. The small-size peak became smaller and smaller while the big-size 

one grew larger with time, indicating that the discrete macroions were continuously 
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Figure 2.5-11. Top: Change of total scattered intensity of {Mo72Fe30} solutions at 90˚ 
scattering angle. All solutions were kept at 25 ˚C except one at 45 ˚C (the data shown 
by black triangle). Bottom: CONTIN analysis of DLS study on {Mo72Fe30} aqueous 
solution at different times. Reprinted with permission from ref. 103. Copyright 2005 
American Chemical Society. 

 

self-assembling into blackberries. More importantly, the average Rh of blackberry 

structures remained almost unchanged during the whole process, suggesting us the 

formation mechanism of blackberries should follow upper route in Figure 2.5-12. 

(104) That is, at the beginning, the unimers slowly associated into dimmers (or 
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oligmers), which was the rate-determining step. Once the amount of oligmers 

exceeded the critical concentration, they quickly assembled into large blackberries. 

This step is fast so that no “smaller” blackberries could be observed during the whole 

process. 

 

 

Figure 2.5-12. Possible mechanisms of {Mo72Fe30} blackberry formation in dilute 
aqueous solution. The upper mechanism has been proven to be correct based on SLS 
and DLS results, while the bottom mechanism can be ruled out. Reprinted with 
permission from ref. 104. Copyright 2006 American Chemical Society. 

	  

Since we considered the transition of macroions to oligomers as the rate-

determining step, the slowness of the blackberry formation was attributed to the high 

energy barrier for this process. (105, 106) By using the Arrhenius equation 

ln(k)=−Ea/RT+lnA (with k, A, Ea, R, and T being the reaction rate, the frequency 

factor, the activation energy, the universal gas constant, and the temperature, 

respectively.), the activation energy can be estimated by studying the temperature 

dependence of k. Time-resolved SLS studies were used to determine the initial 

reaction rates in {Mo72Fe30} aqueous solutions at different temperatures. The 

calculated activation energy of the oligmer formation was indeed very high as ~115±8 

kJ/mol (Figure 2.5-13). 
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Figure 2.5-13. Top: Increment of the scattered intensity (I) from 0.5 mgmL-1 

{Mo72Fe30}/H2O solutions at different temperatures (22, 35, 45, and 55 ˚C) with time 
indicates the progress of blackberry formation. (Inset) Calculation of the activation 
energy (Ea) for the blackberry formation. Reprinted with permission from ref. 105. 
Copyright 2005 American Chemical Society. Bottom: Thermodynamic demonstration 
of the blackberry formation. Reprinted with permission from ref. 106. Copyright 2011 
AAAS. 

 

2.5.7.2   Lag phase during the blackberry formation and its similarity to the virus 
               
              capsid formation 

 

In aqueous solution of {Mo72Fe30} with no or tiny amount of extra salts (e.g. 

NaCl, NaBr, NaI, and Na2SO4 at concentrations of 0.017 mol/L), the time-resolved 

SLS studies showed that there is a short lag period at the beginning (see Figures 4, 8, 

and 10 in ref 100). This lag phase becomes significant when the extra salt 
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concentration is higher (Figure 2.5-14). (107) The initial scattered intensity from the 

{Mo72Fe30} (with concentrated NaCl) solution was very low, suggesting that almost 

all the macroanions exist as discrete ions. After a lag period of 20 days, the intensity 

suddenly started to increase until it stabilized at a very high level after months. 

Overall, the whole kinetic curve is sigmoidal with an extended lag phase.  

 

 

Figure 2.5-14. Left: Comparison of scattered intensity increment of two {Mo72Fe30} 
samples along reaction time in 0.9 wt% NaCl and salt-free solutions Reprinted with 
permission from ref. 109. Copyright 2010 American Chemical Society. Right: Light 
scattering study of the assembly of HPV capsid proteins at various HPV 
concentrations. The lag time, reaction slope, and extent of assembly were dependent 
upon the initial protein concentration. Changes in scattered light were not observed 
until minutes later. Reprinted with permission from ref. 108. Copyright 2004 Elsevier.   

 

The self-assembly process possessing a sigmoidal kinetic curve has also been 

reported in other systems such as virus capsid proteins (Figure 2.5-14, right), (108-

111) ester hydrolysis, (112, 113) vesicle formation, (114) and nanoparticle 

preparation. (115) Generally, the sigmoidal curve represents a two-step process: in the 

initial lag period, the “reaction” begins with the slow formation of oligomer nucleus 

(which is rate determining); once the amount of the nucleus has exceeded a critical 

value, oligomers or monomers can quickly assemble to larger structures until reaching 

the equilibrium. (116)  
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Figure 2.5-15. Continuous size distribution c(s) analysis of {Mo72Fe30} solution 
versus sedimentation coefficient, s. Experiments were performed at a {Mo72Fe30} 
concentration of 10 mg/mL in 170 mM NaCl solution at 20 °C. Reprinted with 
permission from ref. 107. Copyright 2010 American Chemical Society. 

	  

Sedimentation velocity (SV) experiments were performed on the 18th day after 

the sample solution was prepared (which is corresponding to the final stage of the lag 

period in the kinetic curve) to identify the oligomeric state during the lag period. In a 

typical SV experiment, the time-dependent changes in solution absorbance is recorded 

as a result of sedimentation boundary movement. The rate at which the sedimentation 

boundary moves is a measure of the sedimentation coefficient s and corresponding 

sedimentation coefficient distributions c(s) of the investigated species which can be 

fitted by Lamm equation. From the results of the {Mo72Fe30} solution on the 18th day, 

two species were observed: the dominant one (56%) with s ~ 6.6 S and the other 

(10%) with s ~ 9.5 S (Figure 2.5-15). (107) The theoretical sedimentation coefficients 

for {Mo72Fe30} monomers, dimmers, and trimers are 6.9 S, 11.0 S, and 14.5 S, 

respectively if assuming all the species are spherical; thus, the 6.6 S species 

corresponds to the {Mo72Fe30} monomers, and the 9.5 S species is attributed to 

dimers (The lower value compared with the theoretical value is possibly due to the 
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fact that dimmers are not spherical.). The existence of macroionic dimers by SV 

measurements further confirmed our proposed mechanism of the blackberry 

formation.         

In additional to the concentration of extra salts, the length of the lag period 

also depends on temperature, the valence of the cations or the anions, as well as the 

solvent content. (107) Importantly, blackberries demonstrated interesting similarities 

with virus capsids (mostly spherical, single-layered structures formed by the ordered 

assembly of capsid protein units which are also soluble macroanions) in both the 

assembly structures and formation processes. (109-111) For example, a sigmoidal 

kinetic curve in SLS studies was found for the in vitro assembly of human 

papillomavirus (HPV) from protein subunits to icosahedral HPV capsids (Figure 2.5-

14, right). The lag period of the in vitro assembly depended on the protein 

concentration and the ionic strength. A theoretical nucleation-elongation model was 

applied for explaining the delay time in which the slow formation of dimers of protein 

subunits was suggested at the beginning of HPV assembly. (108) Similar results were 

also reported in the in vitro assembly process of hepatitis B virus capsids (110, 117) 

and cowpea chlorotic mottle virus capsids, (118) which also showed temperature and 

ionic strength dependence. 

Both virus capsid proteins and POMs are nanoscale, soluble macroion, being 

able to self-assemble into single layered spherical structures, and they show similar 

sigmoidal curves in their kinetic assembly process; thus, it is reasonable to postulate 

that their might share similar self-assembly mechanism, as well as driving forces. 

Ideally and potentially, the POMs or other simple macroions might be useful as 

simple model systems for helping understand the more complicated 

biomacromolecular systems. Currently, the hydrophobic interaction is widely 
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believed as the dominant driving force for the virus capsid formation, while 

hydrophobic interaction does not play a role in the blackberry formation since POMs 

do not contain any hydrophobic moieties. Then one open question is: is it possible 

that the electrostatic interaction is underestimated in the virus shell formation?  

 

2.6     Self-assemblies of covalently functionalized amphiphilic hybrid POMs 

 

POMs, carrying many charges and a large amount of oxo ligands on their 

surfaces, are hydrophilic and soluble in aqueous solution; thus, many of them are not 

compatible with organic media. Chemically attaching organic components to POMs 

can not only tune their electric properties, but also improve their compatibility and 

processibility. (10) Moreover, the introduced hydrophobic organic ligands could 

renders the clusters amphiphilic features, leading to hydrophobic interaction 

participating in their self-assembly behavior in water/air and water/oil interface, polar 

and nonpolar solvents. (119-129) The self-assembly of amphiphilic hybrid POMs is 

more complicated than pure macroions and common amphiphilic surfactants, since 

both solvophobic interaction, the interaction between charged macroions, as well as 

the counterion effect, molecule topology, and solvent polarity, need be taken into 

consideration. (122) The current research on all the effects will be summarized in the 

following sections.  

 

2.6.1     Surfactants with POMs as polar head groups  

 

Conventinal surfactants usually have one polar head group covalently linked 

with one or several hydrophobic tails. Packing parameter P, a definition of a 
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surfactant’s geometrical parameters, is always used to predict the morphology of 

assemblies formed by surfactants in polar or nonpolar solvents, by taking into account 

the volume of the hydrophobic chain, the cross sectional area of the hydrophilic core, 

and the length of the hydrophobic chain. (122) The surfactant type POM-organic 

amphiphiles with POMs as polar heads have higher negative charge and much larger 

sizes and show their unique features in the self-assembly process. (121) 

 

Table 2.6-1. Formulas and molecular structures of the hybrid surfactants previously 
studied in our group. 

 

 

Table 2-3 lists all POM-organic hybrids we have investigated. The surfactants 

S1, S2, S3 and S6 show amphiphilic properties by self-assembling into vesicle 

structures in proper polar solvents (Figure 2.6-1). (128-130) Comparing with lipid 

surfactant which possesses the same double alkyl chains as S2, the POM-organic 

hybrids formed much bigger vesicles in aqueous solution, which is due to the larger 
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polar heads (POMs) affecting the packing of the whole surfactants. Moreover, the 

vesicle formation process of the POM-organic surfactants is much slower than the 

common surfactants, which takes up to two months for reaching equilibrium. The 

possible reason can be that the two hydrophobic tails on both side of Anderson cluster 

need to bend into the solvent-phobic layer, resulting a high bending energy. 

Moreover, two hybrids S1 and S2 were able to form reverse vesicles in nonpolar 

solvents (acetonitrile/toluene mixed solvents) (129) with the sizes of the assemblies 

continuously increasing when lowering solvent polarity (Figure. 2.6-2), which is due 

to the increasing solvophobic interaction. (128, 130)   

 

 

Figure 2.6-1. The formation of vesicles and reverse vesicles structures in polar and 
nonpolar solvent, respectively. Adapted with permission from ref. 128 and 129. 
Copyright 2008 American Chemical Society and 2010 Wiley-VCH. 

 

Figure 2.6-2. Change of Rh of Mn-Anderson-C16 (triangle) and Mn-Anderson-C6 
(circle) in MeCN solution with a concentration of 0.1 mgmL-1 as a function of titrated 
toluene contents. Reprinted with permission from ref. 129. Copyright 2010 Wiley-
VCH. 
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The self-assembly of POM-organic hybrid was also found to be influenced by 

solvent polarity. For example, the vesicle sizes of both S3 and S6 decreased linearly 

with the inverse of the dielectric constant of the solvent, indicating a charge regulated 

process. S3 demonstrated a much more negative slope than S6, which might be 

attributed to the different degree of counterion dissociation of hybrids’ polar heads. 

