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Abbreviations 

 

AFM                                      Atomic force microscopy 

BDAEE                                 Bis[2-(N,N-dimethylamino)ethyl] ether  

BHC                                      1,4-bis(hydroxymethyl) cyclohexane  

Cp              Cyclopentadienyl 

DLS                                       Dynamic Light Scattering 

DMAO             Dried Methylaluminoxan 

DMF                                      Dimethylformamide  

DSC                                       Differential Scanning Calorimeter  

EDX    Energiedispersive Röntgenspektrokopie 

FI    Phenoxy-Imin 

wt%    Weight% 

GPC                                       Gel Permeation Chromatography 

HD-PE High Density Polyethylen, niedrig verzweigtes Polyethylen 

HMDI                                    1,6-hexane diisocyanate  

ICP-OES Inductively Coupled Plasma-Optical Emission Spectrometry 

IR spectroscopy                     Infrared spectroscopy 

ISC                                         Intersystem crossing  

Kat    Katalysatorsystem 

LD-PE    Low Density Polyethylen, hoch verzweigtes Polyethylen 

LLD-PE Linear Low Density Polyethylen, niedrig verzweigtes 

Polyethylen mit geringer Dichte  

LSCFM   laser scanning confocal fluorescent microscopy 

MAO    Methylaluminoxan 

MDI                                       4,4'-methylene diphenyl diisocyanate  

2-Me-Benz[e]Ind  2-Methyl-4,5-Benzoindenyl 

NMR    nuclear magnetic resonance 

NaAlEt4   Natriumaliminiumtetraethyl 

Pc,                                          Percolation threshold  

PE    Polyethylen 

PDI                                         Perylenediimide derivative 

PI-b-PMMA                           Polyisoprene-block-polymethylmethacrylate 

PP    Polypropylen 



                                                                                                                               

PS                                           Polystyrene 

PU                                         Polyurethane 

RT    Raumtemperatur 

SEM                                       Scanning Electron Microscopy 

SMFD                                    Single Molecule Fluorescence Detection 

TEA    Triethylaluminium 

TEDA                                    Triethylene diamine  

TEM                                      Transmission Electron Microscopy 

TIBA    Triisobutylaluminium 

TGA                                       Thermal gravimetric analysis 

THF                                        Tetrahydrofuran  

TMA    Trimethylaluminium 

TOA    Trioctylaluminium 

UV-Spectroscopy                  Ultraviolet-Visible Spectroscopy 

XRD                                       X-ray Diffraction 
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1.1 Dispersions of particles 

Dispersions of particles are broadly used in industries for rubber, paints, adhesives, additives 

in paper and textiles, impact modifiers for plastic matrices and additives for construction 

materials [1]. In biomedical and pharmaceutical applications dispersions also have exceeding 

significance, such as for diagnostic tests and drug delivery systems [2]. The advantages of 

dispersion are good heat exchange and decrease of the viscosity during the production. 

Dispersion is a finely subdivided system of a dispersed phase in another medium (continuous 

phase) [3]. The dispersed phase can be solid (dispersion of polymer or inorganic particles), 

liquid (macroemulsion and miniemulsion), gaseous (fogging and mist) or association 

macromolecule (dispersion of micelle). The continuous phase can be liquid (emulsion) or 

solid (polymer composites). 

 

1.2 Preparation of dispersions of particles 

There are two general approaches to prepare dispersions of particles (polymer and inorganic 

particles). In the first approach, particles are directly prepared in dispersions. One of the 

important methods is polymerization in emulsion [4]. In another approach, the particles are 

synthesized beforehand and dispersed afterwards in a continuous phase.  

 

1.2.1 Polymerizations in emulsions 

Polymerization in emulsion can be classified into three strategies: suspension, macroemulsion 

and miniemulsion. The difference of suspension to other ones is no emulsifier used. Such 

dispersion has a lowest stability. Without strongly stirring, particles can precipitate during the 

polymerization. The dispersions of particles from macroemulsion and miniemulsion show 

high stability where emulsifier anchors on the surface of the particles and force them apart. In 

the following the mechanism of polymerization in macroemulsion and miniemulsion will be 

descript. 

  

1.2.1.1 Polymerizations in macroemulsions 

The process of polymerization in macroemulsion is divided into three intervals. Figure 1 

shows a radical polymerization as a basic model [5]: In Interval I (Figure 1), radicals are 

generated from initiator molecules and react with few monomers that are dissoluble in 

dispersion phase. The new-built oligomer radicals diffuse into small monomer micelles at 
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beginning of the polymerization, but not into large monomer droplets. Because the small 

monomer micelles have a much higher surface area than larger monomer droplets, they have 

higher probability to be attacked by oligomer radicals than monomer droplets. As the attacked 

monomer micelles begin polymerization, monomer micelles get larger and need more 

surfactant molecules to stabilize their surface. Surfactant molecules are continuously diffused 

from surfactant micelles to the surface of the growing monomer micelles. About 5% of the 

monomers are polymerized at the end of Interval I and the polymerization rate reaches a 

maximum (Figure 2) [5].  

 

     Figure 1 The process of polymerization in a macroemulsion (1-3) [6]. 
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In interval II (Figure 1), all monomer micelles have been attacked by oligomer radicals. 

Therefore the number of polymerizing micelles does not increase any more. For these 

reasons, the polymerization rate during Interval II remains constant. Monomer molecules 

continuously diffuse from monomer droplets to the micelles. At the end of Interval II, the 

conversion of the monomers reaches 50 % (Figure 2).   

 

                Figure 2.  The dependence of the polymerization rate Rp and the conversion U of     

                                 monomers on the reaction time in the radical polymerizations [5].   

 

In Interval III, there are no more monomer droplets available in the continuous phase. Thus 

no additional monomers can be transported into polymerizing micelles. The polymerization is 

carried out only with the monomers that still remain in the polymerizing micelles. The 

concentration of monomers in these micelles strongly decreases. It leads to an exponential 

decline of the polymerization rate (Figure 2) [5].  At the end of polymerization, the 

polymerization rate Rp and the conversion U of monomers show a small increase. It is caused 

by the high viscosity of polymer, so called Geleffect (Figure 2). 

 

 

1.2.1.2 Polymerizations in miniemulsions 

The transport of monomers from the droplets to the polymerizing micelles through continuous 

phase can be limited, when the monomers are hardly soluble in the continuous phase [6].  For 

4 
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such polymerization, a miniemulsion is used instead. radicals are directly dispersed in the 

monomer droplets (Figure 3) [7]. Every monomer droplet is as nanoreactor where 

polymerization takes place.  

 

Figure 3 The principle of miniemulsion polymerizations [7] 
 
 
 
In miniemulsion, monomer droplets with a size between 100 nm to 500 nm have a strong 

tendency to combine into large ones [8]. To stabilize such small droplets, a high shearing 

force (ultrasound or mechanical shearing) and surfactant/costabilizer are required: the first 

one is to fissure large droplets to small ones and the second one to protect the small droplets 

against Ostwald ripening. Usually a costabilizer, which has high solubility in the dispersed 

phase and is hardly soluble in the continuous phase, is extra used to prevent monomer 

diffusing from small droplets into large ones. 

 

1.2.2 Surface modification of particles 

Surface modification is another method to prepare dispersion of particles beside emulsion, 

where synthesized particles are stabilized in one continues phase by adsorption of one 

stabilizer on the surface of particles. In general there are two kinds of methods: the first one is 

chemisorption: adsorption through covalence forces between particles and the stabilizer. This 

process is also called as chemical functionalization: at first step, a precursor reacts on the 

surface of particles; at second step, stabilizing polymer chains grow from the precursor [9]. 

The second one is physisorption where the interaction involves only van der Waals force, for 

example, charge-charge attractions, hydrogen bonding or hydrophobic interactions [10]. 
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1.3 Non-aqueous dispersions of particles 

In the last decades, non-aqueous dispersions have attached an increasing interest in various 

industries. They are broadly used for the production of polymer particles where catalysts or 

monomers are sensitive to water, for example polyurethane particles where monomer 

diisocyanate and catalyst react with water very quickly [11]. Another advantage is that  these 

dispersions have lower viscosity and lower boiling vaporization temperature compared to 

aqueous dispersions, particularly suitable for spraying applications of paints [12]. Non-

aqueous emulsion and surface modification are two methods to prepare non-aqueous 

dispersions. 

 

1.3.1  Non-aqueous emulsions 

1.3.1.1 Formation of non-aqueous emulsions  

A non-aqueous emulsion consists of two immiscible organic solvents as dispersed and 

continuous phase, for example cyclohexane/acetonitrile or hexane/DMF. The miscibility of 

solvents can be described by a solubility parameter ht [13]. The solubility parameter is 

computed from three other parameters: dispersion force hd, polar interactions hp, and 

hydrogen bonding hH. 

ht
2 = hd 

2 + hp
2 + hH

2 

 

Figure 4 shows the solubility scale for the main solvents used in non-aqueous emulsions. 

When the solubility parameters of two solvents are far apart, they are immiscible, such as 

hexane/DMF and cyclohexane/acetonitrile. With this solubility scale, various solvents can be 

selected to form a non-aqueous emulsion [13].  

 

Figure 4. Solubility parameters for typical solvents and polymers [14].  
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1.3.1.2 Stabilizing mechanism of non-aqueous emulsions 

To stabilize non-aqueous emulsions, amphiphilic block copolymers with high molecular 

weight are usually used. The stabilizing mechanism was established on the basis of the Flory 

treatment of the thermodynamics of polymer solutions [12] (Figure 5).  One of the 

amphiphilic blocks has high solubility in the continuous phase and can form a steric 

hindrance to prevent aggregation of particles: When particles approach each another, the 

steric stabilizing blocks interpenetrate or are compressed. It results a higher concentration of 

polymer chains in the interpenetrated zone, generating an osmotic pressure. To counteract the 

high concentration, solvent diffuse into this zone, forcing the particles apart until the 

concentration there is no longer higher [12].  

 

 

Figure 5. Schematic representation of steric stabilization of amphiphilic block copolymer in   

               organic dispersions [12]. 

 

1.3.1.3 Amphiphilic block copolymers 

Amphiphilic copolymers as stabilizer attach a lot of interest for non-aqueous emulsion 

because of their well defined compositions, molecular weights and structures with very 

elaborate architectures, for example, block, graft, random, star, multi-block [4] [15]. 

Specially, block amphiphilic copolymers have excellent stabilization function [3]. There are 

two classical synthetic routes for block copolymers [3, 16-19]: In the first one, a polymer 

from monomer A is synthesized with active sites, which are then used to initiate the 

polymerization of the second monomer B. Such polymerization can be of free radical, anionic 
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or cationic type. In figure 6 it is shown the synthesis process of amphiphilic block copolymer 

poly(isoprene)-b-poly(methyl methacrylate (PI-b-PMMA) by using this route. In the second 

one, which is usually called condensation or coupling, copolymers are prepared by reaction of 

two kinds of polymers.  

 

Figure 6. The synthesis of the amphiphilic block copolymer PI-b-PMMA [20]. 

 

Systematic and detailed study on amphiphilic block copolymers has been reviewed in the 

literature [21-25]. Poly(styrene)-b-poly(polyethylene oxide) (PS-PEO), poly(styrene)-b-

poly(propylene oxide) (PS-PPO) and poly(methyl methacrylate)-b-poly(t-butylacrylate) 

(PMMA-PBA) are usually used for dispersions with polar continues phase, for example 

ethanol and polyether glycol, because of high polarity of PEO, PPO and PBA blocks. On the 

other hand, Poly(styrene)-b-poly(dimethyl methacrylate) (PS-PDMS), poly(styrene)-b-

poly(methyl methacrylate) (PS-PMMA), poly(styrene)-b-poly(ethylene propylene) (PS-PEP),  

poly(styrene)-b-poly(isoprene) (PS-b-PI) and poly(isoprene)-b-poly(methyl methacrylate) 

(PI-b-PMMA) are used to prepare dispersions with non-polar continuous phase, for example 

aliphatic hydrocarbons and silicone oil. 

 

1.3.1.4 Polymerizations in non-aqueous emulsions 

In non-aqueous emulsions, various polymerizations like free radical, ionic polymerization, 

polycondensation and polyaddition can be carried out. It is especially significant for 
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polycondensation and polyaddition, because most of the catalysts and monomers in these 

polymerizations are sensitive to water.  The first attempts to carry out those polymerizations 

in non-aqueous emulsion were rather unsuccessful and the dispersions didn’t show good 

stability [24].  

 

Recently a few of studies on polyurethane particles via non-aqueous emulsions showed 

interesting results. In a study, polyurethane particles with the size ranging from 0,2 to 2,0 µm 

were prepared by using poly(1,4-isoprene)-block-poly(ethylene oxide) as the stabilizer [26]. 

This study also showed that the formation of particle depended on the concentration of the 

stabilizer, the block molecular weight and the nature of continuous phase: the particles size 

decreased with increasing concentration of copolymer. On the other hand, copolymers with 

long steric stabilizing block were most effective stabilizer. In addition, the formation of 

monodispersion of particles depended not only on the polarity of the dispersed and 

continuous phase, and also on the solubility of the stabilizer in both phases. In another study, 

polyurethane particles were prepared by using poly(styrene)-b-poly(ethylene oxide) block 

copolymers and omega-hydroxypolystyrenes as steric stabilizer. The size of the particles 

ranged from 0,2 µm to 5 µm were obtained [27]. But the molecular weight Mn of the polymer 

particles was very low, only between 2000 g/mol and 3000 g/mol).  

 

In our research group, polyurethane particles were prepare in a non-aqueous emulsion 

consisting of N,N'-dimethylformamide (DMF) as dispersed phase, n-hexane as continuous 

phase and copolymer poly(isoprene)-poly(methyl methacrylate) as the stabilizer [28]. The 

particles have an average size of only about 35 nm. The molecular weight of the particles 

reached 16 500 g/mol, which was much higher than the ones reported in other studies [26, 27, 

29]. Under IR-spectroscopy, no vibration of urea from side reactions between water and 

diisocyanate was observed. This means that the use of non-aqueous emulsion well prevented 

side reactions during the polymerization. 

 

1.3.2 Surface modification of particles in non-aqueous dispersions  

Modification of the surface of particles is another way to prepare non-aqueous dispersions of 

particles.  To understand the mechanism of this process, a theoretical model was developed in 

1953. In this model, block copolymer is divided into three part: trains, loops and tails (Figure 

7) [10, 30]. In the adsorption process, train block is adsorbed on the surface of particles as 

anchor. The tail block which has good solubility in the continuous phase stretches out as 
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dangling tails, forming a brush-like structure on the surface. Studies show that the adsorption 

process depends not only on the properties of the surface of particles (functional groups, 

changes, polarity and surface morphology) but also on the solubility of the train block in the 

continuous phase [31, 32]: When the interaction of the train block with solvent molecules is 

weaker than with the surface of particles, the adsorption process of train block is dominant to 

the dissolution one in the continuous phase. 