The counterion disassociation is controlled by factors such as static charge 

interaction, solvent polarity and solvation of ions. Possessing the same type of 

counterions, Dawson-type POM (in S6 with 6 charges) is more negative charged than 

hexavanadate (in S3 with 2 charges), leading to stronger attraction to TBA 

counterions in the former case. (130, 131) Therefore, the dissociation of TBA, as well 

as the effective charge on the S3 increases more significantly when the solvent 

polarity increases, which finally results in a more negative slope. (130, 131) 

Counterions are also able to tune the size of vesicles formed by S6. The 

vesicle size decreased gradually with adding more ZnCl2, while the vesicle size 

remained unchanged at first upon addition of NaI, and then gradually became bigger 

when the concentration of NaI exceeds 0.03 mg/mL. The size dependence on ZnCl2 

may be related to the coordination of Zn2+ ions to the terminal or bridging oxo ligands 

on the surface of the Dawson clusters, which forces the exposure of the polar domains 

to the solvent environment, and consequently increases the curvature of the vesicles. 

On the other hand, upon the addition of NaI, the sodium ions were proved to replace 

the original TBA counterions, and reduced the repulsion between the polar head 

groups by shielding the net charge of the POMs. As a result, the curvature of vesicles 

decreased and size became bigger. Other salts such as CuCl2, TBAI or DTMABr 

didn’t obviously affect the vesicle size because those cations were not able to replace 

the original cations surrounding the polar Dawson clusters. However, TBAI and 
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DTMABr were found to cause the disassembly of the vesicles since the accumulation 

of those hydrophobic cations around the polar heads would weaken the amphiphilic 

nature of the hybrids. 

The hybrids can sometimes response to the pH of the solvent when the POM 

head groups reversibly release and associate protons with their surface oxo ligands 

and the net charge of POMs changes. Consequently, their assembly sizes varies with 

the aqueous solution pH since the repulsion between the POMs on the surface of 

vesicles can be tuned. (121, 130) 

 

2.6.2     Molecular bola of organic-POM hybrids 

 

Table 2.6-2. Five dumbbell-shaped inorganic-organic hybrid molecules
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Here bola-amphiphiles are referred to a class of molecules with a hydrophobic 

skeleton and two hydrophilic end groups. The development of synthetic method 

rendered us to obtain molecular bolas with Lindqvist and Dawson type POMs as the 

hydrophilic end groups (Table 2-4). (124, 125) In our research, five dumbbell-shaped 

POM-organic amphiphiles were studied and compared with POM-based surfactants 

due to the extraordinarily large polar head groups and relatively small hydrophobic 

domains in the former case. The bola-amphiphiles were observed to form vesicle 

structures with POMs on the outside surface while the organic linkers stayed inside 

the shell (Figure 2.6-3). The sizes of the vesicles showed a increasing trend when the 

polarities of the solvents were lowered, (124, 125) which was the opposite trend with 

that of POM-organic hybrid surfactants. The bulky and hydrophobic counterions TBA 

were speculated to get involved in forming the hydrophobic domains (123) because of 

the electrostatic interation with the POMs and spatial obstruction. The vesicle 

formation was found to be an entropy-driven process, and the entropy term TΔS was 

much larger than that for the conventional surfactants, such as the inonic Gemini 

surfactants. The high entropy may be attributed to the TBA ions which will destroy 

the hydrogen bonds of well-organized water molecules around the alkyl tails when 

they are involved in the vesicle formation.  In addition, the length of the organic 

linker seems to be related to the TΔS, since more hydrogen bonds need to be broken, 

and the entropy gain tends to be more negative for a longer linker. The water/air 

interfacial behavior of these bola hybrids was investigated by the Langmuir-Blodgett 

technique (Figure 2.6-4). Hybrids with alkyl chain linkers cannot form a compact 

monolayer at the interface, while hybrids with bipyridine and ether linkers showed the 

formation of an interfacial compact monolayer. We believed that the hydrophibicity 

of the organic linkers play a dominant roles in the monolayer formation. 
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Figure 2.6-3. Left: Molecular structures of Dawson-type POMs-based bola-
amphiphiles and its self-assembly into vesicle structures. Right: TEM image showing 
a hollow vesicle structure of the self-assembly. Reprinted with permission from ref. 
124. Copyright 2009 Wiley-VCH. 

 

 

Figure 2.6-4. Monolayer formation for the dumbbell-shaped hybrid surfactants at the 
water/vapor interface: a) liquid expansion (LE)/G phase, b) LE phase, and c) liquid 
condensed (LC) phase. Reprinted with permission from ref. 123. Copyright 2010 
American Chemical Society. 

 

2.7     Conlusion and outlook 

 

The past decades has witnessed the significant advancement of the research on 

the synthesis and application of POMs-based materials. The solution study of those 

large polyoxoanions fills the gap between simple ions and colloids, and they serve as 

ideal models for helping understand polyelectrolytes and biomacromolecules. The 

unique self-assembly process of macroions and smart recognition behavior reveal the 

prossible mechanism for the self-assembly of bio-macroanions such as virus capsid 

proteins. Our further research will expand the fields from POMs to other macroionic 
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systems including fully organic systems. Meanwhile, the currently investigated 

amphiphilic POM-based hybrids possess a small portion of organic parts. In the 

future, we will create various hybrid materials, e.g. polymer-tethered molecular 

nanoparticles, with a lot of potential applications.   
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CHAPTER III 

EXPERIMENTAL 

 

3.1     Laser light scattering 

	  

 When the particles interact with the light that strikes them and deflect some of 

that light from its original direction, we think this light as being “scattered”. The 

intensity of scattered light depends on several parameters such as the wavelength of 

the incident light, the size and shape of the scattering particles, the optical properties 

of the scatterers, the angle of observation, etc. Generally, laser light scattering (LLS) 

can be classified as static and dynamic light scattering based on how the intensity is 

measured. In static light scattering (SLS), the time-average total intensity is measured 

as a function of scattering angle; while in dynamic light scattering (DLS), the 

fluctuation of the intensity is measured and is represented through the intensity 

autocorrelation function.  

 

3.1.1     The theory of Rayleigh scattering 

	  
The Rayleigh scattering is applicable when the scattering centers are much 

smaller than the wavelength of the radiation. In other words, the size and shape of the 

scatterer is negligible. The scattering by single molecule can written as, (132, 133)
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is
I0,u

=
2π 2M
r2λ0

4NAρ
(n −1)2 (1+ cos 2φx )                                                                          (3.1) 

 

in which is is the intensity of light scattered per unit volume measured at r and ϕx, I0 is 

the intensity of the unpolarized incident light, M is the molecular weight, n is the 

refractive index, ρ is the density, λ0 is the wavelength in vacuum.  

Furthermore, in solution, the molecular motion results in small fluctuations in 

density at the molecular level. Thus we need develop the Rayleigh equation 

depending on the square of fluctuation in polarizability α and concentration c. 

 

i
I0

=
π 2 (δα )
2ε0

2r2λ 4
(1+ cos2φx )                                                                                        (3.2) 

 

i
I0

=
2π 2[n(dn / dc)]2 kBTc
r2λ 4 (∂π osm / ∂c)0

(1+ cos2φx )                                                                     (3.3) 

 

where πosm is the equilibrium osmotic pressure of a solution and equals to 

RT(c/M+Bc2). Thus, 

 

i
I0

=
2π 2[n(dn / dc)]2c
NAr

2λ 4 (1 M + 2Bc)
(1+ cos2φx )                                                                      (3.4) 

 

 It can be written as 
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Kc
Rθ

=
1
M

+ 2A2c                                                                                                        (3.5) 

 

with define K=2π2n2(dn/dc)2/(NAλ4) as a constant and Rθ=ir2/[I0(1+cos2θ)] as 

Rayleigh ratio which is a measure of the relative scattering capability of different 

species. 

 

3.1.2     The theory of Debye scattering 

 

When the particles are large and their size cannot be negligible, different 

regions of the same particle will behave as scattering centers, consequently there will 

be interference between waves of scattered light. Therefore, the Rayleigh ratio must 

be modified by multiplying by a correction factor P(θ) as follows, (132, 133) 

 

Kc
Rθ

=
1

P(θ)
( 1
M

+ 2A2c)                                                                                              (3.6) 

 

With interference, the scattered intensity measured at a point C iC, equals to, 

 

iC ∝ [2cos(πΔx
λ
)]2 E0

2                                                                                               (3.7)   

 

in which Δx is the distance between the pair of scattering centers, E0 is the original 

electric field. Without interference,  

 

is ∝ 2
2 E0

2                                                                                                                 (3.8)  
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Thus, we obtain P(θ) as follows, 

 

P(θ) = iC
is

= cos2 (πΔx
λ
) = 1+ sin[(4πr / λ)sin(θ / 2)]

(4πr / λ)sin(θ / 2)
                                                (3.9) 

 

Defining scattering factor q=4π/λ×sin(θ/2), then Equation 3.9 can be simplified as , 

 

iC
is

= 1+ sin(qr)
qr

                                                                                                        (3.10) 

 

If we expand this result to a particle that consists of N scattering centers, then the 

form factor P(θ) can be written as,                  

 

P(θ) = iC
is

=
1
N 2

sin(qrij )
qrijj

∑
i
∑                                                                                 (3.11) 

        ≈ 1− q2

6N 2 rij
2

j
∑

i
∑  

 

Therefore,  

 

Kc
Rθ

= ( 1
M

+ 2A2c)(1+
16π 2Rg

2

3λ2
sin2 θ

2
)                                                                       (3.12) 
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3.1.3     Static light scattering 

 

Static light scattering is applied to study the angular dependence of the 

scattered light intensity. (132, 133) (Figure 3.1-1) Measurement of the scattering 

intensity at different angles can tell us the root mean square radius, also called the 

radius of gyration Rg. The second virial coefficient A2 can be calculated by measuring 

the scattering intensity for the species at various concentrations. A typical Zimm plot 

can be made by measuring a series of solutions with different concentrations, and 

extrapolating data to zero scattering angle and zero concentration, which can tell the 

weight average molecular weight Mw of the species. Zimm plot is not very broadly 

used when dealing with complex solution systems because the calculation requires 

accurate particle concentration. 

 

 

Figure 3.1-1. A typical static light scattering measurement.  

 

3.1.4     Dynamic light scattering 

	  

Generally, the scattered intensity not only depends on the detection angel θ, 

but also the time t since the scattering centers are in constant random motion due to 
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their kinetic energy.  The dynamic of the molecules directly determine the fluctuation 

of the intensity with time, as well as the rate at which these fluctuations decay to the 

equilibrium. The time dependence of intensity, monitored by DLS, is represented by 

the autocorrelation function, (132, 133) 

 

I(t)I(t + τ ) = lim
tn→∞

1
tn

I(t)I(t + τ )
0

tn∫ dt                                                                   (3.13) 

 

in which τ is the decay time. The autocorrelation function has its highest value at τ=0. 

When τ is large, I(t) and I(t+τ) are uncorrelated. The ratio of the autocorrelation 

function to its asymptotic value <I(t)>2 can be written as, 

 

I(t)I(t + τ )
I(t) 2

= g(2) (τ ) = 1+ ξ[g(1) (τ )]2                                                                   (3.14) 

 

an equation known as the Siegert relation, in which ξ is an instrumental constant.    

DLS instruments using digital correlators can calculate the intensity 

autocorrelation function automatically and generate the results in terms of the first 

order correlation function g(1)(τ). Different mathematical approaches can be employed 

to analyze the correlation data. For monodispersed systems, g(1)(τ) can be treated as a 

single exponential decay, 

 

g(1) (τ ) = exp(−Γτ )                                                                                                  (3.15) 
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where Γ is the decay rate. For heterodispersed or polydispersed systems, the 

correlation function is a sum of the exponential decays corresponding to each of the 

species in solution, 

	  
 g(1) (τ ) = G(Γ)exp(−Γτ )dΓ∫                                                                                 (3.16) 

 

The decay rate is related to translational diffusion coefficient D with scattering vector 

q=4πn0/λsin(θ/2), 

 

Γ = q2D                                                                                                                  (3.17) 

 

By using the Stokes-Einstein equation, the hydrodynamic radius Rh of the particle and 

the size distribution can be obtained. 

 

D =
kBT
6πηRh

                                                                                                            (3.18) 

 

3.1.5     Laser light scattering experimental procedure 

 

Static Light Scattering: 

A commercial Brookhaven Instrument LLS spectrometer equipped with a 

solid-state laser operating at 532 nm was used for both SLS and DLS measurements. 

SLS experiments were performed at scattering angles between 40° and 120° at 2° 

intervals. The Rayleigh−Gans−Debye equation (133) can be used to obtain the 

weight-average molar mass (Mw) and the radius of gyration (Rg) of the assemblies. 
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Dynamic Light Scattering: 

DLS measures the intensity−intensity time correlation function by means of a 

BI-9000AT multichannel digital correlator. The field correlation function |g(1)(τ)| was 

analyzed by the CONTIN method (134) to yield the distribution of the characteristic 

line width Γ from |g(1)(τ)|=∫G(Γ)e¯ΓτdΓ. The normalized distribution function of the 

characteristic line width G(Γ) can be used to determine the apparent translational 

diffusion coefficient, Dapp=Γ/q2. The hydrodynamic radius Rh is related to D via the 

Stokes−Einstein equation, Rh=kT/6πηD, where k is the Boltzmann constant and η is 

the viscosity of the solvent at temperature T. DLS measurements lead to the particle-

size distribution in solution from a plot of ΓG(Γ) versus Rh. The Rh of the particles is 

obtained by extrapolating Rh,app to zero scattering angle. 

 

3.2     Zeta-potential analysis 

 

 

Figure 3.2-1. Stern layer, slipping plane and zeta potential representation in a charged 
spheical particle. 
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The Zeta potential ζ is the electric potential in the interfacial double layer at 

the location of the slipping plane (Figure 3.2-1). It is caused by the net electrical 

charge consisting of the charges from the central particle and the surrounding ions 

within the region of slipping plane. The Zeta potential is a key indicator of the 

stability of colloidal dispersions and its magnitude is related to the degree of 

electrostatic repulsion between adjacent, like-charge particles. The Zeta potential is 

not directly measurable but can be calculated from an experimentally determined 

electrophoretic mobility based on theoretical models. (135) 

 

3.2.1     The Mobility measurement and Doppler effect 

 

Since the early 1970s, laser light scattering have been utilized to measure 

electrophoresis. The moving particles under observation can cause the Doppler shift 

of the scattered light, which indicates the particle movement. (136) 

 

 

Figure 3.2-2. Phase diagram for light scattering. The applied electric field E along the 
x-axis drives electrophoresis. 

	  

As shown in Figure 3.2-2, the incident light is scattered by a particle to a new 

direction with a scattering angle θ. The scattering vector q is defined as the difference 

between the wave vectors of the scattered and incident light (q=ks-k0). An external 
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electric field E along the x-axis results in electrophoresis of charged particles in the x 

direction with a velocity v=µE (µ is electrophoretic mobility). The optical phase ϕ of 

the scattered light depends on the positions of the scattering particles. Taking 

electrophoretic movement into consideration, the optical phase difference between 

time 0 and Δt is,  

 

 Δφ = q

iv

Δt                                                                                                              (3.19) 

 

The Doppler shift can be written as, 

 

ω = dφ / dt = µ ⋅2πn ⋅ sin(θ)E / λ                                                                           (3.20) 

 

In general, the movement of particles can be collective (due to fluid flow, 

electrophoresis, etc.) and diffusional (due to Brownian motions). The diffusional 

component can average to zero over time, and the collective component can be 

revealed if enough measurements are able to average away the diffusional component. 

The electrophoretic mobility µ can be obtained during experiments by measuring the 

average optical phase shift per unit time dϕ/dt. 

 

3.2.2     Parameters derived from the mobility 

 

Several important molecular parameters such as Zeta potential and effective 

charge can be derived from µ based on appropriate models and/or theories.  

Smoluchowski’s equation is applied to deduce Zeta potential in the limiting 

case where the molecular hydrodynamic radius Rh is much larger than the Debye 



	   61	  

length κ–1. It can be written as, (135)  

 

ζ =
ηµ
εoεr

                                                                                                                 (3.21) 

 

where η is the sample viscosity. Hückel’s equation is applicable in the other limiting 

case where the molecular hydrodynamic radius Rh is much smaller than the Debye 

length κ–1, and it can be written as, 

 

ζ =
3ηµ
2εoεr

                                                                                                                (3.22) 

 

Henry’s equation is the most general of the three formalisms. It includes both the 

Smoluchowski’s and Hückel’s equations as its limiting cases. To utilize Henry’s 

equation, researchers need to know the ionic strength I of their sample solution. 

 

ζ =
3ηµ

2εoεr f (κRh )
                                                                                                    (3.23) 

 

where f(κRh) is Henry’s function. 

The effective charge of particles under observation can be deduced from 

mobility if the hydrodynamic radius Rh is known according to the equation shown 

below, where Z is the valence of the detected species.  

 

Ze = 6πηRhµ
1+κRh
f (κRh )

                                                                                             (3.24) 
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3.2.3     Zeta potential analysis experimental procedure 

 

Zeta potential analysis measurements were performed on a Malvern 

Instruments Inc. Zeta Potential Analyzer equipped with a red laser operating at 633 

nm wavelength and has an accuracy of ± 2% for filtrated samples. The sample 

chamber was kept at 25 ± 0.1 °C, and all sample solutions were loaded 30 min prior to 

measurements in order to achieve thermal equilibrium with the chamber. 

 

3.3     Transmission Electron Microscopy (TEM)  

 

The bright-field TEM was operated in a JEOL-1230 electron microscope with 

an accelerating voltage of 120 kV, and the images were taken by a digital CCD 

camera and processed with the accessory digital imaging system. Samples for the 

TEM analysis were prepared by dropping 10 uL of the solution samples onto the 

carbon film coated copper grids. The excess solution was wicked away by a piece of 

filter paper and samples were then allowed to dry under ambient conditions. 

 

3.4     Conductivity analysis 

 

Conductivity analysis measurements were performed on a VWR traceable 

conductivity meter and have an accuracy of .5% for filtrated samples. The 

measurements were conducted at room temperature and repeated three times.  
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3.5     Size Exclusion Chromatography (SEC) 

 

SEC analyses were performed using a TOSOH HLC-8320 gel permeation 

chromatograph (GPC) equipped with refractive index (RI) detector. SEC used two 

separation columns of SuperAW3000 and SuperAW-H (TSK-GEL, Tosoh). N,N-

Dimethylformamide (DMF) (with 0.01 M LiBr) was used as the eluent with a flow 

rate of 0.8 mL/min at 50 °C. The molecular mass was calculated from universal 

calibration based on poly(methyl methacrylate) standards. 

 

3.6     Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

The 1H and 31P NMR spectra of the products were obtained in D2O (99.8% D, 

Sigma-Aldrich) or acetonitrile-d3 (99.9 % D, Sigma-Aldrich) using a Varian NMRS 

500 spectrometer equipped with an auto-sampling robot at 30 °C. The following 

abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = 

triplet, br = broad singlet, m = multiplet. Data analysis was done by ACD/NMR 

Processor Software. The 1H NMR spectra were referenced to the residual proton 

impurities in D2O δ 4.80 ppm or in CD3CN at 1.95 ppm.  

 

3.7     Fourier-transform Infrared (FTIR) Spectroscopy  

 

FTIR spectra were recorded on a Shimadzu MIRacle 10 ATR-FTIR 

spectrometer from 600 to 4000 cm-1. Resolution was 4 cm-1 and scan numbers were 

128. Data analysis was done by Win-IP Pro Software. 
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3.8     Matrix-assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF) 
           
          Mass Spectroscopy 
 

MALDI-TOF mass spectra were recorded on a Bruker Ultraflex III TOF/TOF 

mass spectrometer (Bruker Daltonics) equipped with a Nd:YAG laser emitting at 355 

nm. The matrix compound used here was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB, 99%, Aldrich) and was dissolved in CHCl3 at a 

concentration of 20.0 mg/mL. When necessary, sodium trifluoroacetate (NaTFA) was 

used as the cationizing agent and was prepared as a MeOH/CHCl3 (v/v = 1/3) solution 

at a concentration of 10.0 mg/mL. The matrix and cationizing agent solutions were 

mixed in the ratio of 10/1 (v/v). The sample was prepared by depositing 0.5 µL of 

matrix and salt mixture on the wells of a 384-well ground-steel plate, allowing the 

spots to dry, depositing 0.5 µL of each sample on a spot of dry matrix, and adding 

another 0.5 µL of matrix and salt mixture on top of the dry sample. Mass spectra were 

measured in the reflection mode, and the mass scale was calibrated externally with a 

PMMA or PS standard at the molecular weight region under consideration. Data 

analyses were conducted with the Bruker’s flexAnalysis software. 
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CHAPTER IV 

SELF-ASSEMBLY OF SUBNANOMETER-SCALED POLYHEDRAL 

OLIGOMERIC SILSESQUIOXANE (POSS) MACROIONS IN DILUTE 

SOLUTION 

 

Portions of this work have been published previously as 

Jing Zhou, Panchao Yin, Lang Hu, Fadi Haso, and Tianbo Liu 

Eur. J. Inorg. Chem. 2014, 4593–4599 

 

4.1     Outline 

	  

Both positively and negatively charged polyhedral oligomeric silsesquioxane 

(POSS) electrolytes were observed to self-assemble into blackberry-type 

supramolecular structures in water/acetone mixed solvents, driven by the counterion-

mediated attraction. (Figure 4.1-1) Laser light-scattering studies reveal that the sizes 

of the blackberry structures increase with increasing acetone content, which suggests 

a charge-regulated process. Studies on two oppositely charged POSS macroions with 

identical charges and similar sizes show the discrepancy between positively and 

negatively charged POSS macroions, which is related to counterions, ionic domains 

of macroions, and the water-bridged hydrogen bonding between monomers. These 

POSS ions further decrease the lower size limit of macroions that can self-assemble in 

polar solvents reported to date. The new phenomena were observed in the self-

assembly process of POSS macroions relative to other macroion systems. 
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Figure 4.1-1. Two oppositely charged polyhedral oligometric silsesquioxane (POSS) 
macroions with identical charge and similar sizes can self-assemble into blackberry-
type supramolecular structures in dilute solution. This transition from simple 
macroions to assemblies can be regulated by the solvent polarity. 

	  

4.2     Introduction 

 

Sub-nanometer-scaled polyhedral oligomeric silsesquioxanes (POSS) are 

structurally well-defined, cage-shaped silica molecular clusters which have many 

attractive advantages due to the features such as nontoxic, biocompatible, chemically 

inert and mechanically stable. (27, 137-139) Octa-silsesquioxane (R8Si8O12, T8) is a 

typical POSS molecule with a roughly spherical shape (0.87 nm maximum diameter) 

and eight corner groups which can be chemically modified to achieve desired 

solubility and functionality. (27, 140) The low dielectric constant (k) of POSS 

materials makes them good thin film insulators. (141) Moreover, their three 

dimensionality, high symmetry, and size make them promising building blocks for 

nanocomposties. (22, 142-147) Recently, various synthesis protocols have been 

developed to modify POSS molecules and integrating them into various architectures 

such as POSS-containing hybrid polymers, with applications in electronics, LED, 

catalysis, as well as superhydrophobic and antimicrobial coatings. (46) The self-

assembly of amphiphilic POSS-organic hybrids driven by non-covalent interactions 



	   67	  

(hydrophobic interactions, metal coordination, hydrogen bonding, etc.) has been 

studied extensively in the past decades. (35-39, 148, 149)  

An interesting but obviously ignored question is that how the ionic POSS 

molecules themselves behave in solution. In aqueous solution, the POSS molecules 

can stay as large, soluble cations or anions, depending on their surface modification. 