 

Figure 7. The structure of an adsorbed amphiphilic block copolymer on a surface [10]. 
 
 
In the literature, there are a lot of studies on non-aqueous dispersions of inorganic particles 

via surface modification are carried, for example, carbon black nanoparticles [33], Au [34] 

and SiO2 oxide particles [35-37], clay [38-40]. One of examples is modification of clay by 

use of an amphiphilic block copolymer poly(styrene)-poly(isoprene) and poly(styrene)-

poly(butadiene) [37]. The copolymer consisted of 1,4-dibutanol and poly(ethylene glycol) as 

hydrophobic and hydrophilic blocks. With scanning electric microscopy (SEM) it was 

observed that clay was successfully exfoliated to nanolayers. There are also many studies on 

the dispersion of silica particles. One example is that silica particles was modified by an 

amphiphilic copolymer 2-(ethylhexyl)methacrylate (EHMA)-b-poly(ethylene oxide) 

methacrylate (PEOMA)-b-(2-dimethylaminoethyl) methacrylate (DMAEMA) and transported 

from one aqueous phase into one organic phase  (n-alkane phase) [35]. The hydrophobic 

chain EHMA acted as steric stabilizer and the hydrophilic chain PEOMA as anchor on the 

surface of the particles. The similar amphiphilic block copolymers are also used to modify 

graphene materials, like block copolymers like polystyrene-b-polyacrylic acid (PS-b-PAA) 
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[22], gemini surfactant 6,6ガ-(butane-1,4-diylbis(oxy))bis(3-nonylbenzenesulfonic acid) [41], 

and single-stranded DNA (ssDNA) [42] . 
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Amphiphilic block copolymer polyisoprene-block-poly(methyl methacrylate) (PI-b-PMMA) 

was intensively studied as stabilizer of non-aqueous emulsions in our work-group. With this 

copolymer, emulsions with hexane or cyclohexane as continuous phase and DMF as 

dispersed phase showed excellent stabilization for the synthesis of conjugated polymer 

particles, polyurethane and polyester particles [1-4]. The goal of the current work is to 

prepare non-aqueous dispersions of particles for special applications by using PI-b-PMMA as 

stabilizer. In particular, I concentrated on the following three aspects: 

 

         • In recent years, porous particles have attracted considerable attention due to their high 

special surface area in many research areas, for example, as catalyst carrier [5-7], 

filling materials of composites [8] and separation media in liquid chromatography [9-

11]. A lot of studies on porous polymer particles, like polyethylene [6][8], 

copolymerization of styrene and divinylbenzene [9] and chlorinated polyglycol [12], 

have been carried out, but only few of them focused on polyurethane and polyurea 

porous particles. Due to the hydrogen bonds between urethane and urea groups, these 

particles could have excellent mechanical and chemical stability and be used as filling 

materials (mechanical stability) and catalyst carrier (chemical stability and polar 

bonds). In this work, both porous particles will be synthesized via a non-aqueous 

emulsion by using PI-PMMA as emulsifier; the porous structure will be generated via 

carbon dioxide released by the reaction between water and diisocyanate. 

 

 

         • The kinetic of polymerization process has been studied in detail by using different 

analytical techniques, like ESR spectroscopy, size-exclusion chromatography and 

mass spectrometry, as well as NMR and fluorescence spectroscopy [13]. However, 

with these techniques polymerization cannot be traced on a molecular level. Single 

Molecule Fluorescence Detection (SMFD) is a novel analytical method which can 

detect single molecule and follow their movement on nanometer scale [14, 15].  An 

excellent example showed that the movement of a single polymer chain was 

successfully traced during the radical polymerization process in bulk via SMFD [13]. 

Until today, SMS is not yet used to study the polymerization in non-aqueous 

emulsions. In this work, radical polymerization and polyaddition in non-aqueous 

emulsions will be studied via SMS, because radical polymerization and polyaddition 

have completely mechanisms. PMMA and PU particles will be synthesized via an 
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non-aqueous emulsion (PI-b-PMMA as emulsifier, cyclohexane as continuous phase 

and DMF as dispersed phase). To visualize polymer chains under SMS, perylene dye 

molecules with double bond or OH groups will be incorporated into the polymer 

chains as monomers.  

  

            

        • Graphene sheets have unusually high thermal conductivity (~3,000Wm-1K-1),  

mechanical stiffness (1,060 GPa) [16] and extraordinary electric conductivity [17, 18]. 

To harness these properties, graphene sheets  are normally prepared as non-aqueous 

dispersions for different devices, such as field-effect transistors [19], ultrasensitive 

sensors [20], transparent electrodes [21], and novel nanocomposites [16]. Until today, 

these dispersions are mostly prepared using organic solvents with high toxicity, like 

DMF, NMP and toluol. The goal in this work is to prepare dispersions of graphene 

sheets by using organic solvents with low toxicity. PI-b-PMMA will be as stabilizer, 

because of the conjugated double bonds which could have interaction with graphene 

sheets.  
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3.1 Introduction 

3.1.1 The development of porous particles  

Porous polymer particles have been of great interest for different diverse applications because 

of their specific property: high surface area [1-7]. Catalysts supported on the porous particles 

showed obviously increased activity because of the high contacting surface. One example: 

catalyst platinum was absorbed on the porous particles TiO2 to degrade benzene to carbon 

dioxide and water [1]. Porous particles were used as filling materials for composites with low 

density and high resistance against struck hitting [2]. As a consequence of the holes structure, 

porous particles were also used for column liquid chromatography with high separation rates 

[5].  

 

To prepare porous polymer particles various methods have been developed [4, 8-13]. In the 

Most methods, an inert solvent with low bowling point was used as porogen to form porous 

structure. For example, n-pentane was mixed with the monomers as dispersed phase for an 

emulsion. After the polymerization, n-pentane was evaporated to generate pores [4]. Another 

method was seeded polymerization where short linear polymers (as seed) were mixed with the 

monomers as dispersed phase. After polymerizations the polymers were removed by washing 

with a solvent [9-11]. With this method different mono-disperse porous polymer particles 

were prepared, for example polar poly(2-hydroxyethyl methacrylate-ethylene dimethacrylate) 

and apolar poly(polyethylene glycol methacrylate-ethylene dimethancrylate) [11]. Controlled 

freezing emulsion was another method to produce porous particles [4, 12-14]. For example, 

Poly(ε-caprolactone) and polystyrene porous microparticles were prepared in an aqueous 

emulsion: these polymers were at first dissolved in o-xylene, then used as dispersed phase to 

prepare a aqueous emulsion which was later freeze-dried in liquid nitrogen [4]. In this 

method, the pores were formed by sublimation of ice crystal, leaving gaps or pores in their 

place. Since just a few organic solvents could be frozen in liquid nitrogen, such as acetone, 

acetonitrile, cyclohexane and dioxane, this method was strongly limited for its applications. In 

another method, supercritical fluids (CO2) with physical, chemical and toxicological 

advantages were used to prepare porous polymer particles: liquid CO2 as the porogen was 

mixed with the monomer as dispersed phase. After polymerization, liquid CO2 was removed 

by decrease the pressure to form porous structure. The degree of porosity and the average 

pore size could be controlled by adjusting the pressure of CO2 [12, 13]. For this method, 

special apparatuses with high press were needed to keep CO2 as liquid.  

http://en.wikipedia.org/wiki/N-pentane
http://en.wikipedia.org/wiki/N-pentane
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All of the methods mentioned above needed a porogen which had to be added before the 

preparation of particles and removed later to form porous structure. Compared to them, the 

preparation of polyurethane foam did not use any porogens: the porous structure was formed 

by the released CO2 from the reaction between monomer diisocyanate and water [15-21]. The 

process consisted of two steps: gelling and blowing reactions. In the first step, diisocyanate in 

an excess reacted with diol to prepare polyurethane chains with isocyanate end groups. In the 

second, the NCO end groups reacted with water, forming porous structure by the released 

CO2. 

 

By using this method, polyurethane porous particles were prepared in the previous work of 

the group: water and diol as monomers were dispersed in a non-aqueous emulsion. Aromatic 

diisocyanate 4,4′-methylenebis(phenyl isocyanate (MDI) was dropped into this emulsion 

(Figure 1) [22]. The chose of aromatic diisocyanates (instead of aliphatic diisocyanates) was 

due to their high reactivity with water (aliphatic ones reacted with water relatively slowly). 

Unfortunately, the non-aqueous emulsions did not keep stable during the polymerization and 

completely collapsed at the end of the preparation. It probably was caused by the high 

reactivity of aromatic diisocyanate (MDI) [23]. The dropped MDI reacted immediately with 

the droplets of diol and water in the emulsion before it was homogenously dispersed as small 

droplets [24]. 

 

Another problem in the previous work: some of particles were highly porous and some still 

compact. This problem was probably caused by inhomogeneous distribution of water in all of 

the droplets. Therefore, in the following work the development of a stable emulsion for the 

polymerization and the preparation of homogenously porous particles are two important tasks. 
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Figure 1. Schematic representation of the synthesis of porous polyurethane particles in the     

earlier work of our group 

 

3.1.2 Catalysts for polyurethane 

Normally two kinds of catalysts were used to regular the porous structure in polyurethane 

foam: One had selectivity towards water and one towards diol. The catalysts balance gellation 

reaction (reaction between diisocyanate and diol) and blowing reaction (reaction between 

diisocyanate and water) to form different porous structure (large, small, close or open pores) 

[25, 26]. By using a catalyst with a low selectivity for gellation and one with a high selectivity 

for blowing reaction, large pores and low density can be obtained. When a catalyst with 

strong preference for gellation and one with weak preference for blowing are chosen, 

polyurethane foam with small pores and high density can be produced [27].  

 

The catalysts can be classified two categories: amine and Sn catalysts. Mostly used amine 

catalysts to prepare polyurethane foams are Bis(2-dimethylaminoethyl)ether (DMDEE), 

bis(2-dimethylaminoethyl)ether (BDMAEE), N,N,N´,N´´,N´´-pentamethyldipropylene 

triamine (PMDPTA) and triethylene diamine (TEDA) (Figure 2). DMDEE is a catalyst which 

has a high selectivity toward water because of the formation of chelatkomplexe [23]: with two 

nitrogen and three oxygen atoms, DMDEE contains five potential hydrogen-bonding sites. 

Compared with DMDEE, the selectivity of bis(2-dimethylaminoethyl)ether (BDMAEE) 

toward water is not quite high; because it dose not have so many H-bonding sites like in 

DMDEE. The NMe2 nitrogen centres in BDMAEE are less steric hindered than in DMDEE, 

allowing access of alcohol [23]. N,N,N´,N´´,N´´-pentamethyldipropylene triamine (PMDPTA) 

has a higher preference for gellation reaction; because the active amine centres are separated 

Aromatic  
diisocyanate 

Droplets with diol and water Droplets with diisocyanate 

Polymerization 

precipitation of  
polyurethane particles Droplets with  

less water or without water 
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by propylene bridges which places the amine centres apart, making the chelation of water 

entropically less favourable [23]. The catalyst TEDA is a most powerful catalyst with a high 

selectivity toward diols in these four catalysts. Its structure does not allow chelation of water 

and the nitrogen atoms have much less steric hindrance compared with the other catalysts 

[23]. This makes coordination of the larger diols reactants to the amine groups in 

diisocyanates much easier.  

 

 

Figure 2. Amine catalysts and their selectivity [23].  

 

3.1.3 The reactivity of diisocyanates  

It is known that aliphatic diisocyanates have much lower reactivity than aromatic ones due to 

their chemical structure. The resonance structure of the aliphatic isocyanate shows the 

electron density concentrating only at the nitrogen and the oxygen atoms (Figure 3). In 

aromatic isocyanate, the electron density is delocalized in the whole aromatic ring causing a 

higher positive charge on the carbon atom of the isocyanate group NCO [23]. Hence it is 

more reactive towards nucleophiles such as alcohols and protic amines. One idea for a stable 

emulsion to prepare porous polyurethane particles is to use a mixture of aromatic diisocyanate 

MDI and aliphatic diisocynates hexamethylene diisocyanate (HMDI) which can suppress the 

reactivity of the 4,4′-methylenebis(phenyl isocyanate (MDI). 
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Figure 3. Resonance structure of the aromatic isocyanate group [23]. 

 

 

3.2 Preparation of a stable emulsion 

With this idea, a set of experiments was carried out in which a mixture of aromatic and 

aliphatic diisocyanates with a ratio varying from 1:5 to 2:1 was used. The experiments were 

simplified by using only 1,4-bis(hydroxymethyl) cyclohexane (BHC) as monomer in absence 

of water. The preparation consisted of two steps: at first, an emulsion was formed with BHC 

in Dimethylformamide (DMF) as dispersed phase. BHC was catalyzed with triethylene 

diamine (TEDA) which had high selectivity toward diols (BHC was mixed with BHC). The 

mixture of aromatic and aliphatic diisocyanate in DMF was slowly dropped into this 

emulsion. The polymerization was carried out for eight hours and then was stopped by 

addition of n-hexane. The particles were collected by using a separating tunnel (Figure 4).  

 

 

Figure 4. Schematic representation of a synthesis of polyurethane particles with a mixture of  

               aromatic and aliphatic diisocyanates.  
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These emulsions showed a high stability than the one containing only aromatic diisocyanates. 

Only in the sample YZ140 with a ratio 2:1 a small amount of aggregates was observed. The 

improved stability suggested that the reactivity of diisocyanates was sufficiently suppressed 

by adding aliphatic ones. The reaction between diisocyanates and diols took place after that 

diisocyanates had been homogenously dispersed as small droplets in the emulsion. In 

addition, an improved solubility of aromatic diisocyanate in DMF was also observed. MDI 

itself could only be suspended in DMF. But the mixture of MDI and HMDI in DMF was a 

stable solution which could be better dispersed in the continuous phase.  

 

Dispersion MDI 

(mmol) 

HMDI 

(mmol) 

Diol 

(mmol) 

Catalyst  

(mg) 

Particle 

(nm) 

YZ122 0 1 1 10 Aggregates 

YZ123 0.5 2.5 2.5 10 200-500 

YZ133 0.5 2.0 2.5 10 300-500 

YZ135 0.5 0.5 1 10 50 

YZ140 0.5 0.25 0.77 10 150-200 

Table 1. Composition of the emulsions and analytical data of the polyurethane particles with 

different ratios of aromatic to aliphatic diisocyanates 

 

As shown in Table 1 and SEM image (Figure 5), the ratio of aromatic diisocyanate to 

aliphatic showed a strong influence on the particle size. In the case of YZ123 (Figure 5-A) 

with a ratio 1: 5 (aromatic one to aliphatic one), the particles size had a broad distribution 

between 200 nm and 500 nm. Similarly by sample YZ133 (Figure 5-B) with a ratio 1:4, the 

particle size was in the range of between 300 nm and 500 nm. When the same amount of 

aromatic diisocyanate was used as the aliphatic one (sample YZ135 in Figure 5-C), the 

particles size showed a narrow distribution about 50 nm. When the content of aromatic 

diisocyanate was more than aliphatic one (sample YZ140 with ratio 2:1 in Figure 5-D), the 

particles size distribution became broader again between 150 nm and 200 nm with a small 

amount of aggregates. The dependence of the particle size on the ratio MDI/HMDI was 

presented in Figure 6. It showed that the ratio 1:1 gave the narrowest distribution of particle 

size and smallest particles. 
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Figure 5. SEM images of polyurethane particles synthesized with different ratios of aromatic  

               to aliphatic diisocyanates.  

 

 

Figure 6. The diagram of the particle size versus the ratios MDI/ HMDI 
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The change of the particle sizes could be explained by the miscibility of the mixture of 

diisocyanates (MDI and HMDI) with the continuous phase n-hexane. Because HMDI had a 

good solubility in n-hexane, a high content of HMDI in the mixture could lead a high 

miscibility in the continuous phase. Therefore diisocyanate could diffuses into the continuous 

phase, causing Ostwald ripening effect: small droplets coalesced to large ones (as observed in 

sample YZ123 (HMDI : MDI 5:1, ). With a suitable content of HMDI, the mixture of 

diisocyanate had a low miscibility in continuous phase, like in the sample YZ135 (MDI to 

HMDI 1:1), Ostwald ripening effect was most strongly suppressed and the particles had 

narrow distribution. 

 

3.3 Preparation of polyurethane porous particles  

3.3.1 Fission/fusion method 

3.3.1.1 Preparation of porous particles 

In preparation of porous particles, a mixture of aromatic and aliphatic diisocyanate was used 

to form a stable emulsion. Another problem in the previous work was that not all of particles 

were porous. It could be caused by inhomogenously distributed water in the emulsion. A 

fission/fusion method was used in this work to solve this problem. This method was reported 

to distribute carbon black in polymer particles: the fission/fusion process destroys all liquid 

droplets, and only hybrid ones being composed of all of kinds of compounds remained due to 

their higher stability [28]. This process could be realized by high energy ultrasound. In the 

present work, water and diols as monomers were dispersed in an emulsion with the 

fission/fusion process.  

 

The preparation of porous polyurethane particles consisted of two steps: at first water with 

catalyst DMDEE (high selective toward water) and diol with catalyst TEDA (with high 

selective toward diol) were separately mixed with DMF. Then both mixtures were used as 

dispersed phase to form separated emulsions which were later mixed together by treatment of 

ultrasound to form a new emulsion. At the next step, a mixture of aliphatic and aromatic 

diisocyanates with a ratio 1:1 was dropwise added into the new formed emulsion. The 

polymerization was carried out for eight hours and was stopped by addition of an excess of n-

hexane. The particles were collected from the dispersion by using a separating funnel (Figure 

7). 
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Figure 7. Schematic representation of the synthesis of polyurethane porous particles with    

               fission/fusion method 

 

 

 

 

Figure 8. The reactions in preparation of porous polyurethane particles  

 

 

Two reactions took place during the preparation: the reaction between diisocyanate and diol 

was for polyurethane pore walls (Figure 8). Diisocyanate reacts with water releasing CO2 

forming porous structure in the particles.  
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Dispersion Water 

(mmol) 

Diol 

(mmol) 

MDI 

(mmol) 

HMDI 

(mmol) 

Particle 

(µm) 

Porosity 

YZ134 1 1 1 1 0.05 No 

YZ136 3 1 2 2 2-2.5 Yes 

YZ169 5 1 4.5 4.5 1.5-2 Yes 

YZ143 10 1 5.5 5.5 1-3 Yes 

YZ144 20 1 10.5 10.5 2 Yes 

Table 2. The composition of the emulsions and the analytical data of the porous particles. 

 

To investigate the influence of amount of water on the porosity, a set of experiments were 

carried out where the ratio water to diol varying from 1:1 to 20:1. As shown in Figure 9 (A 

and B), in sample YZ134 with a ratio of 1:1 (water to diol) the obtained particles had an 

average size 50 nm, but were not porous. When the ratio was increased to 3:1 (water to diol), 

the particles became porous (sample YZ136 Figure 9 C and D).  Some particles with large 

holes were observed and some ones with polymer fibrils.  

 

Figure 9. SEM images of sample YZ134 and YZ 136. 
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At the ratio of water to diol of 10:1 (sample YZ143 in Figure 10 A and B), the original 

spherical shape of the particles was almost completely destroyed, probably caused by a quick 

release of a high amount of carbon dioxide. In the sample YZ144 (Figure 10 C and D), the 

amount of water was twenty times higher than that of diols. Here the porous structure was 

very different from the other samples. It consisted of small particles with a size about 20 nm. 

It was reported that in polyurethane foam crystal microdomains from hard polyurea segment 

with a size ranging from 20 nm to 100 nm were sometimes observed [29, 30]. The small 

particles here could be polyurea microdomains. The results above demonstrated that the ratio 

of water to diol played an important role for the porous structure. 

 

 Figure 10. SEM images of sample YZ143 and YZ144 

 

3.3.1.2 The influence of different catalysts 

For preparation of polyurethane foam, the porous structure could be controlled by the chose 

of different catalysts. Here the influence of the catalysts on the porosity in particles was 

studied by using four different catalysts: DMDEE, BDMAEE, PMDPTA and TEDA. The 

selectivity towards to water decreases from DMDEE to TEDA, but selectivity towards diol 

YZ143 

Water /diol 10:1 
YZ143 

Water/diol 10:1 

A B 

2 µm 1 µm 

YZ144 

Water /diol 20:1 
YZ144 

Water/diol 20:1 
10 µm 200 nm 

C D 



Chapter 3. Dispersions of polyurethane and polyurea Porous Particles                                  33 

                 

increases (in sec 3.1.2 Figure 2). A set of experiments were carried out by using these 

catalysts (Table 3). 

 

 Catalyst A Catalyst B Particle size (µm) 

YZ51  DMDEE (100 mmol)  1 

YZ52 DMDEE (50 mmol) BDMAEE (50 mmol) 1.5 

YZ53 DMDEE (50 mmol) PMDETA (50 mmol) 2.5 

YZ55 DMDEE (50 mmol) TEDA      (50 mmol) 2 

YZ55 TEDA    (100 mmol)  0.7 

Table 3. The chosen catalysts and the amount used in the polymerization. 

 

 

Figure 11. The SEM images of polyurethane porous particles with different catalysts. 

 

The porosity of the obtained polyurethane particles were investigated by SEM: in the case 

where only DMDEE (highly selectivity toward water) was used (sample YZ51 in Figure 11 

A), shrunk particles were observed. Probably CO2 was released too early and the pore walls 

were still soft (low molecular weight, low mechanical strength). In the sample where reaction 
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between diisocyanate and water was catalyzed by DMDEE (highly selectivity toward water) 

and the reaction between diisocyanate and diol by BDMAEE (high selectivity towards water), 

particles with a lot of shrunk pores were also obtained (Sample YZ52 in Figure 11 B). When 

both reactions were catalyzed with differently selective catalysts in sample YZ53 (DMDEE 

with high selectivity towards water and PMDPTA with high selectivity towards diol) and in 

sample YZ54 (DMDEE with high selectivity towards water and TEDA with high selectivity 

towards diol): particles with high homogeneous porosity were obtained (in Figure 11 C and 

D). When only catalyst TEDA with strong selectivity to diol was used (Sample YZ55 in 

Figure 12), broken particle with inhomogeneous pores were observed. Furthermore, the pore 

walls were much thicker than in other sample. The results demonstrated that homogenously 

porous structure strongly depended on the balance of two reactions: gellation reaction 

(reaction between diisocyanate and diol) and blowing reaction (reaction between diisocyanate 

and water).  

 

 

Figure 12. The SEM image of polyurethane porous particles from sample YZ55 
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3.3.1.3 The influence of molecular weight of diols 

It was also reported that the porosity of polyurethane foams could be controlled by using diol 

with different molecular weights [25, 31, 32]. Hard polyurethane foams containing small 

pores were synthesized with low-molecular-weight polyethylenglycols (PEO) and soft foams 

containing large pores by using high-molecular-weight one. In the present work, PEO with 

different molecular weight was also studied. 

 

Polyethylenglycols with a molecular weigh from 500 g/mol to 2000 g/mol were chosen as 

monomers. Two catalysts were used: DMDEE for the reaction between water and 

diisocyanates, TEDA for the reaction between polyethylenglycols and diisocyanates. The 

ratio of water to polyethylenglycols was kept constant at 3:1. It was found that 

polyethylenglycols were difficult dispersed in the emulsions which had to be treated by 

ultrasonication for one hour. The emulsions kept only stable for short time after the addition 

of diisocyanates. These results suggested that this emulsion could not stabilize polymers as 

monomers.  

 

3.3.1.4 The drawback of fission/fusion method 

In this study, “compact particles” were sometimes observed (Figure 13) in some samples, 

when diisocyanates were too slowly dropped into the emulsion. But when these particles were 

washed by THF, a layer of shin on the particles was removed and the particles became 

porous. The formation of shin could be caused by the side reaction of diisocyanates: 

Diisocyanates could react not only with water and diol, and also with the urethane and urea 

groups, due to their high reactivity. During the polymerisation, the viscosity of particles 

became higher and higher. After sometime, the viscosity was so high, that diisocyanates could 

not diffuse into partials, but only react on the surface of the particles where there were only 

urethane and urea groups. Hence a layer of skin was formed on the particles. 
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Figure 13. SEM images of sample YZ169. Left: before washing with THF; right: after  

                 washing with THF. 

 

3.3.2 Combination method 

To prevent the formation of shin, another method was investigated where diisocyanates in 

DMF and diol in DMF were used as dispersed phase to separately form emulsions. The 

particles were prepared by mixture both emulsions. An important point in this method was 

that diisocyanate had an excess compared with diol. The polyurethane chains in the particles 

were with isocyanate end groups which could react later with water, releasing CO2 forming 

porous structure.  

 

The method consisted of three steps: at the first step, two emulsions were prepared with 

diisocyanate (consisting of aromatic and aliphatic diisocyanate with a ratio 1:1) and diol (with 

a mixture of DMDEE and TEDA catalysts) as dispersed phase. At the second step, both 

emulsions were mixed by treatment of ultrasound. The new formed emulsion was stirred for 8 

h at room temperature. At the end, the obtained particles were washed with hydrous THF. 

This process took one day to three days. The preparation of porous polyurethane particles was 

shown in the Figure 14. A series of experiments were carried out where the ratio of 

diisocyanates to diol varied from 6:2.5 to 3:2.5. Table 4 presented the composition of the 

emulsions and the analytic data of the resulting particles.  
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Figure 14. Schematic preparation of porous particles with combination method 

 

 

Sample MDI/HMDI 

(mmol) 

Diol 

(mmol) 

Particle 

(µm) 

Yield 

(%) 

YZ205 6 2.5 1 80 

YZ235 5 2.5 1 92 

YZ168 4 2.5 2.5 98 

YZ197 3 2.5 2.0 91 

Table 4. The composition to prepare porous particles with combination method. 

 

Highly porous particles were obtained and it was found that the porosity was strongly 

influenced by the ratio of diisocyanates to diols. In the sample YZ205 with a ratio of 

diisocyanate to diol 6:2.5, the particles were partly dissolved in THF. When the content of 

diisocyanate was decreased (with a ratio of diisocyanate to diol 5:2.5 in sample YZ235), 

particles with small holes were observed seen in Figure 15. The surface of the particles was 

shrunk a little bite.  

Droplets with Diol 
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Figure 15. SEM images of sample YZ205 and YZ235 

 

When the amount of diisocyanate monomer was two times higher than diol (sample YZ168), 

porous particles with highly homogenous porosity were obtained. The porous structure looked 

as tiny petals. On the surface of the particles, no shin was formed. Figure 16 shows the images 

of the particles before and after washing with THF. They became highly porous after washing 

and the size was increased from 0.2 µm to 1 µm. The results clearly demonstrate that water in 

THF was diffusing into the particles and reacted with isocyanate groups because of the diffuse 

gradient energy.  

 

YZ205 2 µm YZ205 1 µm 

YZ235 1 µm YZ235 200 nm 
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Figure 16. The SEM images of the particles from YZ168. A: the particles before washing  

                 with THF. B: after washing with THF, the particles became porous.  

 

When the ratio was 3:2.5 (sample YZ197), the particles became only partially porous after 

washing in THF. They looked like blossoms that didn’t open up completely. Some of the 

particles were even compact (Figure 17). 

 

Figure 17. SEM images of porous particles synthesized with combination method 

 

 

3.4 Preparation of polyurea porous particles 

3.4.1 The history of polyurea particles 

Polyurea, a material with excellent mechanical properties because of the rich hydrogen bonds, 

has been intensively studied for different applications. It was used in army vehicles for blast 

protection because of its high strain rates [33, 34]. Polyurea composite with the silica particles 

showed high flexural strength [35]. Since polyurea was completely insoluble in water, and 

Before washing After washing 

YZ168 1 µm YZ168 200 nm 

YZ 197 YZ 197 2 µm 200 nm 
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chemically resistant to common organic solvents, polyurea capsules were used for transport 

and release of diverse compounds, such as ink toners, pesticides, and enzyme-loaded 

bioreactors [36]. Another important class of substances based on polyurea were polyurea 

aerogels which consisted of polyurea particles assembled together via a cluster-cluster 

aggregation mechanism [37, 38]. The large internal void space between particles was 

responsible for very low thermal conductivities and high acoustic attenuation, which was 

extremely attractive for practical applications. By now, porous polyurea particles were rarely 

reported in the literature. In the present work, porous polyurea particles will be prepared by 

reaction between diisocyanate and water. 

 

3.4.2 Preparation of porous particles 

The synthesis consisted of two steps: at the first step, diisocyanates (a mixture of aromatic and 

aliphatic diisocyanates with a ratio 1:1) and water (with DMDEE which had a high selectivity 

toward water) were used as dispersed phase to form separated emulsions. At the second step, 

both emulsions were mixed by treatment of ultrasound, and then stirred for 8 hours (Figure 

18). The polymerization was carried out for eight hours and stopped by addition of n-hexane. 