Such large ions, sitting between simple ions (point charges and valid for the Debye-

Hückel Theory) and colloidal suspensions, have their unique solution behavior mostly 

related to the macroion-counterion interaction. (101, 150) Understanding the solution 

behaviors of macroions is of great significance in polymer, biology, and many other 

fields of science, since polyelectrolytes and biomacromolecules are all complex 

macroions. (151-155) Our previous studies on the unique self-assembly of macroions 

were mostly based on polyoxometalate (POM) anions (5, 8, 68, 156, 157) and metal-

organic cationic nanocages (14, 158) in aqueous solution driven by counterion 

mediated attraction and hydrogen bonding (77, 101, 150, 159) The source for 

counterion association and mediated attraction (85) is significantly determined by the 

charge density of macroions which is reported to locate within the range of 0.05-

2.0/nm2 for 2-4 nm-sized POM anions, as well as their size disparity with the small 

counterions. (150) The counterions (even monovalent ions) around the POM 

macroions with suitable charge density can generate attraction among macroions, 

resulting in the formation of hollow, spherical, single-layered blackberry-type 

structures. (78, 80, 96, 101) Currently, the smallest polyoxoanions that were proved to 

be able to self-assemble are {(Ta(O2)4)Cs4K12(UO2(O2)1.5)28} (CsKU28) and 

{(Ta(O2)4)Rb4Na12(UO2(O2)1.5)28} (RbNaU28) clusters with the diameter being 1.77 

nm and the charge density being 3.15/nm2. (160-163) The lower critical size limit of 

macroions that tend to attract with each other and form blackberry structures is still 
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unclear and needs to be further clarified. Thus, it’s highly necessary to explore 

solution behaviors of macroionic candidates with smaller size.  

Ionic POSSs are ideal models for macroions. Their sizes are smaller than those 

POMs we have studied, which will provide a valuable opportunity for us to explore 

the unknown boundary between simple ions and macroions. In this paper, the self-

assembly of POSS macroions in polar solvents which have the smallest size (~0.87 

nm in diameter) and highest charge density (>4/nm2) compared with previously 

studied macroions was reported. This is also the first chance that of oppositely 

charged macroions with similar structure, size, and charge density can be 

simultaneously studied and compared.	  

 

4.3     Experimental Section  

 

Materials and Methods: 

PSS hydrate-Octakis(tetramethylammonium) substituted and OctaAmmonium 

POSS were purchased from Sigma-Aldrich and Hybrid Plastics, respectively. For a 

typical procedure, the POSS sample was dissolved in deionized (DI) water with an 

initial concentration of 1.0 mg/mL. The obtained solutions were filtered with 200-nm 

pore size hydrophilic PTFE membrane filters and put into dust-free light scattering 

sample vials. Acetone was filtered and added into the aqueous solution.	    

All the characterization methods have been included in the Chapter III. 

 

4.4     Results and discussions 

 
All of the experimental results are included in this section. A detail discussion 

is provided our clarify our observations.  
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4.4.1     Polyhedral oligomeric silsesquioxane (POSS) macroions 

 

The POSS has a cage-like structure that is formed by covalently connecting 

RSiO3/2 units at regular intervals via Si-O-Si bonds. (140) Most POSS clusters are 

hydrophobic in nature, but recently a large family of electrolytic POSS molecular 

clusters with NH3
+, O¯ etc. as peripheral groups were also synthesized. (140) These 

hydrophilic POSS macroions have well-defined molecular structures, uniform shapes, 

and negligible intra-molecular charge interactions. Figure 4.4-1 shows the chemical 

structures of the electrolytic POSSs used in our study. The counterions for 1a and 1b 

macroions are tetramethylammonium (TMA) and chlorine ions, respectively. 

 

	  

Figure 4.4-1. Chemical structures of POSS macroions: (a) negatively charged POSS 
with tetramethylammonium (TMA) counterions; (b) positively charged POSS with 
chlorine counterions. 
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POSS 1a and 1b are quite soluble in water at 1.0 mg/mL, and form clear, 

stable, homogeneous solutions. In pure water each POSS macroion carries up to eight 

charges after releasing the eight counterions (TMA or Cl¯) into solution if not 

considering any counterion assocaition. Very low scattered intensity for pure aqueous 

solutions was collected by the SLS, indicating that POSS molecules exist as discrete 

anions or cations. The fully dissolved solutions were filtered into dust free vials and 

used as stock solutions for further treatments. Laser light scattering (LLS) was used to 

monitor these solutions for the formation of any large assemblies. 

 

4.4.2     The assembly of POSS and controlling the blackberry size 

 

Due to their high surface charge density, the two POSS electrolytes 1a and 1b 

do not self-assemble into large supramolecular structures in water. It is known that the 

transition of single ions to blackberries, as well as tuning the sizes of blackberries, can 

be achieved by adjusting the parameters such as the macroionic charger density, 

solvent polarity, or adding extra salts. (101, 150, 159, 164) In the current case, 

different amounts of acetone were added into POSS aqueous solutions to make 1.0 

mg/mL solutions, and sample preparation conditions were the same for the POSS 1a 

and 1b. As a result of the lower polarity of water/acetone mixed solvents, more 

counterions are expected to be associated with the discrete POSS macroions and 

decrease their charge density, which promotes the possible counterion-mediated 

attraction and the formation of supramolecular blackberry structures. 

From SLS studies, a significant increase of the total scattered intensity after 

acetone was introduced into POSS aqueous solutions was observed. Since the POSS 

macroions are quite soluble in such water/acetone mixed solvents (solutions remain 
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clear, homogeneous and stable, up to 90 vol% acetone), the growth of the scattered 

intensity is not due to the aggregation of insoluble species but the self-assembly of 

discrete macroions. Some typical CONTIN analysis from the DLS study show that the 

large assemblies have formed in solutions with a new peak appeared (Rh around tens 

to over 100 nm, Figure 4.4-2) with a narrow size distribution. The Rh value does not 

show significant angular dependence.  

 

 

Figure 4.4-2. (a) CONTIN analysis of DLS studies on POSS 1a in water/acetone 
mixed solvents with 10, 20, 30, 40, and 50 vol.-% of acetone, respectively. (b) 
Average Rh,0 (Rh extrapolated to 0° scattering angle) and Rg of the blackberries 
formed by POSS 1a in different water/acetone mixed solutions, measured by DLS and 
SLS, respectively. (c) TEM image of the assemblies of POSS 1a in the mixed solvent 
with 20 vol.-% acetone. (d) Magnified image of (c). (e) TEM image of the assembly 
of POSS 1a in the mixed solvent with 40 vol.-% acetone. 

 

For POSS 1a, the self-assembly with tunable sizes can be achieved by 

adjusting the volume fraction of acetone in the water-acetone mixed solvents in the 

range from 10 to 50 vol% acetone, which shows a raising trend with increasing  

acetone amount (Figure 4.4-2), from Rh = 80 nm to 180 nm when the acetone content 
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increases from 10 to 50 vol%. As the volume fraction of acetone was over 60%, no 

self-assembly of 1a was observed, indicating that the macroions have been 

significantly neutralized by the associated counterions due to the lower solvent 

polarity. For individual solution of 1a with different amount of acetone, the ratio of 

Rh/Rg≈1.0 is always obtained for the large assemblies (Figure 4.4-2), suggesting their 

hollow, spherical structures, which is also confirmed by TEM results (Figures 4.4-2). 

Unlike regular bilayer vesicles formed via hydrophobic interactions, (121, 128, 130) 

the assembly of POSS 1a should be driven by counterion-mediated attraction. In the 

former case a more polar solvent should promote the vesicle formation, while in our 

system no assembly was observed in pure water. On the other hand, 1a is fully 

hydrophilic in polar solutions and its assembly size increases with decreasing solvent 

polarity, which is the same as other macroionic systems. Therefore, 1a should form 

blackberry-type structures, as shown schematically in Figure 4.4-3. 

 

 

Figure 4.4-3. Transition from discrete macroions (molecules) to blackberries, then to 
discrete macroions owing to the change of solvent content for 1.0 mgmL–1 POSS 1a 
in water/acetone mixed solvents. 
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It is known that the size of the macroionic (including POMs and metal-organic 

nanocages) assemblies has a clear trend with the inverse of dielectric constant (1/ε) 

when the self-assembly process is charge-regulated. (99) To clarify the driving force 

of the self-assembly of POSS macroions, the average assembly sizes (in Rh) of 1a is 

plotted as a function of 1/ε.  

 

 

Figure 4.4-4. Plot of the average blackberry radius (in Rh) versus the inversed 
dielectric constant (1/ε) of various POSS 1a macroions in water/acetone mixed 
solvents. A linear relationship roughly follows for these systems. 

 

Figure 4.4-4 shows a roughly linear relationship between the vesicle’s average 

Rh value and the 1/ε, confirming that the self-assembly is charge-regulated. (The 

possible reason for the deviation of the data point with 50% acetone could be that the 

charge on macroions is low with such high acetone content, which leads to weak like-

charge attraction, and consequently a possible different mechanism of self-assembly.) 

The Zeta potential for 1a blackberries (in 20 vol% acetone/water solvent) is~-60 mV, 

which is equivalent to ~529 effective charges on each blackberry according to 
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equations shown below (165), suggesting that that over 99% of the counterions are 

closely associated with the blackberries due to their large sizes. 

 

Ze=6πηRhµ(1+κRh)/f(κRh)                                                                                         (4.1)  

 

ζ=3ηµ/(2ε0εrf(κRh))                                                                                                    (4.2)  

 

where Z is the valence of the macromolecules (the effective charge), e is the 

elementary charge,η is the sample viscosity, Rh is the hydrodynamic radius,  µ is the 

electrophoretic mobility, κ is the Debye-Hückel parameter, and f(κRh) is Henry’s 

function. ζ is the Zeta potential, ε0 is the permittivity of free space, and εr is the 

solvent dielectric constant. 

Positively charged POSS 1b behaves qualitatively similar with POSS 1a. Its 

self-assembly occurs in the water-acetone mixed solvents with 10-50% vol% of 

acetone, according to the SLS measurements. For example, based on DLS, SLS and 

TEM measurements, 1b can form hollow spherical structures (Rh~Rg=160±8 nm) in 

water-acetone mixed solvent with 20 vol% acetone (Figure 4.4-5). However, the 

scattered intensities (I) from SLS measurements from such solutions are much lower 

than those assembly solutions of POSS 1a. The scattered intensity is mainly 

determined by the assembly concentration (C) and size (in Rh) with the relationships 

of I∝C⋅Rh
2 for hollow, spherical objects. The low I for positively charged POSS 

macroions indicates that the amount of 1b assemblies is much fewer than the POSS 1a 

in the same solvent. That is, the equilibrium between single macroions and large 

assemblies favors the former for the POSS 1b. This is interesting since in our earlier   
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Figure 4.4-5. (a) DLS results of the assemblies of POSS 1b in water/acetone mixed 
solvents with 20 vol.-% acetone at a 45° scattering angle. (b) TEM image of the 
assembly of POSS 1b in the mixed solvent with 20 vol.-% acetone. 

 

work we noticed similar phenomenon in other types of macroanions such as metal-

organic cages. (159)  

 A difference between POSS 1b and POSS 1a (also POMs) needs to be 

considered: 1a is fully hydrophilic while 1b contains hydrophobic CH2 groups and 

hydrophilic ionic domains on the periphery. (Similarly, metal-organic nanocages also 

have hydrophobic ligands. (159)) However, hydrophobic interaction can’t be the 

dominant driving force for the self-assembly of 1b because there is no supramolecular 

formation in pure water but self-assembly occurs in less polar solvents. POSS 1b 

macrocations should behave similarly to macroanionic POMs and nanocages in 

solution, and form blackberry structures driven by counterion-mediated attraction. 
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4.4.3     Comparing the assemblies of two oppositely charged POSS macroions  

 

Based on our knowledge, it’s the first time that we can compare the assembly 

behavior of oppositely charged macroions with almost identical sizes and charge 

densities experimentally. Here we choose POSS macroions as ideal model systems 

since POSS electrolytes with O¯ and NH3
+ as terminal groups have the identical 

charge and similar size (The size of 1b should be slightly larger than 1a due to its 

alkyl chains). The solutions were prepared under the same condition and the 

experimental results showed certain different solution behaviors between oppositely 

charged macroions. POSS 1a responds immediately to the decrease of the solvent 

polarity and formed the blackberry structures, while for POSS 1b it takes longer time 

for the self-assembly and the amount of final assemblies are obviously fewer. 