The particles were collected by using a separating funnel. 

 

 

 

Figure 18. A schematic representation of the preparation of porous polyurea particles 
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Sample MDI/HMDI 

(mmol) 

Water 

(mmol) 

Particle  

(nm) 

YZ98 1 1 200-400 

YZ99 1.1 1 100-400 

YZ100 1.2 1 50 

Table 5. Composition for preparation of porous polyurea particles.  

 

High porous particles were obtained. To study the influence of amount of water on the 

porosity, the ratio of diisocyanates to water was varied from 1:1 to 1.2:1. Table 5 presented 

the composition of the emulsions and the analytic data of the resulting particles. It was found 

that the porosity of the particles was strongly influenced by the ratio (diisocyanates to water). 

With a ratio 1:1, porous particles with a size distribution between 200 nm to 400 nm were 

formed (sample YZ98 in figure 19). The particles were much smaller than porous 

polyurethane particles with a size about 2 µm (in section 3.3.1). The porous structure was 

formed by loosely contacting of small domains about 20 nm. It was similar to the one in the 

porous polyurethane particles with high content of water (water to diol 20:1) (section 3.3.1 

sample YZ144). The domains were probably “polyurea microdomains” which were observed 

in polyurethane foam  [25].  

 

 

Figure 19. SEM images for porous polyurea particles (Sample YZ98).  

 

When diisocyanate had a 10% excess compared to diols, not only spherical small porous 

particles with a size about 100 nm, but also porous sticks with a length of 400 nm were 

obtained (Figure 20). The sticks could be aggregates of small particles, because of high 

surface area energy of the small particles. 

YZ98 200 nm YZ98 100 nm 
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Figure 20. Porous polyurea particles from sample YZ99 

 

As the diisocyanates had an excess of 20 % compared with diols, no spherical porous 

particles, but porous aggregates were formed by loosely contacting of polyurea microdomains 

(Figure 21).  

 

YZ100 YZ100
1 µm 100 nmYZ100 YZ100
1 µm 100 nm

 

Figure 21. Porous polyurea particles from sample YZ100 

 

3.5 Porous particles used as filling material 

The obtained polyurethane porous particles were investigated as filling material for 

polyurethane and polystyrene composites. The addition of these particles could enhance the 

mechanical strength of the composites because of numerous hydrogen bonds. In addition, the 

large surface area could provide high amount of anchor points between matrix and porous 

particles, increasing the interaction.  

 

YZ99 2 µm 200 nm 
YZ99 
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3.5.1 Polyurethane composites 

For the polyurethane composites, polyisocyanate (Desmophen) and polyol (Desmophe 680) 

were used as monomers to prepare polyurethane matrix. The two monomers and porous 

polyurethane particles were mixed together in a small amount of THF. The mixture was 

treated by ultrasonication for 30 minutes, and then poured into moulds which were later dried 

at 80 oC for 8 hours in a vacuum. A serial of sample was made that the content of porous 

particles was varied from 0 wt% to 7.8 wt%, to investigate the effect of the porous particles 

on mechanical strengths of polymer composites 

 

At first the compatibility between polyurethane matrix and polyurethane particles were 

investigated by SEM (Figure 22). No aggregation of porous particles appeared in the 

composites. The good compatibility could be explained by the strong interaction of hydrogen 

bonds between them.  

 

 

Figure 22. The SEM image of the polyurethane composites.  
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To investigate the influence of porous polyurethane particles on the mechanical strength, the 

composites were measured by dynamic mechanical thermal analysis (DMTA). The curves of 

the storage modulus showed high sensitivity to content of porous particles. With increasing 

content from 0 wt% to 7.8wt%, the storage modulus increased from 2.2x108 to 6x108 which 

were almost three times higher than the pure matrix. The enhanced storage modulus could be 

explained from three sides: first, porous polyurethane particle had a strong mechanical 

strength because of the aromatic urethane groups. Second, the particles and the matrix had 

good compatibility due to the strong interaction of the hydrogen bonds. At last, the porous 

particles had high surface area which provides large amount of anchor points with the matrix, 

increasing the interaction with the matrices. 
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Figure 23. The diagram of the storage modulus of PU composites versus the content of porous  

                  particles 

 

 

 

3.5.2 Polystyrene composites 

Polystyrene composites were also investigated in this study: polystyrene with molecular 

weight 18 000g/mol was used as matrix. Porous polyurethane particles and the polystyrene 
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were mixed in THF by treatment of ultrasonication for 30 min to obtain a homogenous 

dispersion. Then the mixture was poured into moulds which were dried at 80oC for 8 hours 

under vacuum to remove the THF. The content of the particles from 0 wt% to 10 wt% was 

varied to study the influence of porous particles on the mechanical strength. 

 

The compatibility between the matrix and the porous particles was investigated by SEM. In 

contrast to polyurethane composites, aggregates of porous polyurethane particles were formed 

in the polystyrene matrix (Figure 24).  In addition, phase-separation was also observed. The 

incompatibility between the polyurethane particles and polystyrene matrices could be 

explained by a weak interaction between them. 

 

 

Figure 24. The SEM image of polystyrene composite with polyurethane porous particles. 

 

The mechanical properties of the polystyrene composites were investigated by dynamic 

mechanical thermal analysis (DMTA) (Figure 25). The storage modulus of the composites did 

not show an obvious enhancement with increasing content of porous particles. For the sample 

with 10 wt%, the modulus had only 10 % increase compared with the pure matrix. In contrast, 
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polyurethane composites with 7 wt% particles showed an increased about 300%. The 

difference could be explained by the formation of aggregates of particles in the polystyrene 

particles. These results clearly demonstrate that mechanical strength of composites could only 

be improved by addition of filler material when matrix had strong interaction with filling 

material (good compatibility). Weak compatibility could even weaken the mechanical 

properties of the matrix. 
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Figure 25. The diagram of the storage modulus of PS composites versus the content of porous  

                  particles 

 

 

3.6 Porous particles as catalyst carriers 

3.6.1 The history of catalyst carriers  

Porous particles were already intensively studied as catalyst carrier in the literature. The 

mostly investigated ones were inorganic porous particles such as silica, Al2O3 and MgCl2 

particles [14, 39, 40]. In these studies, it was shown that the activity of the supported catalysts 

needed long time to reach its maximum. This phenomenon was explained with four phase 

[39] [40] (Figure 26): at beginning of polymerization, the catalyst was adsorbed on the pore 
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walls of the porous particles and monomer could directly react with the active centres of the 

catalyst. Hence the activity of the catalyst showed a small jump. But a crystal layer of 

polymer was quickly built on the pore walls, which strongly hindered future diffusion of the 

monomer to the active centres. Therefore, at the second phase the activity decreased 

dramatically. During the polymerization, the growing polymer in the particles imparted 

hydraulic forces to the support particles and fragmented them slowly into small pieces. Little 

by little, more and more active centres became again accessible to the monomer. At the third 

phase, the activity of the catalyst slowly reached maximum, while the support particles were 

completely fragmented and the active centres all accessible. In the fourth phase, monomer had 

to again diffuse through a crystal layer of polymer to the active centres. Hence a decreasing 

activity of the catalysts was observed. This model of describing the polymerization in the 

presence of on hard inorganic supported catalysts was called “polymer-growth and particle-

expansion model” . 

 

Figure 26. The activity change of catalysts on hard inorganic support particle during the  

                 polymerization. The images are the typical profile of the polymerization with a  

                 silica supported catalyst [39]. 

 

Different to catalysts supported on hard inorganic particles, the ones supported on soft 

polymer particles showed a maximum activity immediately after polymerization began [40-

45] (Figure 27). The explanation is that soft polymer particles could be swollen in catalyst 

solvents (different to inorganic particles) and monomers could be directly adsorbed in the 
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particles, not only on surface of the pore walls. The particles were immediately fragmented by 

the growing polymer and all of active centres of catalysts became accessible. Hence the 

catalyst reached its maximum activity at the beginning of the polymerization.  

 

 

 

Figure 27. The activity change of catalysts on soft polymer support particles during 

polymerization [40]. 

 

Compared to hard inorganic particles, soft polymer support particles had another important 

advantage: they were easily adjustable for different catalysts due to the versatile functional of 

the surface [40, 45].  In present work, the obtained porous polyurethane particles were used as 

catalyst carrier, supporting a zirconium catalyst bearing phenoxy-imine ligand (FI-catalyst) 

and Methylaluminoxan (MAO) for polymerization of polyolefin. The polymerisation of 

polyolefin and the analyse of polyolefin is carried out by the colleague from the department of 

Synthetic Chemistry in Max Planck Institute for polymer research 

 

3.6.2 The polymerization of polyolefin  

The immobility of the zirconium catalyst and MAO on the porous polyurethane particles was 

achieved with two steps: at first, MAO was added into a dispersion of the porous particles in 
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toluene to prepare MAO pre-activated particles. In the next step, the zirconium catalyst was 

dropped onto the pre-activated particles. Then these particles with zirconium catalyst and 

MAO were put in the stainless steel reactor with a pressure 4 bar ethylene for polymerization. 

The preparation of polyethylene and the polymerization is presented in Figure 28. A pressure 

of 4 bar was applied in order to slow down the polymerization process for accurate data. 

Ethylene consumption was controlled by a mass flow-meter. Video microscopy was used to 

observe the growth of the supporting particles during the polymerization. A snapshot of the 

catalyst particles was taken every 10 s over a period of 1 h. The supporting particle was 

measured and converted into the equivalent circle diameter (ECD) which was normalized to 

the diameter ECD0 of the initial particle. 

 

 

Figure 28: Polymerization of ethylene using zirconium catalyst and MAO supported on 

polyurethane porous particles. 

 

 

In this study, the polymerization was carried out at 50 oC and 70 oC to investigate the 

influence of temperature on the activity of the catalyst. At 50 oC, the diameter of the particles 

after the polymerization showed an increase about 480% - 850% (Figure 29). From the 

diagram ECD/ECD0 versus time, it was found that particles grew slowly during the 

polymerization and no maximum was reached after one hour (Figure 30).  
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Figure 29. Porous particles before polymerization (left) and after polymerization at 50 oC 

(right). 
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Figure 30. The diagram of ECD/ECD0 versus time for the polymerization at 50 oC. 
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Figure 31. Porous particles after polymerization and after polymerization at 70 oC. 

 

At 70 oC, the particle sizes showed a growth about 750% to 1970% which was much higher 

than at 50 oC (Figure 31). The diagram ECD/ECD0 versus time showed that the size of the 

particles reached a maximum in the first 40 min (Figure 32). This growth tendency was 

similar to soft polymer particles, suggesting that the porous polyurethane particles were 

fragmented at begin of the polymerization.  
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Figure 32. The diagram of ECD/ECD0 versus time for polymerization at 70 oC. 
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The morphology of the particles was observed by SEM (Figure 33). While image (a) showed 

a porous polyurethane particle with zirconium catalyst and MAO, images (b) and (c) show the 

particles after 1 hour of polymerization at 50 °C and 70 °C (Figure 33). The pores in the 

polyurethane particles were filled with the polymer after polymerization at both temperatures. 

But the particles from 70 °C showed polymer fibrils on the surface (Figure 34). The formation 

of filaments was caused by the fragmentation of the supporting and high amount of accessible 

active centres of the catalyst. Such filaments were not observed on the surface of the polymer 

particles from 50 °C. The observation from SEM images agreed to the supposition from 

diagram ECD/ECD0 versus time. 

 

Figure 33. SEM images of polyurethane porous particle, (a) before the polymerization,  

                  after the polymerization at (b) 50 °C, and (c) 70 °C 

 

Figure 34. The morphology of the surface of the porous particles at 50 °C and 70 °C 
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3.7 Conclusion 

In this study, highly porous polyurethane and polyurea particles were prepared in a non-

aqueous emulsion. The porous structure was formed by the released CO2 from the reaction 

between diisocyanates and water. The preparation of porous particles consisted of two parts: 

at first, a system was developed where the emulsion had high stability for the polymerization 

among diisocyanate, diol and water. In the second part, porous particles were prepared by 

using two methods fission/fusion and combination by which highly porous particles were 

obtained. In this study, the applications of porous particles were also investigated where 

polyurethane particles were tested as filling material for polymer composites and as catalyst 

carrier for polyethylene polymerization.  As filling material, the porous polyurethane particles 

obviously increased the mechanical properties of polyurethane composites because of the 

strong interaction between the particles and the matrix (strong hydrogen bonds). As catalyst 

carried, the catalyst zirconium and MAO were successfully mobilized on the porous 

polyurethane particles. The catalyst showed high activity by that the supporting porous 

particles were fragmented during the polymerization.  
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4.1 Introduction 

4.1.1 Study of polymerization process 

Understanding the polymerization is a crucial issue for polymer science. Whereas many 

details of the macroscopic structure of polymer chains are obtained with traditional analytical 

techniques (such as ESR spectroscopy [1], size-exclusion chromatography [2], mass 

spectroscopy [3], NMR [4] and fluorescence spectroscopy [5]), but some properties can be 

only understood in terms of the molecular structure. Single Molecule Fluorescence Detection 

(SMFD) is a technique which can resolve details of individual polymer chains at manometer 

scale. With this technique, the conformation [6, 7] and mobility of the polymer chains [8, 9] 

are investigated by detection of the inbuilt dye molecules in the chains. For example, 

conjugated polyfluorene chains were investigated by detecting the distance between two end-

capping perylene-imide dyes [6]. It was found that the polyfluorene polymer chains 

predominantly had a linear conformation, but with some kinks due to rotations of C-C bonds 

[6] (Figure 1).  

 

 

 

Figure 1. Left: perylene-imide end-capped polyfluorene. Right: schematic representation of  

               the effect of the rotation of polymer chains on their conformation [6].  

 

Polyfluorene conjugated polymers was also studied in another research group by labeling up 

to seven perylene-imide dyes in the chains [8] (Figure 2). It was found that the chains had a 

relatively rigid conformation which agreed with the results in the first study [6]. 
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Figure 2. Determination of the conformation of a polyfluorene conjugated chain with   

               incorporated PDI labels [8]. 

 

 

Until today, SMFD is not yet used to investigate the details of polymer particles prepared via 

emulsion. In the present work, PMMA and polyurethane (PU) particles will be investigated 

with this method. Both polymers are typical for radical polymerization and polyaddition 

which have different polymerization mechanisms. In addition, in this work perylene-imide 

dyes (PDI) with good photo-stability, high molar extinction coefficient and fluorescence 

quantum yield will be used as labels incorporated into the polymer chains. The incorporation 

will be achieved by using PDI containing double bonds or hydroxyl groups, acting as 

monomers. Both kinds of particles will be prepared via a non-aqueous emulsion in which the 
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dispersed phase DMF is an excellent solvent for the perylene-imide dyes. It is very important 

for a stable emulsion and a homogenous distribution of the dye molecules in the particles. 

Otherwise non-aqueous emulsion hinders the side reaction between monomer diisocyanates 

and water.  

 

4.1.2 Chain-growth and step-growth Polymerization 

Based on the significant difference in the mechanism, polymerization is classified into chain-

growth and step-growth polymerization. There are several features in which both 

polymerizations are different. But the most important difference is the characters of 

monomers which they use. 

 

 

Figure 3. A generic representation of a chain-growth polymerization (Single dots represent  

               monomers and chains of dots represent polymers) [10]. 

 

The monomers for chain-growth polymerization do not react with each other, but only with a 

reactive center. An initiator is used to produce the reactive center which can be a free radical, 

cation or anion. Polymer chains propagate at the reactive center by successive additions of 

monomers one by one (Figure 3). The growth can be stopped by destroying the reactive 

centre, called termination reaction. The process of chain-growth polymerization can be 

depicted as: 
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Star                    Initiator I  2R*          

Propagation       R* + M  R-M* 

                          R-M* + nM  R-Mn+1* 

Termination      R-Mn+1* + R-Mm+1*  R-Mn-M-M-Mm-R 

 

In step growth polymerization, each monomer molecule must contain at least two functional 

groups. Depending on the assignation of the functional groups to the monomers, step growth 

polymerization is divided into AABB-type and AB-type. When each monomer has only one 

kind of functional group, two different types of monomers with complementary functional 

groups are required [11]. This process is called AABB-type reaction (1.1). If each monomer 

molecule has two complementary functional groups, step growth polymerization can occur 

with only one type of monomer. This is called AB-type reaction (1.2). Normally in step-

growth polymerization, monomers are tied by conventional organic reactions, such as 

esterification, amidation and the formation of urethanes, [11].  

 

A A B B A A B B
n

 

A B A B A B
n

 

n n

n

+ (1.1)

(1.2)

 

 

The growth of polymer chains is a rather slow process: the first step is the formation of 

dimers from monomers, which proceed to react with monomers or themselves to form trimers 

and tetramers [11, 12] (Figure 4). This reaction continues until large polymer chains have 

been formed.  
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Figure 4. A generic representation of a step-growth polymerization. (Single white dots  

               represent monomers and black chains represent oligomers and polymers) [13]  

 

4.1.3 Fluorescence Detection 

When a dye molecule absorbs photons, the electrons staying in the Highest Occupied 

Molecular Orbital (HOMO) S0 of the molecule can be promoted onto the Lowest Unoccupied 

Molecular Orbital (LUMO) S1. These promoted electrons are not stable, so that they have 

strong trendy to go back to HOMO, emitting luminescence (fluorescence or 

phosphorescence). The Perin-Jablonski diagram explains the possible emission processes 

(fluorescence or phosphorescence) in a simple way (Figure 5). The emission of fluorescence 

happens during the transition of an electron from S1  S0. The fluorescence band is located at 

higher wavelength than the absorption one, because a part of energy is lost by vibration 

relaxation as heat. The electron can also be transited into another energy level S1T1 called 

intersystem crossing (ISC) with a vibrational relaxation. But the electron is still instable in 

this level and goes continuously into lower energy level T1  S0 with an emission of 

phosphorescence (Figure 5). The phosphorescence is located at wavelength higher than the 

fluorescence due to ISC vibrational relaxation. 

 

When an electron is promoted onto orbital with high energy level (Sn n>1), a directly 

transition from Sn  S0 (n > 1) is hardly probable because of too large energy gap between Sn 

and S0. An internal conversion of the electron from Sn  S1 (IC) oft occurs in this case 

(Figure 5). The excited electron undergoes vibrational relaxation and release energy to the 

http://en.wikipedia.org/wiki/File:Step-growth_polymerization.jpg
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environment as heat. At the next step, the electron is converted from S1  S0 with emission of 

photons (fluorescence). The fluorescence band is also located at higher wavelength than the 

absorption one, because a part of energy is lost by IC vibration relaxation. 

 

 

Figure 5. Perrin-Jablonski diagram and illustration of absorption of fluorescence and 

phosphorescence. 
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4.1.4 Single Molecule Fluorescence Detection 

A fluorescent dye molecule is essentially considered as a dipole antenna with an anisotropic 

emission in space, meaning that individual molecules do not emit photos equally in every 

direction. The transition dipole moment of the emission from a dye molecule can be detected 

by defocused wide-field imaging method, one of single molecule fluorescence detections [8]. 

A charge-coupled device (CCD) camera gathers the anisotropic emission and takes photos as 

patterns. To obtain a clearer pattern, a sample should be moved slightly toward the objective 

(or the objective toward the sample) over a short distance (defocusing depths d) (Figure 6a) 

[8]. The resulting image patterns are then matched to the closest patterns in a theoretical 

library (figure 6b-6c) to turn out the in-plane (ϕ) and out-of-plane (θ) orientation of the dye 

molecule (Figure 6d-6e) [14-16]. The two-lobe of the patterns of a dye changes their 

orientations and structure, when in-plane (ϕ) and out-of-plane (θ) angles vary [17]. One 

example of two typical patterns are shown in Figure 6d and 6e (experimental patterns (left) 

and the calculated theoretical fits (right)).   

 

 

Figure 6. Defocused wide-field imaging [8].  

a) When a dye molecule emits, the resulting image becomes anistropic and provides 

information on its orientation. 

b) Example for emission patterns for different defocusing depths (d) and different out-of-

plane angles (θ).  

c) Example for emission patterns for different out-of-plane (θ) and in-plane (ϕ) angles.  

d–e) Example for experimental patterns (left) and the calculated theoretical fits (right). 
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The spatial resolution of fluorescence microscopy in defocused wide-field imaging method is 

limited to hundreds nanometer. But when dye molecules stay together in a distance of a few 

of nanometers, the obtained patterns are not from a single dye, but all of them. This problem 

can be solved by isolating the emission of a single dye molecule from others by use of 

stochastic fluorescence photobleaching, so that the position and orientation of each dye 

molecule can be accurately determined. In figure 7, an example is given in which a spot 

consists of two dye molecules. In the step I, a pattern of the sum emission of both dyes is 

taken. In step II, a dye molecule undergoes photobleaching and only another surviving dye 

emits fluorescence. The obtained pattern in step II belongs to this surviving dye. By 

subtracting the pattern of the surviving dye from the sum emission, the pattern of the second 

dye can be obtained (Figure 7) [8].  

 

Figure 7. Determination of the positions and orientations of a two-chromophore system [8].  

a) Fluorescence intensity traces of an emission spot containing the contributions of two PDI 

dyes.  

b) The normalized emission patterns corresponding to the different steps in the intensity trace. 

c) The fitted theoretical patterns together with their orientations and the relative distance 

between the two emitters. . 
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4.1.5 Synthesis of perylene dye 

 

Figure 8. The structure of polycyclic aromatic compound (left) and numeration of perylene 

(right) 

 

Well-known pigment perylene is a polycyclic aromatic compound with five phenyl rings. Its 

physical and chemical properties can be designed by introduction of suitable functional 

groups at the bay- and peri- position of the five rings (Figure 8 right). For example, at the bay 

position sterically hindering function groups like phenolyl functional groups can be 

introduced to improve the solubility of perylene dye; because the four phenol groups do not 

lie on one plane, but form a 3-dimensional structure, preventing aggregation of perylene 

molecules (Aggregation of dye molecules is caused by the large conjugating -network in the 

five phenyl rings). The transition of phenol groups is achieved by substantiation of chloride 

derivate (Figure 9-6). The chloride derivative is commonly synthesized by chlorinating 

3,4,9,10-perylenetetracarboxylic acid dianhydride with chlorine (Figure 9-3 or 9-2). At the 

peri position, functional groups are usually introduced to “design” chemical characters of 

perylene dyes. For example, OH or double bonds can be introduced by that perylene 3,4,9,10-

tetracarboxylic acid dianhydrides reacts with primary amine containing the functional groups 

(Figure 9-1 or 9-4).   
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Figure 9. The preparation of a perylenediimide derivative (PDI) by substitution at bay or peri 

positions. 

 

In the present work, perylenediimide derivative (PDI) with double bonds and hydroxyl groups 

are chosen as monomers for the polymerization. PDI with double bonds was already 

synthesized for a study of heterogeneities of radical polymerization in bulk (Figure 10) [9]. 

The reaction between perylenetetracarboxy dianhydride (1) and aminalkylstyrene (2) affords 

carbodiimid (3) with two double bonds at peri position. The four chlorides in the bay regions 

are substituted by tert-octylphenol as steric hindrance (4). The reaction is carried out for 16 

hours by using N-methylpyrrolidone as a solvent at 90oC. K2CO3 as a catalyst is used. After 

acidic workup, the desired product (5) is purified with column chromatography on silica with 

26% yield  [9]. The PDI for this work is synthesized by the colleague form the department of 

Synthetic Chemistry in Max Planck Institute for polymer research.  
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Figure 10. The synthesis of PDI with double bond [9]. 

 

 

4.2 PMMA particles loaded with PDI dyes 

4.2.1 Preparation of PMMA particles with PDI dyes  

Before preparation of PMMA particles, the amount of PDI had to be determined which 

played very important role for the single molecule fluorescence detection. When only one or 

two dye molecules were in a particle, the information was not enough to describe their 

distribution. When there were too many dyes which could stay very close to each other, 

energy hopping could happen (when the center-to-center distance between two dye molecules 

is lower than 3 nm, the absorbed photon is then only transferred between these two molecules 

without emission of fluorescence [18]). PMMA and PU blank particles without PDI had a 

diameter about 500 nm. Therefore at the beginning of this study the amount of dye molecules 

would be calculated with this particle size für 10 dye molecules in every particle.   

 

The amount of PDI for 1 mmol PMMA particles was calculated as follows: it was assumed 

that the PMMA particles with dye have the same density and diameter as pure PMMA 

particles (density = 1g/cm3, Diameter = 500 nm). The mass of one particle can be calculated 

with the formula m = V* d (V is volume and d is density). The amount of particles in 1 mmol 

PMMA could be calculated with the formula n = M/mp (M is the mass of 1 mmol PMMA, mp 

is the mass of a PMMA particle). The required amount of PDI for 1 mmol PMMA particles 

was 10*n. 

 

In the next step, PMMA particles with PDI were prepared via a non-aqueous emulsion in 

which DMF was used as dispersed phase, n-hexane as continuous one and PI-b-PMMA as 
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emulsifier. With a fusion/fission method, monomer MMA and the PDI with double bonds 

were dispersed in two separated emulsions and then mixed together by treatment of 

ultrasonication to form hybrid droplets (Figure 11). This method was used to distribute 

carbon black in polymer particles: the fission/fusion process destroys all liquid droplets, and 

only hybrid ones being composed of all of kinds of monomers remain due to their higher 

stability [19]. This process can be realized by high energy ultrasound. The mixed emulsion 

was degasified with nitrogen in order to remove the oxygen which can deactivate the initiator. 

An initiator 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70) was used due to its low 

decomposition temperature (at 25 oC), because the polymerization had to take place under 45 

oC. Above the temperature, the emulsion became instable due to the increased miscibility 

between dispersed and continuous phase (DMF and hexane). The polymerization began by 

adding the initiator V-70 under strong stirring. The reaction took 8 h and was stopped by 

adding hexane. The obtained PMMA particles had a broad size distribution between 20 nm 

and 200 nm (Figure 12). 

 

 

Figure 11. Preparation of PMMA particles loaded with PDI via a non-aqueous emulsion. 
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Figure 12. The SEM image of PMMA particles with PDI 

 

4.2.2 Distribution of PDI molecules in particles 

In this part, all of the measurements of the particles with PDI war carried out by the colleague 

from  Department of Chemistry in Katholieke Universiteit Leuven. Before the particles were 

detected by single molecule fluorescence detection, they were analysed at first by other three 

analyse methods: dark-field microscopy, atomic force microscopy (AFM) and fluorescence 

microscopy to answer the first question: whether all of PMMA particles contained PDI 

molecules. The dark-field microscope and atomic force microscopy detect scattering light 

from the polymer particles, no matter they contain PDI or not. AFM is much more accurate 

than dark-field microscopy. Fluorescence microscope detects where the PDI dyes are located. 

Dark-field microscope and fluorescence microscope can detect a sample at the same time. A 

same place on a coverslip could be observed with both methods to compare whether same 

spots were detected.  

 

200 nm 
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The dispersion of the PMMA particles was spin-casted on a coverslip with a sufficiently low 

concentration in order to prevent the formation of aggregates of the particles. Figure 13 shows 

the dark-field and fluorescence microscopy images of a same area on the coverslip.  

 

 

Figure 13. Dark-field (left) and fluorescence microscope (right) images of a same area on a  

                  coverslip. 

 

Most of the spots in the dark-field image had their corresponding spots in the fluorescence 

microscope image, suggesting that PDI dyes had been successfully incorporated into the 

PMMA particles. But there were some relatively dim spots in the fluorescence microscope 

image that could not be observed in the dark-field image. These spots could be free PDI 

molecules which were not incorporated in polymer particles, or PDI molecules in very small 

particles (smaller than 20 nm) which hardly scattered light and were invisible in the dark-field 

image. In SEM image there were acutely particles with a size about 20 nm (Figure 12). In 

addition, the dark-field image and the fluorescence microscope image showed a few strongly 

lighting spots which could be aggregates of small particles (A and B in Figure 13). 
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Figure 14. Left: an AFM image of the same sample. Right: the size distribution of PMMA  

                 particles from AFM measurement. 

 

The sample was further measured by Atomic force microscopy which has a very high-

resolution of scanning microscopy in the order of nanometer. All particles, even ones smaller 

than 20 nm could be observed with this method (Figure 14). AFM measurement showed that 

most particles had a size ranging from 5 to 25 nm (Figure 14 left).The same measured area in 

fluorescence microscopy could not be found again. But particle density (number of particles 

per unit area) could be compared in both methods (fluorescence microscope and AFM). A 

higher density was obtained in AFM images, meaning some particles did not contain PDI 

(Figure 15).   

 

Figure 15. The comparison  of the particle density in fluorescence microscopy (left) and   

                 Atomic force microscopy (right) 
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From these results it could be concluded that PDI molecules were not homogeneously 

distributed in all particles. Some of particles did not contain PDI dye. There could be also 

some of PDI molecules which were not incorporated into the particles and freely swung in the 

continuous phase.  