One of our explanations for the discrepancy is the counterion effect in the two 

systems. It is suggested from our previous work that less hydrated monovalent cations 

tend to have stronger affinities with the macroions than the more hydrated ones. (166-

168) Such stronger binding of the macroions via the bridging cations leads to the 

formation of spherical shells with smaller curvature, i.e., larger blackberries. In the 

solution of 1a, the counterions are bulky, amphiphilic TMAs. Thus, we expect the less 

hydrated TMA ions have stronger affinities to the macroions, which promotes the 

vesicle formation. Compared with 1a system, the counterion Cl¯ in 1b system may 

have weaker affinities for the macroions and makes the assembly more difficult. 

In additional to the counterions’ role in the attraction among POSS macroions, 

the nature of the ionic domains of macroions should also be taken into consideration. 

Hawker et al. pointed out that ionic group character determines the ionic association-

driven hydrogel formation, (169) by studying the ABA triblock copolyelectrolytes 
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functionalized with ionic groups. Polyelectrolyete solutions with opposite charges 

were mixed together for coacervate crosslinking and the formation of a network 

structure. They found mixing solutions bearing weaker ionic groups (i.e. ammonium 

and carboxylate ions) produced viscous fluid, while mixing of the strongest ionic 

groups, sulfonate and guanidinium ions, formed the most stable, mechanically 

resilient gels. The results revealed the effect of polymer ionic strength on ionic 

association-driven crosslinking process. In our study, 1b POSSs with ammonium 

groups may contribute to the difficulty of macroionic self-assembly because of the 

nature of the ionic groups. This hypothesis will be further checked by our future study 

of POSS macroions with different functionalized ionic groups. 

Moreover, previous study proved the existence of water-bridged hydrogen 

bonding as auxiliary driving force for the blackberry formation to strengthen the 

interaction between macroions. (170) Wipff et al. conducted detailed theoretical 

simulations on the changes in free energy as a function of the inter-POM macroions 

distance, and demonstrated the importance of stabilizing bridging water molecules by 

comparing the Keggin anion (PW3¯) to its spherical analogues (S3¯) and to Keggin 

cations (PW3+). (171) The results showed that the specific water-bridged hydrogen 

bonds in the dimer of Keggin anions were much stronger than the non-specific ones in 

the dimer of S3¯. However, water could not afford bridging H-bonds with the cationic 

dimer; instead, it solvated the contact region of this dimer via its OH2O oxygen atoms. 

The difference of water-bridged hydrogen bonding in positive and negative charged 

macroions’ systems can also be used to explain the discrepancy of self-assemblies of 

our two POSS systems.   

In the same solvent, such as 20 vol% water/acetone mixture, the blackberries 

of 1b with Rh=160±8 nm are considerably larger than that of 1a with Rh=90±4 nm. 
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This discrepancy could be partially due to the size difference between the two 

macroions – 1b has larger size therefore lower charge density, resulting in larger 

blackberries. Another important factor is the total solution ionic strength. Extra HCl 

was added into POSS 1b system during the synthesis, which might lead to the 

existence of extra salts with 1b sample. The excessive Cl¯ ions can lead to stronger 

screening effect on the 1b macroions, and consequently reduce the repulsion between 

discrete macroions, resulting in larger blackberries. (105) It should be noticed that 

extra Cl¯ will decrease the tendency of blackberry formation as well, because the 

extra salts can stabilize the single macroions, which explains why the self-assembly of 

1b is more difficult. (105)    

Overall, this is the first study on the assembly of the oppositely charged, 

similar macroions in solution, providing direct comparison between the macrocations 

and macroanions. 

 

4.4.4     Comparing the assembly of POSS with POMs and nanocages 

 

It’s interesting to compare the assembly process of POSS macroions with 

POMs and metal-organic nanocages. It should be noticed that POSS electrolytes 

enable us to further explore the size and charge density limit of macroions that can 

self-assemble in dilute solution, and new phenomena have been observed in this 

process.  

According to the relation obtained earlier in {Mo132} blackberries, (99) the 

slope of the linear regression in Figure 4 can be used to estimate the cohesive bond 

energy u, revealing the magnitude of the attractive forces among the macroions on the 

blackberry shell: 
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R≈-48λbu/ζ2                                                                                                               (4.3) 

 

λb=e2/4πεoεrkBT≈56/εr                                                                                               (4.4) 

 

where ζ is the Zeta potential, λb is the Bjerrum length, εo is the vacuum permittivity, εr 

is the relative dielectric constant of the medium, e is the electron charge, kB is the 

Boltzmann constant and T is the absolute temperature. 

Taking a solution of POSS 1a with 20 vol. % acetone as an example, with ζ=-

59.7 mV, u~-12.7 kBT. This value is more negative than larger {Mo72Fe30}, {Mo132} 

and metal-organic nanocage macroions (65, 67). The POSS 1a’s higher bond energy 

indicates stronger attraction between macroions and better stability of vesicular 

structures, which could be due to their high charge density.  

Another difference comes from the vesicle formation process. The scattered 

intensity of each POSS solution reached equilibrium within one day, while POM and 

nanocage solutions showed slow increment of the scattered intensities, taking days to 

weeks to reach equilibrium in dilute solutions. (107, 159, 172) It indicates that the 

POSS macroions experience a faster self-assembly process. In our previous study, we 

proposed the slow association of unimers into oligomers as the rate-determining step 

of blackberry formation. (104, 105) This slow process were attributed to the energy 

barrier for the transition for single macroions to dimers/oligomers, and eventually 

determine the kinetic properties of the self-assembly. (105) Basing the self-assembly 

process on this mechanism, we suggest the strong charge attraction, which is revealed 

by the high u value, in POSS systems favors macroions overcoming the energy barrier 

and fasten the blackberry formation. 
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4.5     Conclusions 

 

The negatively and positively charged POSS macroions (POSS 1a and 1b, 

respectively) are observed to form blackberry-type structures in the water/acetone 

mixed solvents. The size of POSS 1a assemblies increases with increasing the acetone 

content, which confirms the charge-regulated assembly mechanism. POSS 1b can 

self-assemble in polar solvents, forming fewer supramolecular structures compared to 

POSS 1a. The discrepancy of solution behaviors of the oppositely charged macroions 

can be related to different counterions, different ionic domains of macroions, the ionic 

strength in solution, and the water-bridged hydrogen bonding between macroions. 

The current work expands our exploration of macroionic behavior to a totally new 

area, with the model POSS macroions representing so far the smallest macroions 

which demonstrate strong inter-macroionic attraction and the consequent self-

assembly in polar solvents. 
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CHAPTER V 

SPONTANEOUS SELF-ASSEMBLY OF γ-CYCLODEXTRINS IN DILUTE 

SOLUTIONS WITH TUNABLE SIZES AND THERMODYNAMIC STABILITY 

 

Portions of this work have been published previously as 

Jing Zhou, Panchao Yin, Yunyi Gao, Lang Hu, and Tianbo Liu 

Chem. Eur. J. 2015, 21, 9563 – 9568 

 

5.1     Outline 

	  
	  

The solution behavior of phosphate-functionalized γ-cyclodextrin macroanions 

with eight charges on the rim in dilute solution was explored. The hydrophilic 

macroions in mixed solvents show strong attraction between each other mediated by 

the counterions, and consequently self-assemble into blackberry-type hollow spherical 

structures (Figure 5.1-1). Time-resolved LLS measurements at high temperature ruled 

out the possibility of hydrogen bonding as the main driving force in the self-assembly 

and indicated the good thermodynamic stability of assemblies regulated by the 

charge. The transition from single macroions to blackberries can be tuned by 

adjusting the solvent content of organic solvent. The sizes of blackberries vary with 

the charge density of γ-cyclodextrin by adjusting pH. It’s the first report that pure 

cyclodextrins can generate supramolecular structures by themselves in dilute solution. 

The unique solution behavior of macroions provides a new opportunity to assemble 

cyclodextrin into functional materials and devices. 
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Figure 5.1-1. Charged cyclodextrins can self-assemble into blackberry-type 
supramolecular structures in dilute solution. This transition from simple macroions to 
assemblies can be regulated by the solvent polarity. 

	  

5.2     Introduction 

 

Cyclodextrins (CDs) are a class of cyclic oligosaccharides consisting of six, 

seven or eight glucose entities, which are called α-, β-, or γ-CDs. CDs show a toroidal 

shape with the diameter of the primary hydroxyl rim narrower than that of the 

secondary hydroxyl rim. (42, 44, 45, 173) Due to the abundant OH groups, the 

external surface of CD toroid is highly hydrophilic, while the internal cavity is 

relatively hydrophobic, which enables CDs to host various guests. (46, 47) In virtue 

of its water-solubility, biocompatibility, and strong ability of incorporating guest 

molecules, CD has applications in areas such as food, pharmaceutical, drug delivery, 

chemical industries and etc. (41, 43) The inclusion complexation between CDs and 

guests, as well as its impacts on the assembly of these systems, has been extensively 

investigated. (46, 48) Previous works demonstrated that CDs crucially participate in 

the self-assembly of amphiphilic systems (either as a modulator or as a building 

block), as well as realize the reversibility and stimuli-responsiveness of assemblies 

and materials particularly hydrogels that use inclusion complexes as crosslinks. (49-

51) Furthermore, the involvement of CDs in macromolecular assemblies provided 

many other applications such as controlling solution properties, DNA decompaction 
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and protein reconstruction. (51) Recently, it was found that CDs and CDs/surfactants 

complexes could self-assemble in the aqueous solution driven by CD-CD H-bonds, 

instead of hydrophobic interactions in amphiphilic systems. (52, 55-57)  

However, it is still unknown in dilute solutions, to our knowledge, how the 

pure, hydrophilic CDs themselves behave. It seems that such hydrophilic CDs are 

naturally believed to exist as single molecules in water and in other polar solvents, 

and act as ideal “hosts” for interacting with “guests”. Driven by curiosity, we want to 

examine the detailed behavior of the highly soluble ionic CDs in polar solvents; 

especially, to check if such CDs form any spontaneous self-assembled structures in 

dilute solutions. 

Our motivation is based upon our recent progress on studying inorganic 

macroionic solutions. Such macroions, have sizes between simple ions (point charges 

valid for the Debye-Hückel Theory) and colloidal suspensions (usually described by 

the DLVO Theory). (101, 150) Previous studies of macroions (include 

polyoxometalate (POM) anions, metal-organic cationic nanocages, polyhedral 

oligomeric silsesquioxane (POSS) ions and fullerene anions) demonstrated unique 

solution behavior by self-assembling into ordered, single layer, hollow, spherical 

“blackberry” structures, which is driven by counterion-mediated attraction and 

hydrogen bonding. (77, 102, 104, 107, 159, 174) By properly adjusting the parameters 

such as the macroionic charge density, solvent polarity, or adding extra electrolytes, 

the transition between single macroions and blackberries, as well as tunable 

blackberries sizes, can be achieved. (101, 150) These precisely charge-controlled self-

assemblies are very useful to interpret the variability and diversity in biological 

systems. (107) 
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It would be interesting to see if the organic CDs, which are also macroions 

based on their size and charge, demonstrate similar solution behavior. The difference 

between the CDs and the previously studied macroions are also obvious – especially 

the strong tendency of hydrogen bonding formation for the CDs. The role of hydrogen 

bonding therefore becomes an interesting topic for the current study. 