 

For the second question: the amount distribution of dye molecules in the particles, 64 

particles were chosen from dark-field microscope and inflorescence microscope image, 

insuring no free PDI molecules and only particles with PDI dyes.  
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 Figure 16. Single-step bleaching of the particles containing one PDI molecule.  

 

The number of PDI dyes in each particle was determined by counting the bleaching steps. 

Single-step bleaching was observed for more than 30% of 64 particles, meaning that these 

particles contained only one PDI molecule (four examples showed in Figure 16).  
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 Figure 17. Multi-step bleaching for the particles containing over ten PDI molecules. Red and   

                  black curves are for two particles 

 

   Another about 15 % of the particles showed so many bleaching steps, that the bleaching depth 

in each step was very small, comparing to the total intensity. For accurate count of bleaching 

steps it was extremely difficult (Figure 17). These particles probably possessed more than 10 

PDI molecules. 
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Figure 18. Multi-step bleaching of the particles contained up to ten PDI molecules. 
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The other 55 % of the particles showed bleaching steps with a bleaching depth which was 

comparable to the total intensity. Accurate counting of bleaching steps of these particles was 

possible (Figure 18). These particles were continuously analysed for the next study: the 

positions and orientations of PDI molecules inside of the particles. 
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Figure 19.  The distribution of the number of PDI molecules in 64 particles.  

 

The distribution of PDI amount in the 64 particles were summarised in a diagram (Figure 19). 

It showed that over 30% particles contained only one or two dye molecules, about 10% over 

tens, the other about 60% particles with between 3 and 9 dyes. 
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4.2.4 Positions and orientations of PDI molecules inside of particles 

 

Figure 20.  A defocused wide-field image of PMMA particles with PDI molecules.  

 

Two particles were chosen for the investigation of the positions and orientations of PDI 

molecules (Figure 20). Particle 1 had four intensity levels in the intensity trace diagram, 

meaning that the particle contained four PDI molecules (Figure 21). By stochastic 

fluorescence photobleaching, temporary “bleaching” oft occurred (The same emission pattern 

were always detected). It could be explained that the PDI molecules stayed too close with 

each in the particle, causing energy hopping (where the adsorbed energy was only transferred 

between the close staying dyes without emission of fluorescence). The patterns (T1, T2, T3, T4, 

T5 and T7) were for one PDI molecule and the patterns T6 and T8 for another PDI molecule 

(Figure 22). The detection of the positions of the four PDI molecules conformed that they real 

stayed in a distance of smaller than 5 nm and could not be separated from each other. Hence 

making distribution diagram of these four molecules in particle 1 was not possible. 
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 Figure 21. The fluorescence intensity trace and the obtained emission patterns of the  

                   particle 1 
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Figure 22. The orientations of the four PDI molecules in particle 1  

 

Particle 2 did not show any temporary “bleaching”, meaning the PDI molecules had a relative 

large distance to each other (Figure 23). Eight-step-bleaching were observed in the 

fluorescence intensity trace diagram, responding eight PDI molecules. The PDI molecules 

had randomly orientated in the particle, with an in-plane angle varying from 34o to 178o and 

an out-of-plane angle from 86o to 40o (Figure 24). 
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Figure 23.  Fluorescence intensity trace of particle 2 

 

Figure 24. The measured emission patterns of the eight PDI molecules in particle 2  
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To determine the position of the PDI molecules in particle 2, a spot was arbitrarily set as the 

centre of the particle (the red spot figure 25). The positions of the eight PDI molecules were 

then plotted relative to this red spot. As shown in Figure 25, PDI molecules were distributed 

within a circle with a diameter of 400 nm as a particle. It could be also assumed that the dye 

molecules belonged to two small particles with diameters of 150 nm and 160 nm, agreeing 

with the measurement of SEM (see section 4.4) where the particles have sizes from 20 nm to 

200 nm.  
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 Figure 25. The distribution of PDI molecules in particle 2.  

 

In both possibility (in a large particle or in two small particles), the PDI molecules were 

relatively homogeneously distributed with a distance of about 100 nm. It is known that 

monomers in chain-growth polymerization react only with the reactive centre at the end of the 

polymer chains. By synthesis of copolymer, monomers with high reactivity could 

preferentially react and built a block in the chains. Here, no block of PDI molecules was 

observed, suggesting the reactivity of MMA and PDI was not much different.  

http://www.dict.cc/englisch-deutsch/preferentially.html


Chapter 4. Dispersions of polymer particles loaded with perylene dye                                83   

From the results it could be concluded that PDI molecules were relatively homogenously 

distributed in side of the particle 2. The random orientation of PDI molecules suggested that 

no aggregation of dye molecules was built in the particle. It could suppose that the polymer 

chain freely twisted. When the particles were bound together, a curve was obtained like 

random coil (Figure 26-I). It meant that the polymer chain had high flexibility. It is suitable to 

the chemical nature of PMMA in which methylmethacrylate groups have only weak 

interaction and the chains have high mobility. It was also possible that the PDI molecules 

could belong to more than one chain. 

 

Figure 26. The typical conformations of polymer chains (I, random coil; II, molten globule; 

III, toroid; IV, rod; V, defect-coil; and VI, defect-cylinder) [7]. 

 

4.3 Polyurethane particles loaded with PDI dyes 

The synthesis of the PDI with OH-group was already reported in the literature (Figure 27) 

[20]: it began with tetrakis chlorid-3,4,9,10-perylenetetracarboxylic dianhydride. Imidization 

of perylenetetracarboxylic dianhydride with 4-amino phenol carried two OH-groups into the 
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peri regions. In this reaction, propanoic acid was used as solvent because of its high boiling 

temperature. In the next step, it was substituted in the 1,12,6,7- positions with 

tetramethylbutylphenol. The end product was precipitated with aqueous hydrochloric acid and 

then purified by column chromatography. The PDI for this work was synthesized by the 

colleague from Synthetic Chemistry in Max Planck Institute for Polymer Research. 
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Figure 27. The synthesis of PDI with two OH groups [20]. 

 

 

The amount of PDI was so calculated, that each particle should contain 10 PDI molecules. In 

the preparation of the particles, PDI and diol were dispersed in two separated emulsions and 

then mixed by treatment with ultrasound to obtain hybrid droplets with diol and PDI (Figure 

28). The polymerization was carried out by adding the monomer diisocyanate HMD into the 

obtained emulsion. The polymerization took eight hours and then was stopped by adding n-

hexane. The particles were washed with n-hexane three times in order to remove the 

remaining surfactant on the surface. The obtained particles had a size ranging from 200 nm to 

500 nm (Figure 29). 
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Figure 28. The synthesis of polyurethane particles with PDI.  

 

Figure 29. SEM image of polyurethane particles with PDI 

 

In the following part, all of the measurements of the particles with PDI war carried out by the 

colleague from  Department of Chemistry in Katholieke Universiteit Leuven. For the single 

molecule fluorescence detection, the obtained polyurethane particles were dispersed in 

hexane and spin-casted on a coverslip with a low concentration, preventing formation of 

aggregates. A defocused wide-field fluorescence image showed that some of the particles 

emitted very strong light, probably containing too many PDI molecules. Some emitted very 

dim light, maybe containing only one or two PDI molecules (Figure 30). There were also 

some particles with two-lobe patterns which could be detected by stochastic fluorescence 

photobleaching. 
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Figure 30. Left: defocused wide-field fluorescence imaging of the polyurethane particles with  

                 PDI. Right: a typical emission pattern of a particle. 

 

One particle in Figure 30 was chosen to detect the positions and orientations of PDI 

molecules. Its intensity traces diagram displayed eight bleaching steps, meaning eight PDI 

molecules in this particle. These PDI molecules had random orientations: the out-of plane 

angle varied from 4 o to 84 o and the in-plane angle from 7 o to 300 o (Figure 31). 
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Figure 31. Emission patters of one polyurethane particle with eight PDI molecules. 
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Figure 32. The distribution of PDI molecules in the particle 

 

The positions of the PDI molecules inside of this particle were represented graphically in 

Figure 32. The distances between neighbourhood PDI molecules varied from 10 nm to 40 nm, 

smaller than the one in PMMA particles (about 100 nm). The orientation of the 

neighbourhood PDI molecules was different, meaning that no aggregates of PDI molecules 

were built. This result agreed to the expectation for step-growth polyaddition: monomers 

were built in polymer chains by reaction from short chains to long ones. Therefore the 

formation of aggregates of PDI molecules in PU chains was almost impossible. The PDI 

molecules were distributed almost on the edge of a circle with a size of about 60 nm. It could 

suggest that the conformation of the polymer chain looked like a toroid (Figure 33-III). It 

agreed to the chemical nature of polyurethane in which urethane groups had strong interaction 

with each other. Hence the chains had less reflexivity, compared to PMMA ones.  
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Figure 33. The typical conformations of polymer chains (I, random coil; II, molten globule;  

                  III, toroid; IV, rod; V, defect-coil; and VI, defect-cylinder) [7]. 

 

 

4.4 Conclusion 

In this study, PMMA and PU particles from one non-aqueous emulsion were investigated via 

single molecule fluorescence detection. At first the particles were loaded with PDI dye which 

were detected by fluorescence microscopy. The distribution and orientation of the PDI 

molecules in the particles were successfully observed by Single Molecule Fluorescence 

Detection. The molecules were relatively distributed inside of the particles. In addition they 

had random orientation, meaning that no aggregation of dye molecules were formed. With the 

results, it could be supposed that the polymer chains were also relatively homogenously 

distributed in the particles and the conformation was relatively flexible. From the comparison 
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of the results for PMMA and PU particles, it was found that the conformation of the chains in 

the particles strongly depended on the chemical nature of the polymers: low interaction 

between the chains and more flexibility of the conformation.  
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5.1 Introduction 

5.1.1 The history of graphene nanosheets 

Graphene sheets have recently attracted a lot of attentions because of their fascinating 

properties: high values of Young’s modulus (~1,100 GPa), thermal conductivity 

(~5,000 W m−1K−1), mobility of charge carriers (200,000 cm2 V−1 s−1), fracture strength 

(125 GPa), and specific surface area (calculated value 2,630 m2 g−1) [1-6].  It is promising 

candidates as components in applications such as energy-storage materials, ‘paper-like’ 

electric conductive materials, liquid crystal devices and mechanical resonators, polymer 

composites, [2, 7-14].  

 

Graphene nanosheets were generally prepared with four methods reported in the literature. 

The first one was chemical vapor deposition where carbon hydrogen compounds were 

decomposited at high temperature, and then condensed on the surface of a special metal, for 

example  C-doped nickel single crystals, to form monolayer of graphene [15].  The second 

method was the micromechanical exfoliation of graphite, also known as the ‘Scotch tape’ or 

peel-off method where monolayer of graphene nanosheets (the sheets contained only one 

layer of graphene) were peeled off from the surface of graphite by use a tape [16]. The third 

one was thermal reduction of expanded graphite prepared by intercalating nature graphite 

with a mixture of nitric and sulphuric acids [17]. From this method, graphene sheets with a 

surface area from 30 to 60 m2/g were obtained [18-22]. Surface area is an indication of 

exfoliation degree of graphene sheets (how many monolayers graphene sheets contain). The 

theoretical surface area of monolayer is 2,630 m2 g−1 for monolayer with a thickness about 

0,34 nm [23]. Compared with theoretical surface, it was supposed that the graphene sheets 

from expanded graphite (30 to 60 m2/g) had a thickness between 5 µm and 20 µm, contain 50 

to 80 monolayers [21]. In the fourth method, graphene oxide sheets, prepared by oxidization 

of natural graphite with concentrated acids, were reduced by chemical or thermal routs to 

graphene sheets [24-26]. By chemical reduction, hydrazine was usual as reduction agents 

[27]. The obtained graphene sheets had a surface area between 200 nm and 400 m2/g, 

containing from 10 to 20 monolayers (thickness from 5nm to 10 nm) [27]. By thermal 

exfoliation (thermal reduction), graphene oxide were pyrolyzed at 1000 oC. The obtained 

graphene nanosheets had a surface area between 500 m2/g and 900 m2/g, containing from 5 to 

10 monolayers ( thickness from 3nm to 5nm) [28].   
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Incorporation of graphene sheets into polymer matrices is one possible route to harnessing 

their excellent properties (high mechanical, electrical and thermal stability) for practical 

applications. The ways to introduce graphene sheets in polymer matrices could be classified 

into melt and solution mixing. Melt mixing was often considered to be an economical method 

for many current industrial processes [29, 30]. However, the low bulk density of graphene 

material made handling of this material very difficult [26]. In method based on solution, 

dispersions of graphene sheets in organic solvents were mixed with desired polymers. To 

improve compatibility between the matrices and the graphene, the sheets were normally 

modified by surfactants or other block copolymer [29]. An excellent example for the 

modification of graphene sheets by using isocyanate: on graphene oxide sheets, the 

carboxylic acid and hydroxyl groups could react with aliphatic and aromatic isocyanate to 

build amide and carbamate ester groups. Such modified sheets were then chemically reduced 

with dimethylhydrazine to graphene nanosheets which could be stably dispersed in DMF.  

Polystyrene composites with a low concentration of these graphene sheets showed high 

electric conductivity [12, 31]. In this method, a solvent with high boiling point and toxicity 

DMF was used to prepare the dispersion of graphene nanosheets. Such solvent caused 

problems for environments, safety of production process and high cost.  

 

The focus of the present work is to develop an economical, healthy and safe process to 

prepare dispersions of graphene sheets in organic solvents for polymer composites. In the first 

part of the work, graphene sheets will be prepared by thermal reduction of graphene oxide 

sheets. To obtain a stable dispersion, the sheets will be modified by different modifiers, for 

example block copolymer PMMA-b-PI. Different solvents with low boiling points and low 

toxicity will be tested as dispersion solvents. In the second part of the work, the dispersions of 

graphene sheets will be used to prepare polymer composites. The influence of graphene 

sheets on the electric, mechanic and thermal stability of the composite will be also studied in 

the study. 
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5.1.2 Graphite, graphene oxide and graphene nanosheets 

5.1.2.1 Graphite 

 

                           Figure 1. Nature graphite 

 

In graphite (Figure 1), the carbon atoms are trigonally hybridized (sp2) and arranged in layer 

structure in which atoms form hexagonal patterns with metallic bond (length 0.142 nm). This 

structure results in a good electrical and thermal conductivity within the layers (Figure 2). 

The distance between the layers (0.335 nm) is considerably larger than the in-plane bond 

(0.142 nm). The layers are organized in an AB-sequence with weak van der Waals forces 

(Figure 3). Hence they can be easily slipped against each other. Due to this property, graphite 

is used for lubrication in industry. But when air or water molecules are intercalated between 

the layers, the van der Waals forces are destroyed, and lubrication does not work anymore. 

This discovery helped researchers to prepare expanded graphite by intercalation of acid 

molecules between the layers of graphite. 

 

Figure 2. The layer structure of graphite 
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                                       Figure 3. The atom structure of graphite. 

 

5.1.2.2 Graphene oxide  

Graphene oxide is a very import precursor to prepare graphene nanosheets. In 1859 Brodie 

first oxidized graphite by using a mixture of potassium chlorate and fuming nitric acid [32]. 

Later Studenmaier slightly changed the recipe by working with concentrated sulphuric, nitric 

acids and potassium chlorate instead [33]. To improve this method which was time 

consuming and hazardous, Hofmann and Hamdi had the idea to oxidize graphite with 

concentrated sulphuric acid and nitric acid. But this method had high explosion risk. In the 

last fifty years, the most commonly used method was Hummer’s method, in which graphite 

was oxidized in a water-free mixture of concentrated sulphuric acid, sodium nitrate and 

potassium permanganate [34]. The reaction was carried out below 45 oC and took less than 

two hours. Oxidation reaction in Hummer’s method was more effective than in Studenmaier’s 

one (27.93 % oxygen content in Hummer`s method, in Studenmaier’s method 23.99 %) 

(Table 1). 

Method Carbon %* Oxygen % Water % Ash% Carbon to Oxygen 

atomic ration 

Hummer 47.06 27.97 22.99 1.98 2.25 

Staudenmaier 52.11 23.99 22.22 1.90 2.89 

*% by weight 

Table 1. Elementary analysis of graphene oxide from Hummer’s and Staudenmaier’s methods 

 



Charter 5. Dispersions of graphene nanosheets                                                                   98                                            

The presence of functional groups in graphene oxide, such as hydroxyl, epoxy and carboxyl 

groups, led to a very stable dispersion of graphene oxide (GO) in water [35, 36]. AFM images 

revealed monolayer of graphene oxide with uniform thickness around 1 nm [19, 23]. 

Compared to monolayer of graphene (0.34 nm), it was much thicker due to the presence of 

oxygenated functional groups above and below the layers [19]. 

 

The conformation of graphene oxide were studied in a few of research groups and different 

structure models have been built: Hoffmann and Holst proposed that hydroxyl and carboxyl 

groups lay on the edge of graphene oxide sheets, and the epoxyl groups were distributed on 

the both sides of the surface [37]. In the Ruess model, the graphene oxide sheets were 

assumed to have a trans-cyclohexane chair structure, not plane, because of the destroyed 

aromatic hexagon structure [38]. In the Lerf model, oxidized rings and aromatic entities were 

statistically distributed in graphene oxide sheets where epoxyl and hydroxyl groups were very 

close to each other [39]. Based on the Lerf model, Gao et al. described graphene oxide with 

five- and six-membered-ring lactols which were detected by 13C-NMR [40].  

 

5.1.2.3 Graphene nanosheets  

Because of the disrupted conjugated ヾ-system, graphene oxide does not have electrical 

conductivity and strong mechanical stiffness. With reduction methods the ヾ-system can be 

restored and graphene oxide is converted again to graphene-like layers. There are now two 

principal methods which are widely used: chemical and thermal reduction.  

 

By thermal reduction (thermal exfoliation), graphite oxide was pyrolyzed under hydrogen, 

nitrogen or argon atmosphere at about 1000 oC in order to remove the oxygenated functional 

groups (Figure 4). A proposed mechanism explained the thermal reduction with formation of 

carbon dioxide, free radical intermediates and double bonds [41].  
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Figure 4. The mechanism of thermal reduction of graphene oxide [41]. 

 

The obtained graphene nanosheets surface area is between 500 m2/g to 900 m2/g [28]. Such 

high value is caused by two effects: On the one hand, a large amount of carbon atoms is taken 

away by the thermal expansion. The loss of carbon forms numerous holes in the sheets, 

resulting in a porous structure (Figure 5). On the other hand, carbon atoms react with the 

oxygenated functional groups, generating carbon dioxide and carbon monoxide. The resulting 

pressure compensates the van der Waals forces which hold the graphene sheets together, 

splitting graphene sheets into nanosheets [24].    

 

 

                                   Figure 5. Left: thermally reduced graphene nanosheets [28] 

 

 



Charter 5. Dispersions of graphene nanosheets                                                                   100                                            

5.2 Preparation of graphene nanosheets 

5.2.1 Preparation of graphene oxide foam 

In the presently work, graphene sheets were prepared by thermal reduction of graphene oxide, 

which was prepared with the recipe from Hummers: natural graphite flakes was oxidized by a 

mixture of concentrated sulphuric acid, sodium nitrate and potassium permanganate. After 

oxidation, the mixture got brown paste which then was dialyzed with distillated water until 

PH about 7. Further, the brown dispersion was treated with ultrasound for 8 h in order to 

loose the contact between the sheets. By atomic force microscopy (AFM), the thickness of the 

sheets was about 1 nm. It meant they were monolayer of graphene oxide in the dispersion 

(Figure 6) [42]. 

 

Figure 6. AFM image of graphene oxide nanosheets  

 

Before thermal reduction of graphene oxide, water had to be removed from the dispersion. In 

the first experiment, the dispersion of graphene oxide was dried by a rotary evaporator under 

vacuum at 50 oC. It was found that the dispersion got slowly dark and aggregates were slowly 

formed (Figure 7 link). The change of the color was caused by the loss of oxygenated 

functional groups which were very sensitive to temperature. Such sheets with less functional 

group had strong tendency to form aggregates. 

µm 
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Figure 7. Graphene oxide Dried by rotary evaporator under vacuum at 50 oC (left); graphene  

               oxide foam prepared by freeze drying (right). 

 

In the next experiment, the dispersion of graphene oxide was freeze-dried which was oft used 

in biology to produce porous materials. A flask with the dispersion of graphene oxide was at 

first frozen in liquid nitrogen and then hanged on a lyophilizer at a temperature of -50 oC. 

After two days, brown, light and fragile graphene oxide foam without any aggregates was 

obtained (Figure 7 right). Liquid nitrogen had temperature about -176 oC. Such low 

temperature could prevent the loss of oxygenated functional groups. Scanning electron 

microscopy (SEM) image showed that the foam consisted of loosely stacked sheets with a 

thickness of about 100 nm (Figure 8). The loose structure was created by sublimation of ice 

crystals which isolated the graphene oxide sheets. After sublimation of the ice, gaps or pores 

were left between the sheets.  
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Figure 8. The SEM image of the graphene oxide foam.  

 
 

5.2.2 Thermal reduction of graphene oxide foam 

For thermal reduction, at first one experiment was carried out in which graphene oxide foam 

was directly put in an open oven with a temperature 1000 oC. A strong explosion occurred 

after only a few of seconds. It was probably caused by a quick release of carbon monoxide 

and dioxide which came from the reaction between carbon atoms and the oxygenated 

functional groups [24]. Graphene sheets then began to burn, probably due to the presence of 

oxygen diffusing from outside.  

 

To avoid burning, graphene oxide foam was put in a closed oven in the next experiment. 

Before raising the temperature, the oven was blown with dried nitrogen for 1 hour to remove 

O2. Then the oven was heated from room temperature to 1000 oC with a heating rate of 

30oC/min. Graphene sheets like black feather were obtained. The thickness of the sheets 

decreased to a few of nanometer by SEM (Figure 9). The exact value was measured by the 

high-resolution TEM. It was found that the sheets had an average thickness of about 4 nm 

with 5 layers (Figure 10). A surface area 710 m2/g was measured by nitrogen adsorption.  
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The reduction degree of oxygenated functional groups was determined by elemental analysis. 

An atomic ratio of C to O in the graphene nanosheets with 10.3 was obtained. Compared to 

the initial graphene oxide foam (0.79), most of oxygenated functional groups were removed 

after the thermal reduction. The measurement of thermogravimetric analysis with a heating 

rate 10 oC/min (TGA) showed at which temperature the functional groups were removed 

(Figure 11). At 100 °C 20 % of the initial mass was lost, mainly due to the vaporization of 

adsorbed water, but not the functional groups [19, 23]. At about 200 oC, a mass loss of 80 % 

observed. The light debris of sheets flew away from the pan of TGA, probably caused by a 

explosion. It was maybe caused by quick release of carbon dioxide and carbon monoxide. In 

the next measurement, a low heating rate of 1 oC/min was chosen to prevent the explosion. At 

this time, a mass lost began at about 200 oC (Figure 11). A decrease from 35% to 55% was 

observed between 250 oC and 900 oC. These results suggested that the thermal reduction must 

be carried out at about 900 oC to completely remove the functional groups.    

 

Figure 11. TGA diagram for graphene oxide foam measured with different heating rate. 

 

5.2.3 Influence of heating rates on the exfoliation degree 

The TGA measurement above showed that different heating rates influenced on the thermal 

reduction process: with a high heating rate (10 oC/min), an explosion happened, but with a 

low heating rate (1 oC/min), not. To deeply study the influence of heating rate on the thermal 
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reduction process, graphene oxide foam was pyrolyzed with heating rates ranging from 1 to 

30 oC/min.  

 

It was found that the graphene sheets from heating rate 1 oC/min and 5 oC/min only got silver 

gray and the foam structure was not destroyed, meaning that no explosion has happened. The 

samples from heating rate 10 oC/min, 20 oC/min and 30oC/min got black and the foam 

structure was completely destroyed into small debris.  

 

Figure 12. Distribution of pore size of graphene oxide foam and graphene sheets with 1  

                 oC/min and  5 oC/min. 
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Figure 13. Distribution of pore size of graphene nanosheets with 10 oC/min, 20  oC/min and  

                           30 oC/min 

 

The surface area of the obtained graphene sheets were measured by nitrogen adsorption 

determination. The samples from heating rate of 1 oC/min and 5 oC/min had a surface area 

only about 60 m2/g (Figure 12), but for samples with a heating rate 10, 20 and 30 oC/min 

about 700 m2/g (Figure 13). These results suggested that a higher heating rate caused a 

quicker release of carbon dioxide and carbon monoxide which could form higher pressure in 

the foam, splitting the graphene into nanosheets. It was also found that the surface area was 

not strongly changed, when the heating rate was above 10 oC/min (Figure 14). 
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Figure 14. The effect of heat rates on the surface area of graphene nanosheets 
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5.2.4 Influence of temperature on the exfoliation degree 

Besides heating rate, temperature could be also an important factor to influence the thermal 

reduction process of graphene oxide foam. Here, graphene oxide foam was pyrolyzed with a 

heating rate of 30 °C/min to temperature of 250, 550, 750 and 1000 oC.  

 

It was found that at 250 oC graphene oxide foam was not destroyed into small debris. Only 

the color was changed from brown to dark silver grey. The sheets in SEM image looked like 

smooth foils with a thickness about 100 nm (Figure 15-A). At 550 oC and above, graphene 

oxide foam was completely destroyed into black small debris. Nanosheets looked like thin 

wrinkled paper in SEM images (Figure 15-B). The thickness was only a few of nanometer. 

 

Figure 15. SEM images of graphene nanosheets reduced at 250, 550, 750 and 1000 oC . 

 

The surface area of the obtained sheets was investigated with nitrogen adsorption 

determination. The graphene sheets from 250 oC had only a surface area of 33 m2/g (Figure 

16). This result agreed to TGA measurement (5.2.2 Figure 11): the thermal reduction process 

just began at 200 oC where only small amount of oxygenated function groups were converted 

to CO2 and CO. Hence the graphene sheet from 250 oC had low surface area. From 550, 750 
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Figure 18. N2-adsorption-desorption isotherms of graphene nanosheets from 550 oC, 750oC  

                 and 1000 oC 

 

The oxygenic function groups remaining after thermal reduction were investigated with 

elemental analysis. As shown in Table 2, the content of oxygen decreased with increasing 

temperature. Only 11.32% oxygen was in graphene nanosheets from 1000 oC, which was 

almost 5 times lower than in graphene oxide foam (54.88%) and three times lower than the 

one from 250 oC (29.38%).  

 

Nr C% H% O% C/O 

GO 43.68 1.44 54.88 0.79 

GO-30-250 68.04 2.03 29.38 2.3 

GO-30-550 77.11 2.86 18 7.3 

GO-30-750 80.73 2.89 14.09 8.7 

GO-30-1000 82.45 2.76 11.32 10.3 

Table 2. The elemental analysis of graphene oxide foam and graphene nanosheets from 

different temperature. 
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5.2.5 Summary 

In this part, graphene nanosheets were prepared by thermal reduction of graphene oxide foam 

which was prepared with freeze-drying method (Figure 19). No aggregates were formed in 

the foam, different to the traditional drying method: rotary evaporator. At 1000 oC and with 

heating rate 30 oC/min graphene nanosheets were obtained with a surface area about 700 

m2/g. These sheets were about 3 nm thick with 5 monolayers. In this study, the influence of 

heating rates and temperature on the thermal reduction process of graphene oxide foam were 

systematic and detailed investigated. The table 3 showed that when the heating rate was 

higher as 10 oC/min and the temperature higher as 550 oC, graphene nanosheets with a 

surface area about 700 m2/g (the thickness was about 4 nm) could be obtained. These results 

were comparable with the best ones reported in the literature [24, 26, 28, 43].  

 

 

Figure 19. Left: graphene sheets from graphene oxide dried by rotary evaporator; Right: 

graphene sheets from graphene oxide foam by freeze drying. 

 

 250 oC 550 oC 750 oC 1000 oC 

1 oC/min  60 m2/g 

5 oC/min 60 m2/g 

10 oC/min 700 m2/g 

20 oC/min 700 m2/g 

30 oC/min 33 m2/g 660 m2/g 680 m2/g 730 m2/g 

Table 3. The list of the experiments for the study of thermal reduction. 
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5.3 Dispersions of graphene nanosheets  

In the following work, the obtained graphene sheets will be used as filling material for 

polymer composites. At first, dispersions of graphene nanosheets in organic solvents were 

prepared by using different surfactants and block polymers.  