 

5.3     Experimental section 

 

Materials and Methods: 

γ-Cyclodextrin phosphate sodium salt was purchased from Sigma-Aldrich. For 

a typical procedure, the γ–CD-P sample was dissolved in deionized (DI) water with 

an initial concentration of 1.25 mg/mL. The obtained solutions were filtered with 200-

nm pore size hydrophilic PTFE membrane filters and put into dust-free light 

scattering sample vials. Acetone, isopropanol and HFIP were filtered and added into 

the aqueous solution, respectively. 

 

5.4     Results and discussions 

	  

All of the experimental results are included in this section. A detail discussion 

is provided our clarify our observations.	  

 

5.4.1     γ–Cyclodextrin Phosphate Sodium (γ–CD-P) 

 

CD has a cuplike structure formed by α-1,4-linked D-glucopyranosides. (42, 

173) Many CD derivatives were obtained by a wide variety of synthetic methods. (58-
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60) Ionic CDs (61) such as phosphate, sulfate and carboxylate sodium salts are readily 

commercialized and can be treated as ideal models of macroions for studying the 

charge-related solution behaviors. Figure 5.4-1 shows the chemical structures of γ–

CD-P used in our study with sodium being counterions. 

In deionized water, the PH of γ–CD-P solution (0.25 mg/mL) is 8.47 and the 

measured conductivity is 53.7 µs/cm. The calculated number of sodium ions per γ–

CD-P molecule that contribute to the total conductivity is very close to 8 (the 

calculation is shown in the supporting information), indicating that all the counterions 

are released in pure water and each CD has 8 charges. If we regard a γ–CD-P 

molecule as a toroid, the charge density of for each molecule is 1.050 per nm2. 

 

 

Figure 5.4-1. a) Chemical structure and b) space-filling model of the g-CD-P 
macroion. Color code of spheres: black, C; red, O; white, H; pink, P. 
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5.4.2     The Assembly of γ–CD-P in Water/acetone Mixed Solvents  

	  

γ–CD-P is quite soluble in water at 1.25 mg/mL, and forms clear, stable and 

homogeneous solution. Very low scattered intensity for pure aqueous solutions was 

collected by means of static light scattering (SLS) technique, indicating that γ–CD-P 

molecules exist as discrete single anions. The fully dissolved solutions were filtered 

into dust free vials and used as stock solutions for further treatments. In the current 

case, different amounts of acetone were added into γ–CD-P aqueous solutions to 

make the final solution concentration as 0.125 mg/mL. Laser light scattering (LLS) 

was used to monitor these solutions for the formation of any large assemblies. 

 

 

Figure 5.4-2. Time-resolved SLS monitoring results of 0.125 mg/mL γ-CD-P 
solutions in water/acetone mixed solvents with 40, 50, 60, 70, 80 and 90 vol.-% of 
acetone. The experiments were done in LLS with green laser (532 nm) with 
calibration intensity as 88 kcps (the scattered intensity of benzene at 90˚). 

	  

During SLS studies, a significant, continuous increase in the total scattered 

intensity was observed for those γ–CD-P water/acetone mixed solutions with acetone 

volume fraction more than 0.4 (Figure 5.4-2). Since the γ–CD-P macroions are quite 

soluble in such water/acetone mixed solvents (solutions remain clear, homogeneous,  
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Figure 5.4-3. a) CONTIN analysis of DLS studies on γ-CD-P in water/acetone mixed 
solvents with 40, 50, 60, 70, 80, and 90 vol.% of acetone. b) Average Rh of the 
blackberries formed by γ -CD-P in different water/acetone mixed solutions, measured 
by DLS. c–e) TEM image of the assemblies of γ -CD-P in the mixed solvents with 50, 
70, and 90 vol.% acetone, respectively. 
 

and stable, up to 95 vol.-% acetone), the growth of the scattered intensity is not due to 

the aggregation of insoluble species but the self-assembly of discrete macroions, 

because the final assemblies are still stable and soluble in solution and their final sizes 

do not continue to grow with time. Typical CONTIN analyses of the dynamic light 

scattering (DLS) results shown in Figure 5.4-3a indicate that peaks appear around tens 

to 100 nm in Figure 5.4-3a which correspond to the hydrodynamic radius (Rh) of 

those assemblies. The Rh of the sample with 40 vol.-% acetone is 52±3 nm and 

increases to 92±5 nm when the acetone content increases to 50 vol.-%. As the volume 

fraction of acetone was over 60%, the sizes of assemblies show a decreasing trend 

with adding more acetone into the solution (shown in Figure 5.4-3b). For individual 

solution of γ–CD-P with different amounts of acetone, the Rh value for the large 

assemblies does not show angular dependence and the ratio of Rh/Rg ≈ 1.0 is always 
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obtained, suggesting their hollow, spherical structures, which is also confirmed by 

TEM results (Figure 5.4-3c–e). The solution behavior of γ–CD-P was further studied 

in isopropanol/water and hexafluoro-2-propanol (HFIP)/water mixed solvents, and we 

found γ–CD-P could also self-assemble into hollow, spherical structures in all of these 

solutions. To our knowledge, no example has been demonstrated to form hollow 

spherical structures by CDs themselves. Thus, this work might provide a new and 

facile strategy to generate assemblies of CDs and their derivatives, as well as properly 

tune the sizes of assemblies. 

 

5.4.3     The Mechanism of Self-assembly 

	  

Different from regular double-layered vesicles formed by CD-based 

amphiphiles, (175) the possibility that the γ–CD-P assembly is driven by hydrophobic 

interactions can be ruled out, because in the current system no assembly was observed 

in pure water; while for bilayer vesicles, a more polar solvent should promote the self-

assembly since the hydrophobic interaction is dominant.  

Recently, hydrogen bonding was reported as the driving force for the 

formation of bilayer vesicles in the dilute solution of CD-surfactant inclusion 

complexes, (56, 57) which implies us the possible existing of H-bonds in our system. 

The morphology of the self-assembly of CD-surfactant inclusion complexes is 

concentration and temperature dependent, demonstrating a transition from vesicles to 

microtubes at a lower temperature and a higher concentration. However, in our study 

of γ–CD-P, the formation of vesicle-like structures is concentration independent, as 

well as the assembly size (Figure 5.4-4). 
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Figure 5.4-4. CONTIN analysis of DLS studies on γ-CD-P in water/acetone mixed 
solvents with 70 vol.-% of acetone at total concentration of 0.1 and 0.3 mg/mL, 
respectively. 

 

 

Figure 5.4-5. a) SLS monitoring intensities of 0.125 mgmL-1 γ-CD-P solutions in 
water/isopropanol mixed solvents with 70 vol.% of isopropanol at various 
temperatures. b) The Rh of blackberries measured at corresponding temperatures. The 
experiments were done in LLS with green laser (532 nm) with calibration intensity as 
38 kcps (the scattered intensity of benzene at 90°). 
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Time-resolved LLS was applied to monitor the solutions of γ–CD-P at 

different temperatures, which could provide information on the stability of the 

assemblies and check whether hydrogen bonding is the major driving force. SLS 

measurements on 0.125 mg/mL γ–CD-P in water/isopropanol mixed solvent with 70 

vol.-% isopropanol indicates that the scattered intensity at 90° scattering angle doesn’t 

change much as the temperature increases gradually from room temperature to 75 °C 

(Figure 5.4-5a). DLS studies of the same solution indicate that the Rh value of the 

assemblies does not change noticeably during the heating process (Figure 5.4-5b). It 

suggests that the number of the assemblies in solution remain almost the same at 

various temperatures. Same phenomenon was observed when studying γ–CD-P in 

water/acetone mixed solvent with 75 vol.-% acetone (Figure 5.4-6). Moreover, the 

assembly sizes measured at different scattering angles show no angular dependence, 

which means that there is no morphology change caused by temperature. The constant 

size and number of the assemblies indicates that the spherical structures are very 

stable at high temperatures and rules out that the main driving force for the assembly 

is hydrogen bonding.  

 

 

Figure 5.4-6. a) SLS monitoring intensities of 0.125 mg/mL γ-CD-P solutions in 
water/acetone mixed solvents with 75 vol.-% of acetone at various temperatures. b) 
The Rh of blackberries measured at corresponding temperatures. The experiments 
were done in LLS with red laser (637 nm) with calibration intensity as 10 kcps (the 
scattered intensity of benzene at 90˚). 
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Counterion-mediated like-charge attraction is believed to be the main driving 

force of γ–CD-P assembly. It’s reasonable that γ–CD-P molecules exist as discrete 

macroions in pure water because each molecule has high charge density (carries 8 

charge), leading to strong electrostatic repulsion between each other. Mixing organic 

solvent with the original water solution can lower the solvent polarity and promote 

closer counterions association with macroions, which in turn generates strong 

counterion-mediated attraction and forms blackberry structures. The control 

experiment was done by mixing different amounts of acetone with water solutions of 

native (non-charged) γ–CD. Very low scattered intensities for all solutions with 30 to 

90 vol.-% were collected by means of static light scattering (SLS), thus indicating that 

γ–CD exist as discrete molecules and implying the important role of charges on the 

self-assembly of γ–CD-P anions. This observation supports our conclusion that 

counterion-mediated attraction is the main driving force for blackberry formation. 

 

5.4.4     The Size Trends of Blackberries 

	  

In our previous studies the blackberry sizes become larger in solvents with 

lower polarity, and with adding excessive amount of organic solvent the blackberries 

dissociate back into single macroions due to the strong counterion condensation, 

which makes the effective charge of macroions very low. (176) It is worthy to note 

that in this study, the sizes of blackberries first increase with increasing acetone 

content, but then decrease after the acetone is more than 60 vol.-% (Figure 4). It’s the 

first time we clearly observe such complicated trends in one macroionic system, 

suggesting the influence of specific interactions other than the counterion-mediated 

attraction on the blackberry sizes. 
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CDs always show strong tendency to form H-bonds in the aqueous solution 

because of abundant hydroxyl groups dangling on the rim of the molecule. The 

functionalized ionic domains of CDs such as phosphate groups in γ–CD-P are also 

possible to form strong H-bonds. Previous studies indicated that the H-bonds of CDs 

in the aqueous solution are critical to determine the size of their assemblies. (56) 

Although we don’t consider hydrogen bonding as the main driving force for γ–CD-

P’s self-assembly, we expect both counterion-mediated attraction and H-bonds will 

contribute to the attractive force and play roles on the size of blackberry structures. As 

we know, with lowering the solvent polarity counterion-mediated attraction become 

stronger, favoring larger blackberries, while H-bonds is weaker, leading to smaller 

blackberries, and thus the balance between them determine the obtained size trends in 

different mixed solvents system. In water/acetone mixed solvents with acetone 

contents between 40 and 60 vol.%, the counterion-mediated attraction is dominant to 

induce the blackberry formation. As a result we see larger blackberries with more 

acetone – common for a charge-regulated assembly process. Further lowering the 

solvent polarity, the decrease of H-bonds is eminent, leading to a weaker total 

attractive force and consequently smaller blackberry sizes. The results demonstrate 

the key role of the solvent polarity on determining the balance between counterion-

mediated attraction and H-bonds. Higher solvent polarity favors the dominance of 

counterion-mediated attraction, while the lower solvent polarity shifts the balance to 

H-bonds. 

To clarify the new phenomenon, we compare the solution behaviors of γ–CD-

P in different mixed solvents including acetone/water, isopropanol/water and 

HFIP/water. A significant continuous increase in the total scattered intensity was 

monitored by LLS for γ–CD-P water/isopropanol and water/HFIP mixed solvents 
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with 70, 80 and 90 vol.-% volume fraction of organic solvent respectively (Figure 

5.4-7a and b). Interestingly, the sizes of blackberries decrease with adding more 

isopropanol, while they show the opposite trend with adding more HFIP (Figure 5.4-7 

c and d), which is also confirmed by TEM results (Figures 5.4-8). 

 

 

Figure 5.4-7. a, b) Time-resolved SLS monitoring results of 0.125 mgmL-1 γ-CD-P 
solutions in water/isopropanol and water/HFIP mixed solvents with 70, 80, and 90 
vol.% of isopropanol and HFIP. c, d) CONTIN analysis of DLS studies on γ-CD-P in 
water/isopropanol and water/HFIP mixed solvents, respectively. The experiments 
were done in LLS with green laser (532 nm) with calibration intensity of 88 kcps (the 
scattered intensity of benzene at 90°). 
 

In different mixed solvent systems, we did observe the effect of H-bonds on 

changing the assembly sizes, which make ionic CDs interesting and special among 

other macroions. Comparing the solvent polarity of the three types of organic solvent 

used in our study, the polarity of HFIP is the highest, followed by acetone, and 

isopropanol is the least polar. Smaller blackberry sizes were observed in acetone (or 

isopropanol)-richer system when the solvents effectively weakened the H-bonds and 
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the total attractive force. As HFIP is a more polar solvent, with adding the same 

amount of HFIP as acetone to the aqueous solution, the ε of the medium is higher for 

the former case and favors the dominance of counterion-mediated attraction and 

larger blackberry sizes. 

 

 

Figure 5.4-8. a–c) TEM image of the assemblies of γ-CD-P in the water/isopropanol 
mixed solvents with 70, 80, and 90 vol.% isopropanol, respectively. d–f) TEM image 
of the assemblies of γ-CD-P in the water/HFIP mixed solvents with 70, 80, and 90 
vol.% HFIP, respectively. 
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Comparing γ–CD-P with macroions such as {Mo132} and ionic POSS, they all 

can self-assemble in mixed solvents, but only γ–CD-P can form blackberries with 

either increasing or decreasing trend of size as increasing the acetone amount. (102, 

176) The difference may be related to the charge density of macroions among which 

γ–CD-P has the lowest charge density (1.050 per nm2). It’s worthy to notice that γ–

CD-P possesses the anisotropic charge distribution (one side of the toroid is charged) 

which make it distinctive out of other macroions. The special feature could also be the 

possible reason for the transition from larger to smaller blackberries. This hypothesis 

will be further checked by our future study of macroions with anisotropic charge 

distribution. 

 

5.4.5     Accurately Tuning the Sizes of Blackberries 

 

It is known that the source for counterion association and mediated attraction 

is significantly determined by the charge density of macroions, which in turn tunes 

the sizes of blackberries. Besides changing the solvent content, there are several 

approaches to adjust macroionic charge density. For “weak acid” type POMs, the 

charge density is supposed to be varied by continuously tuning the solution pH. (150) 

Adding extra salts or surfactants to the solutions of macroions can also affect on the 

assembly sizes. 

We decreased the pH of γ–CD-P water solution to around 4 by adding HCl 

and mixed the stock solution with different amounts of acetone. γ–CD-P, as a weak 

acid salt type macroion, can be more protonated (less charged) in lower pH solution. 

Consistently, the sizes of blackberries in acidic solutions are larger than those in 
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native γ–CD-P solutions (Figure 5.4-9), which further confirms that the self-assembly 

of γ–CD-P is charge regulated. 

Considering the host-guest inclusion complexation nature of CD molecules, 

we can introduce guest molecules into γ–CD-P macroionic system in future study for 

various potential applications. 

 

 

Figure 5.4-9. Average Rh of the blackberries formed by γ-CD-P in different 
water/acetone mixed solutions and different pHs of original γ-CD-P water solutions, 
measured by DLS. 

 

5.5     Conclusions 

 

In summary, a hydrophilic γ–CD-P with 8 phosphate groups located on the 

rim shows the unique solution behavior by self-assembling into blackberry-type 

hollow spherical structures in mixed solvents. It’s the first time to observe the 

cyclodextrin itself generates supramolecular structures in dilute solution. Different 

from previous amphiphilic cyclodextrin systems, the major driving force is neither 

hydrophobic interaction nor hydrogen bonding, but, the counterion-mediated 

attraction. The vesicular structures are very stable at high temperature. The transition 
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from single macroions to blackberries can be achieved by properly decreasing the 

solvent polarity. Further lowering the medium dielectric constant, smaller 

blackberries was observed. We can also tune the sizes of assemblies by adjusting the 

charge density of macroions. Our protocol provides a new way to assemble 

cyclodextrin derivatives into ordered vesicular structures with good thermodynamic 

stability and size tunability. 
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CHAPTER VI 

TEMPERATURE- AND SALT- RESPONSIVE POLYOXOMETALATE-

POLY(N-ISOPROPYLACRYLAMIDE) HYBRID MACROMOLECULES IN 

AQUEOUS SOLUTION 

 

Portions of this work have been published previously as 

Jing Zhou, Panchao Yin, Xinyue Chen, Lang Hu, and Tianbo Liu 

Chem. Comm. 2015, 51, 15982-15985 

 

6.1     Outline 

 

Polyoxometalates (POMs) as polar head groups were covalently 

functionalized with Poly (N-isopropylacrylamide) (PNIPAM) tails. The 

macromolecular hybrid demonstrates the solution behavior of hydrophilic macroions 

by self-assembling into blackberry structures at room temperature. It behaves like the 

amphiphilic surfactant by forming vesicular structure when the temperature is above 

the phase transition of PNIPAM. The reversible self-assembly is also salt sensitive 

and the salt-induced smaller vesicular formation is a result of counterion-association. 

 

6.2     Introduction 

 

To sustain life and maintain biological functions, living systems are able 

to adapt themselves to the changing environments from the molecular to
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macroscopic level. (177, 178) Inspired by the nature, scientists have been 

designing and fabricating “smart” materials that can respond to physical and 

chemical external stimuli. (179, 180) Recently, stimuli-responsive formation of 

self-assembly has been developing rapidly from thin films to nanoparticles for 

various applications in catalysis, sensors, drug delivery capsules, and et al. 

(181-185) The typical responsive nanoparticles can be realized by utilizing 

amphiphilic systems, among which molecular shape amphiphiles, (186, 187) 

especially polymer-tethered molecular nanoparticles (MNPs), are appealing for 

self-assembling into diverse nanostructural materials. (11, 188, 189) Different 

from small molecular surfactants and amphiphilic diblock copolymers, those 

hybrids consisting rigid MNPs as polar head groups and hydrophobic polymer 

chains as tails can be treated as “giant surfactants” and demonstrate unique 

features in solution. (189)  

Poly (N-isopropylacrylamide) (PNIPAM) is a thermo-responsive 

polymer which exhibits lower critical solution temperature (LCST) phase 

transition from hydrophilic random coiled conformation to hydrophobic 

collapsed globular conformation at ~32 °C in water. (190-192) Since the LCST 

of PNIPAM is near the temperature of human body, it has been recognized as a 

good model to predict the stability and solution behaviors of 

biomacromolecules under various environmental conditions. (193-196) 

Moreover, thermo-responsive polymers play a crucial role in applications such 

as tissue engineering, drug delivery and materials with switchable hydrophilic 

and hydrophobic properties. (197-199)  

Polyoxometalates (POMs) are a group of metal-oxide clusters of early 

transition and actinide metals which have well-defined shapes and charges and vast 
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applications in catalysis, medicine, and materials science. (4, 5, 200, 201) More 

importantly, those molecular clusters such as POMs, polyhedral oligomeric 

silsesquioxane (POSS) and fullerene (C60) attracted increasing attentions because they 

can provide precisely defined and tunable nanosized structural scaffolds. (202) The 

development of synthetic methods enabled us to tether POM clusters with organic 

ligands via covalent modifications. (8, 9, 203-205) Various POM hybrids have been 

reported to demonstrate amphiphilic features by self-assemble into various 

supramolecular structures in selective solvents while maintaining the unique 

properties of POM groups. (128, 130, 150) Specific hybrids have been designed to 

respond to external stimuli, such as pH, metal ions and UV radiation. (206-209) 

Herein, we report the design, synthesis and self-assembly of a novel type of 

POM-polymer hybrid, namely, mono-vacant Keggin-type clusters (As the major types 

of POMs, Keggin, Lindqvist, Dawson, and Anderson type POMs have been 

synthesized and characterization several decades ago, they are still hot topics in 

catalysis and organic-inorganic hybrid materials. Keggin type POMs, first reported by 

Keggin in 1933 with formula [XO4M12O36]n-, have overall Td symmetry and are based 

on a central XO4 tetrahedron surrounded by twelve MO6 octahedron arranged in four 

groups of three edge-shared octahedron, M3O13. (210)) were chemically linked with 

PNIPAM oligomeric chains. 

 

6.3     Experimental section 

 

This section includes materials used in my study, sample preparation 

procedures, and synthesis protocol and characterization results.   
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6.3.1     Materials and sample preparation 

 

Sodium phosphotungstate (Sigma-Aldrich), poly(N-isopropylacrylamide) 

triethoxysilane terminated (PNIPAM, Sigma-Aldrich), sodium carbonate (Na2CO3, 

Sigma-Aldrich), potassium chloride (KCl, Sigma-Aldrich), hydrochloric acid (HCl, 

Fisher Scientific), tetrabutylammonium chloride (TBA, Sigma-Aldrich) and 

acetonitrile (Sigma-Aldrich) were all used as received.  

For a typical light scattering measurement, the sample was dissolved in 

deionized (DI) water. The obtained solutions were filtered with 200 nm pore-size 

hydrophilic polytetrafluoroethylene (PTFE) membrane filters and put into dust-free 

light-scattering sample vials. Salt solution was also filtered and added to the aqueous 

solution. 

 

6.3.2     Synthesis of POM-PNIPAM hybrid 

	  
The synthesis protocol includes two steps. The first step is to synthesize the 1-

vacant Keggin precursor, and the second step is to chemically link polymer to the 

precursor. 

 

6.3.2.1     Synthesis of K7[PW11O39] 1-vacant Keggin 

 

The precursor K7[PW11O39] 1-vacant Keggin was systhesized according to 

previous literature.(211) 

31P NMR (500 MHz, D2O): δ =-10.56 ppm. 
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6.3.2.2     Synthesis of POM-PNIPAM hybrid 

 

To a suspension of K7[PW11O39] (1 eq.) in acetonitrile was added 

tetrabutylammonium chloride (TBA, 7.5 eq.). Then consecutively, poly(N-

isopropylacrylamide) (2.2 eq.) and a 1M HCl solution (4.4 eq.) were added dropwise. 

After stirring overnight at room temperature, the solution was filtered and the solvent 

was evaporated. The solid residue was washed with DI water and dried in vacuum.  

FTIR (cm-1): 3615, 3543, 2975, 2944, 1645, 1539, 1445, 1376, 1109 (Si-O-Si), 

967(W=O, as), 874(W-Oa-W, as), 827(W-Ob-W, as) 

31P NMR (500 MHz, Acetonitril-d3): δ=-13.00 ppm.  

1H NMR (CD3CN): δ=  3.96 (br, 1H, PNIPAM), 3.14 (t, 1H, TBA), 1.49-1.81(m&br, 

2H in PNIPAM, 1H in TBA), 1.41 (m, 1H, TBA), 1.15 (s, 6H, PNIPAM), 1.01 (t, 

1.5H, TBA).  

MALDI-TOF (Acetonitrile): Take the example of 38 repeat units for calculation. 

Calculated [M·H+
4]+ 7231.8 Da, found 7232.2 Da. 

 

6.4     Results and discussions 

 

Figure 6.4-1. Synthetic scheme employed for synthesizing the temperature-responsive 
POM-PNIPAM hybrid. 
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Using a typical protocol of POMs’ functionalization, two silane-terminated 

oligomeric PNIPAM (Mw~2,000, RSi(OEt)3) chains were tethered to each mono-

vacant Keggin cluster (K7PW11O39), under acidic condition (Figure 6.4-1). By 

following previously reported method, (120) the reaction is conducted in acetonitrile 

into which tetrabutylammonium (TBA) bromide was used to solubilize Keggin 

clusters and consecutively added PNIPAM and hydrochloride acid dropwise. After 

the reaction, the solvent was evaporated, and the residue was washed with water to 

remove extra TBA-Br and dried in vacuum. The hybrid (K2P-TBA) structure was 

characterized by SEC, 31P and 1H-NMR, FTIR, and MALDI-TOF Mass 

Spectroscopy. In SEC measurements, the retention time of the hybrid obviously 

decreased and showed a narrower distribution, suggesting the success of POM 

functionalization, which is confirmed by the change of chemical shift in 31P-NMR 

(Figure 6.4-2 and 6.4-3). 

 

	  

Figure 6.4-2. The SEC measurements of the pure PNIPAM and the K2P hybrid 
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Figure 6.4-3. 31P NMRs of 1-vacant Keggin and POM-PNIPAM hybrid. 

	  

The hybrid with different conterions such as K+ ions can be achieved by 

dialyzing the K2P-TBA solution against salt solution such as KCl. The 

resulting solution was then dialyzed against deionized water to get rid of the 

extra ions. Very low scattered intensity for K2P-K solution at room temperature 

was collected by SLS, indicating that the K2P hybrid existed as discrete 

molecules (Figure 6.4-4). Time-resolved LLS was applied to monitor the 

aqueous solution of K2P at different temperatures, which could provide 

information on the thermo-responsiveness of this hybrid. With increasing the 

temperature to above 39 °C, a significant increase of intensity was observed 

and large assemblies began to form in solution. The scattered intensity as well 
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as the Rh (Rh is the hydrodynamic radius measured by dynamic light scattering 

(DLS)) were keeping going up when further increasing the temperature (Figure 

6.4-4). The ratio of Rh/Rg≈1.0 (Rg is the radius of gyration of the assemblies 

measured by static light scattering (SLS)) was obtained for those assemblies, 

suggesting their hollow, spherical structures. The temperature induced self-

assembly should be related to the thermo-response of PNIPAM chains which 

switched from hydrophilic to hydrophobic state. Consequently, the hybrid 

owning a charged polar head and two hydrophobic tails behaved similarly with 

common amphiphiles (212) by forming bilayer vesicles.  

 

 

 

Figure 6.4-3. Top: Time-resolved SLS monitoring results of K2P (with K+ ions as 
counterions) solution during varying the temperature which is divided into 4 regions 
(Regions: 1. Starting from room temperature RT, gradually increasing T to 35°C; 2. T 
is increase to 40°C; 3. T is increased to 45 °C; 4. T is decreased to 35 °C.). Bottom: 
Average Rh of the spherical structures formed by K2P-K as a function of temperature, 
measured by DLS. 

200

100

0

R
h 

(n
m

)

504540353025
Temperature (

o
C)



	   106	  

POM clusters, as well as other macroions, have been reported for their 

unique solution behaviors by self-assembling into single-layer, hollow, 

spherical “blackberry” structures via counterion-mediated attraction. (77, 101, 

150) Counterions are important in macroionic solutions and the binding affinity 

between macroions and counterions varies with the hydration size of 

counterions. (96) We expect different solution behaviors for the current hybrid 

systems with different counterions. The K2P-TBA solution was prepared for 

comparing with K2P-K solution. Although PNIPAM is hydrophilic in water at 

room temperature and the Keggin polar head is charged, with 3 TBA as 

counterions, interestingly the fully hydrophilic hybrids can self-assemble into 

vesicular structure in aqueous solution. A typical CONTIN analysis of the 

dynamic light scattering (DLS) results of the K2P-TBA solution (0.2 mg/mL) 

indicated that the Rh of the assemblies is 40±2 nm with no angular dependence.  

 

 

Figure 6.4-4. TEM images of the assemblies formed in 0.2 mg/mL K2P water 
solution at room temperature. 
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Figure 6.4-5. Graphical representation of the reversible transition from single-layer 
blackberry structures to bilayer vesicles with changing the solution temperature, and 
of the salt induced decrease of the vesicular size. 

 

The ratio of Rh/Rg≈1.0 was obtained for those assemblies, suggesting their 

hollow, spherical structures, which is also confirmed by TEM measurements 

(Figures 6.4-5). The conductivity and Zeta potential measurements were 

performed and we obtained the values 29.4 µS/cm and -27.5 mV, respectively, 

confirming that the vesicles were charged in water and indicating their 

hydrophilicity. Similar with previous reports, in our study the Keggin heads can 

be treated as macroions, and TBA counterions associate with Keggins, 

consequently inducing the attraction between macroions and their self-assembly 

into blackberry type structures (Figure 6.4-6). This observation suggests that 

TBA+ ions have stronger association with macroions than K+ ions in pure 

water, causing the blackberry formation in the former case but not in the latter 

case. The effective charges on each blackberry can be estimated based on 

Equations (1) and (2), (135) which is equivalent to approximately 73, thereby 
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suggesting that most of TBA counterions are closely associated with 

blackberries.  

 

Ze=6πηRhµ(1+κRh)/f(κRh)                                                                                (1) 

 

ζ=3ηµ/[2ε0εrf(κRh)]                                                                                            (2) 

 

in which Z is the valence of the macromolecules (the effective charge), e is the 

elementary charge, η is the sample viscosity, Rh is the hydrodynamic radius, µ 

is the electrophoretic mobility, κ is the Debye–Hückel parameter, and f(κRh) is 

Henry’s function; ζ is the zeta potential, ε0 is the permittivity of free space, and 

εr is the solvent dielectric constant. Since PNIPAM chains are hydrophilic and 

do not have special interaction with the Keggins; they should be dangling 

around the blackberry surface.  

With increasing the temperature stepwise from room temperature to 40 

°C, the scattered intensity of K2P-TBA solution increases gradually but slightly 

(Figure 6.4-7a). The Rh of assemblies remains almost the same in this 

temperature range (Figures 6.4-7c).  From 40 to 41 °C, a significant increase of 

intensity was observed and it reached the plateau within 30 minutes. The 

scattered intensity as well as the Rh were keeping going up when further 

increasing the temperature (Figures 6.4-7b and c). The major changes happened 

at higher temperatures is due to the change of PNIPAM chains and the 

transition from blackberry structures to bilayer vesicles was proposed (Figure 

6.4-6). Since the phase transition of PNIPAM is a reversible process, the 

reversibility of the self-assembly of the K2P-TBA hybrid can be expected, 
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which was confirmed by our observation of the scattered intensity returning to 

the original level of the same temperature (Figure 6.4-7a). 

 

 

 

Figure 6.4-6. (a) Time-resolved SLS monitoring results of 0.2 mg/mL K2P solution 
during varying the temperature which is divided into 6 regions (Regions: 1. Starting 
from room temperature RT, gradually increasing T to 40 °C; 2. T is increase to 41 °C; 
3. T is increased to 45 °C stepwise 1 °C by 1 °C; 4. T is decreased to 41 °C; 5. T is 
decreased to 40 °C; 6. Cooling down to RT.). (b) CONTIN analysis of DLS studies on 
K2P in aqueous solution at various temperatures. (C) Average Rh of the spherical 
structures formed by K2P as a function of temperature, measured by DLS. 

 

Extra salts, such as NaCl, RbCl, CsCl and CaCl2, were added into K2P-TBA 

solutions for studying the ionic effects on the temperature-sensitive self-assembly of 

K2P. Comparing the sizes of bilayer-vesicles formed in solutions with different extra 

salts at 45 °C, we found that the sizes of assemblies with extra CsCl and CaCl2 are  
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Table 6.4-1. Rh values of vesicles formed at 45 °C in solutions without and with 
adding different salts. 

 No Salt Rb+ Cs+ Ca2+ 
Rh (nm) 100±5 104±5 52±3 61±3 

 

 

 

Figure 6.4-7. (a) Time-resolved SLS monitoring results of 0.2 mg/mL K2P solution 
under 45 °C during adding CsCl. (b) CONTIN analysis of DLS studies on K2P in 
aqueous solution with different amount of CsCl. (C) Average Rh of the spherical 
structures formed by K2P as a function of CsCl concentration, measured by the DLS. 

 

much smaller than that without adding any salt (Table 6-1). To confirm this, in-situ 

experiment by adding CsCl stepwise to pre-heated K2P solution was performed. 10 

µL CsCl solution (8.3 mM) was added into K2P solution (1 mL, 0.2 mg/mL) after the 

scattered intensity stabilized at 45 °C, and a significant decrease of intensity from 

LLS (Figure 6.4-8a) was observed. The intensity of the solution after adding extra salt 
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didn’t reach the equilibrium immediately, but gradually increased and stabilized at 

certain level, because the temperature of the solution varied during the salt addition. 

By adding more CsCl to the solution, the scattered intensity further decreased, as well 

as the Rh of vesicles (Figure 6.4-8b and c), demonstrating the salt-responsiveness of 

the self-assembly of K2P hybrid (Figure 6.4-6). 

It’s well known that the phase transition of PNIPAM is influenced by the 

presence of salts, and the effect of alkali metal cations on lowering LCST correlates 

well to the position of corresponding ions in the classic Hoffmeister series. (213) 

However, the salt effect on PNIPAM isn’t considered as the main reason for the 

vesicle shrink in our study since the concentration of salt we used is too low to affect 

the LCST of polymer. Moreover, control experiments of adding the same amount of 

salt to pure PNIPAM solution indicated no effects on the polymer’s phase transition 

(Table 6-2). We expect that the salt-responsiveness is relative to the couterion 

association with Keggin, leading to bigger surface area of the polar head and 

consequently bigger curvature of vesicles (Figure 6.4-6). The hypothesis can also 

explain why cations with smaller hydration sizes such as Cs+ and Ca2+ can effectively 

tune the assembly size, but not the ones with larger hydration size such as Rb+, as 

cations in the former case demonstrate higher affinity to macroions. 

 

Table 6.4-2. Temperatures of triggering aggregation and aggregate sizes formed at 39 
°C in PNIPAM solutions without and with adding different salts. 

 No Salt Na+ Cs+ 
Temperature (°C) 38 39 38 

Rh (nm) 125±6 122±6 122±6 
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6.5     Conclusions 

 

In summary, a novel type of POM-PNIPAM macromolecular hybrid (K2P), 

possessing a rigid polar Keggin head group and two temperature-sensitive PNIPAM 

tails, was designed and synthesized. The obtained hybrid behaves like regular 

hydrophilic macroions in the aqueous solution at RT by showing the formation of 

blackberry structures via counterion-mediated attraction. At elevated temperatures, 

the K2P form amphiphilic bilayer vesicles in virtue of the phase transition of 

PNIPAM. The vesicle size can be tuned by introducing extra salt into the solution 

because of the consequent counterion-association with Keggin macroions.
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CHAPTER VII 

 
SUMMARY 

 

In this dissertation, the self-assembly of two types of macroions in dilution 

solution, driven by counterion mediated attraction, were discussed. The study of 

polyhedral oligomeric silsesquioxane expands our exploration of macroionic behavior 

to a totally new area, with the model POSS macroions representing the smallest 

macroions to date. In the study of cyclodextrin, it is the first time that the generation 

of supramolecular structures from fully organic macroions has been observed in dilute 

solution. These precisely charge-controlled self-assemblies are very useful for 

interpreting the variability and diversity in biological systems. 

For mimicking living systems, which are able to adapt themselves to the 

changing environment from molecular to macroscopic lever, a novel type of POM-

PNIPAM macromolecular hybrid, was designed and synthesized. The obtained hybrid 

behaves like regular hydrophilic macroions in the aqueous solution at RT by showing 

the formation of blackberry structures via counterion-mediated attraction. At elevated 

temperatures, the K2P form amphiphilic bilayer vesicles in virtue of the phase 

transition of PNIPAM. The vesicle size can be tuned by introducing extra salt into the 

solution because of the consequent counterion-association with Keggin macroions. 
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