 

It was reported that sodium dodecylbenzene sulfonate (SDBS), sodium dodecyl sulfate 

(SDS), Lutensol and AT50 (PE-b-PEO unites 50:20) were used to prepare dispersions of 

graphene nanosheets [44]. These surfactants have the same block: alkyl chains. PI-b-PMMA 

is an emulsifier for a non-aqueous emulsion (DMF in n-hexane). Polyisoprene chains with 

conjugated double bonds are more hydrophobic than alkyl chains and could have strong 

interaction with graphene sheets. The above mentioned surfactants and emulsifier will be 

tested to disperse graphene nanosheets. Hexane and THF are solvents with low boiling point 

and toxicity. PI-b-PMMA builds in hexane micelles in which PI stretched outside and PMMA 

inside. THF with is a good solvent for PI-b-PMMA, in which chains high flexibility. In the 

following work, graphene nanosheets will be dispersed in both solvents. 

 

5.3.1 Testing different surfactants and PI-b-PMMA 

The dispersions were prepared with 1 mg/ml graphene nanosheets and 5 mg/ml one of the 

surfactants and PI-b-PMMA (Figure 20). The mixture was treated with ultrasound for eight 

hours to insure that the compounds and graphene sheets have enough contact with each other. 

The obtained dispersions showed very different stability (Figure 21). In the dispersions with 

SDBS, SDS, Lutensol and AT50, almost all of the graphene nanosheets were precipitated 

after one day. The low stability of these dispersion suggested that alkyl chains did not have 

strong interaction with graphene sheets.  

 

Figure 20. The dispersions of graphene nanosheets with different surfactants and solvents. 
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Figure 21. The dispersions one month after the treatment of ultrasound. 

 

The dispersions PI-b-PMMA showed better stability: In hexane only small amount of 

sediment appeared after one month (Figure 21). In the dispersion with THF, hardly graphene 

sheets were observed on the bottom. The less stability of the dispersion in hexane could be 

explained by the formation of micelles of PI-b-PMMA. Polyisoprene stretched outside in n-

hexane and PMMA crouched inside of the micelles [45, 46]. Such structure limited the 

mobility of the polymer chains to diffuse into the interspaces of the graphene sheets. In 

contrast, THF was a good solvent for polyisoprene and PMMA chains which had high 

flexibility in the medium. They could easily diffuse into the interspaces of the sheets and be 

adsorbed on them.   

 

The sediment from sample with SDBS, SDS, Lutensol and AT50, and the dispersed graphene 

sheets in THF with PI-b-PMMA was investigated by SEM (Figure 22). As shown in the 

images, the sediment was small aggregates in which graphene sheets had still contact with 

each other, no individual sheets. But the dispersed sheets in THF looked like wrinkled papers, 

meaning that PI-b-PMMA was absorbed on the sheets and isolated them from each other.  
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Figure 22. SEM images of sediment from sample with SDBS, SDS, Lutensol and AT50 (left), 

dispersed graphene sheets in THF with PI-b-PMMA (right). 

 

For the question: which one actually stabilizes graphene nanosheets: the solvent THF or PI-b-

PMMA, an experiment was carried out: graphene sheets were only dispersed in THF solvent 

without PI-b-PMMA. All of sheets fell on the bottom after the treatment of ultrasound. It 

meant that THF could not stabilize the sheets, but PI-b-PMMA (Figure 23).  

 

Figure 23. Dispersion of graphene nanosheets in THF without PI-b-PMMA. 

 

For another question: which chains were absorbed on the graphene nanosheets as anchor and 

which ones worked as steric stabilizer, an experiment was carried out: PMMA (molecular 

weight 20000 g/mol) was used to disperse graphene nanosheets in THF. After the treatment 

of ultrasound, graphene nanosheets completely precipitated from the dispersions (Figure 24). 

These results suggested that PMMA chains did not have interaction with graphene 

nanosheets. Polyisoprene ones had strong interaction with grapgene sheets, which anchored 

on the sheets (Figure 25).  

After ten hours 
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Figure 24. The dispersion of graphene nanosheets with PMMA in THF. 

 

 

Figure 25. Scheme of interaction between graphene sheets and PI-b-PMMA. 

 

5.3.2 Stability of the dispersions with PI-b-PMMA  

To investigate the stability of the dispersions of graphene nanosheets in THF with PI-b-

PMMA, the dispersions will be centrifuged and the concentration will be measured by UV-

spectroscopy. With the Beer–Lambert law, the total intensity of the dispersion can be descript 

as eq (1) 

 

A() = c11() + c22().                                                        (1) 

 

Here i1 and i2 are the absorption coefficients of both components (graphene sheets and PI-b-

PMMA). When the concentration c1 of one component remains constant, then the total 

intensity A() only depends on the varying concentration of the other component: 

A() = A1 + c22()                                                               (2) 
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The concentration c2 of the second substance can be obtained once its absorption coefficient 

2 is known. In this study, the concentration of PI-b-PMMA will keep constant. To obtain the 

concentration of graphene nanosheets, the absorption coefficient of graphene nanosheets have 

to be determined at first. The dispersion with a known concentration 0.2 mg/ml of graphene 

nanosheets and 5 mg/ml PI-b-PMMA was at first measured to determine the absorption 

coefficient. 

 

For the UV-spectroscopy measurement, a baseline was at first measured by using a solution 

with 5 mg/ml PI-b-PMMA in THF as blank sample (all of dispersions had this concentration). 

In the next step, the dispersions with concentration of graphene nanosheets 1 mg/ml and PI-b-

PMMA 5 mg/ml were separately centrifuged for 30 min with different speeds (1000, 2000, 

3000, 4000 and 5000 rpm) and then measured by UV-spectroscopy. They gave absorbance 

1.702, 0.858, 0.398, 0.170, 0.092 at 550 nm which responded the concentrations of graphene 

0.105, 0.053, 0.025, 0.0105, 0.006 mg/ml, respectively (Figure 26 and 27). This concentration 

(0.105 mg/ml) was higher than the one in N,N-dimethylacetamide (DMA), け-butyrolactone 

(GBL) and 1,3-dimethyl-2 imidazolidinone (DMEU), N-methylpyrrolidone (NMP) [44].  
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Figure 26. UV measurement of the dispersions of graphene nanosheets after different 

centrifugation. 
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Figure 27. The concentration of the dispersions of graphene nanosheets after centrifugation. 

 

5.3.3 Study of the dispersion mechanism with PI-b-PMMA   

To deeply understand the mechanism of the dispersion process with PI-b-PMMA, an 

experiment was carried out: Expanded graphite sheets (with a surface area 30 m2/g) were 

dispersed in THF with PI-b-PMMA. One day after treatment of ultrasound, almost all of 

sheets were precipitated on the bottom. This result could be explained by the stacking 

structure of graphene sheets. As shown in the Diagram of X-ray, expanded graphite had a 

sharp pick, meaning that the sheets were arranged with relatively perfect stacking structure 

(figure 28). In contrast, the graphene nanosheets from thermal reduction of graphene oxide 

foam had broad curves, meaning that the sheets were amorphous with a strong disorder. This 

random stacking benefited the diffusion of polymer chains into the interspaces of the sheets 

(Figure 29).  
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Figure 28. X-ray diagram of expanded graphite and graphene nanosheets from this study. 

 

 

 

Figure 29. Schematic dispersion process of graphene nanosheets stabilized by PI-b-PMMA in 

THF. 

 

5.4 Polymer composites with graphene nanosheets 

5.4.1 Preparation of polymer composites 

The stable dispersion of graphene nanosheets in THF was used to prepared polymer 

composites here. The ratio of graphene nanosheets to PI-b-PMMA was kept at 1:1. Two 

commercial polymers were chosen as polymer matrices: polystyrene (PS) and poly(methyl 

methacrylate) (PMMA). 
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At first, graphene nanosheets were dispersed in THF with PI-b-PMMA by treatment of 

ultrasound for 8 h. The polymer matrix was added into the dispersion and then treated by 

ultrasound for 30 min and stirring for 8 hours. The mixture was precipitated in methanol. The 

obtained precipitate was dried by vacuum at room temperature overnight to remove 

remaining THF. To conveniently investigate the properties of the composites, the powder was 

pressed at about 180 oC to a film with thickness between 200 µm to 250 µm (Figure 30).  

 

Figure 30. Left: the powder of graphene polystyrene composite. Right: the film of graphene 

polystyrene composite  

 

The compatibility between sheets and polymer matrices were investigated by SEM. The 

lateral sides of PS and PMMA film with 6 wt% graphene nanosheets were shown in Figure 

31. It was found that the graphene nanosheets were homogenously dispersed in both polymer 

matrices without any aggregates. The thickness of nanosheets is similar to the one in the 

dispersion (a few nanometers), indicating that the nanosheets were not aggregated together 

during the preparation of the composites. Moreover, graphene nanosheets did not show any 

preferential orientation in the matrices. The disordered distribution could benefit to form a 

conducting network with a low concentration in the matrices. 
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Figure 31. SEM images of nanocomposites with 6 wt% graphene nanosheets. 

 
 

5.4.2 Electrical properties of polymer composites  

The concentration of graphene sheets, at which composites are converted from an insulator to 

a conductor, is the percolation threshold Pc. According to percolation theory, a continuous 

conducting network is formed in the matrices and the direct current conductivity increased 

instantly by a factor of 10 or more at this concentration [47]. In the present work, the 

percolation threshold of both composites will be determined. In addition, the influence of 

frequency of the current and temperature on the electrical properties of the both composites 

will be also investigated. 

  

5.4.2.1 The percolation threshold  

The dependence of the direct current conductivity jDC on the concentration of graphene 

sheets can be described by a power law (percolation theory). When the concentration (P) is 

higher than the percolation threshold (Pc): 

jDC  ≈  (P – Pc)t                                                           (1) 
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where the value t is the critical exponent. 

 

When the concentration (P) is lower than the percolation threshold (Pc): 

jDC  ≈  (Pc – P)-s                                                         (2) 

where the value s is another critical exponent. The critical exponents depend primarily on the 

dimensionality of the percolating systems (network formed by connecting filling materials is 

2D or 3D.), and not on the details of the geometric structures of filler material [48] 

 

To determine percolation threshold Pc, the direct current conductivity jDC of the composites 

were measured by a two-contact method with a Dielectric Analyzer. The films were fixed 

between two copper plates with a diameter of 10 mm which were then placed in the central 

part of the measurement cell.  

Electric conductivity (PS)

1,00E-11

1,00E-10

1,00E-09

1,00E-08

1,00E-07

1,00E-06

1,00E-05

1,00E-04

0 1 2 3 4 5 6 7

wt%

co
nd

uc
tiv

ity
 (

S
/c

m
)

 

Figure. 32. The direct current conductivity of the PS composites versus different weight  

                   content of graphene nanosheets 

 

Figure 32 showed the dependence of the direct current conductivity (jDC) on the weight 

content of graphene nanosheets for PS nanocomposites. An abrupt conductivity transition 

with an increase of a factor of 105 occurred at a concentration between 2 and 3 wt%, meaning 

percolation threshold Pc was between 2 wt% and 3 et%. To estimate Pc and the critical 

exponent s, a set of Pc varying between 2 wt% and 3 w% with distance 0.1 (2.1, 2.2, 2.3 …) 
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was chosen. With each chosen Pc, the current conductivity data jDC for P (P < Pc) were 

substituted into equation (2). Then the value of s was determined from the slope of the linear 

relation of jDC and (Pc –P). The lowest value of the root mean square error was found for Pc = 

3.0 wt% with s = 1.7 (Figure 33). With the same method, Pc and t were also determined: the 

jDC data for P (P 互Pc) were substituted into equation (1) for each chosen Pc., varying between 

2 wt% and 3 w% with distance 0.1 (2.1, 2.2, 2.3 …). The lowest value of the root mean 

square error was found for Pc = 3.0 wt% with t = 1.3 (Figure 34). The obtained critical 

exponent t = 1.3 and s = 1.7 was in good agreement with the theory value between 1.5 to 2.0 

for carbon black composites [49]. It suggested that graphene nanosheets were homogenously 

distributed in polystyrene matrix, with a 3D network.  

 

Figure 33. The values of direct current conductivity versus (Pc -P) to determine the critical  

                  exponent s of PS composites. 
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Figure 34. The values of direct current conductivity versus (P - Pc) to determine the critical  

                  exponent t of PS composites. 

Figure 35. The direct current conductivity of the PMMA composites versus the weight  

                 content of graphene nanosheets.  
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The dependence of the direct current conductivity jDC of PMMA composites on the weight 

content of graphene nanosheets is shown in Figure 35. It is found the insulator-conductor 

transition was between 3 wt% and 4 wt% where the conductivity strongly increases from 

3.0×10-10 to 1.8×10-5 S/cm. With the same method for PS composites, the percolation 

threshold was determined: a set of values Pc between 3 wt% to 4 wt% with a distance 0.1 was 

chosen. In order to estimate Pc and the critical exponent s, the direct current conductivity data 

jDC were substituted for P (P < Pc) into equation (2). The lowest value of the root mean 

square error was found for Pc = 3.3 wt% with the exponent s = 0.623 (Figure 36). Critical 

exponent s was close to the one of polyethylene graphite composites (s = 0.93) where 

graphene sheets were homogenously distributed in a 3D network [50]. The obtained critical 

exponent t = 9.14 is much higher than the theory values, probably due to measurement error 

(Figure 37).  

 

Figure 36. The values of direct current conductivity versus (Pc -P) to determine the critical  

                 exponent s of PMMA composites. 
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nanotube (SWNT): The SWNT/polystyrene composites had a percolation threshold 0.3 wt%, 

whereas for PMMA it is about 1 wt% [51]. This could be explained by the fact that 

polystyrene had phenyl rings which could have better interaction with sheets [12]. 

 
Figure 37. The values of direct current conductivity versus (P - Pc) to determine the critical  

                 exponent t of PMMA composites. 

 

The percolation threshold Pc = 3.0 wt% (about 0.1 vol%) for the PS graphene nanosheets 

compared well with the best values reported in the literature. Polymer composites made of 

natural graphite flakes posed a percolation threshold of 20 wt% (about 3 vol%) [21]. Polymer 

composites with expanded graphite exhibited a lower percolation threshold of 10 wt% (about 

0.3 vol%) [52-54]. The lowest percolation threshold of 3 wt% (about 0.1 wt%) reported in the 

literature was for a composite prepared by using modified graphene nanosheets [12]. A 

mainly disadvantage in these studies was that organic solvents with high boiling point and 

toxicity DMF were used, causing high production costs and pollution of the environment. In 

this work, THF, a solvent with low boiling point and low toxicity, was used for the 

preparation of graphene composites.  
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5.4.2.2 The influence of the frequency  

The dependent of electrical conductivity and dielectric constant of the polymer 

nanocomposites on the frequency of the alternating current will be investigated, which are 

important factors for electric conductor. In this study the frequency will be varied from 1 to 

107 Hz using a two-contact method.  

 

For the measurement, the films of nanocomposites were fixed between two copper plates with 

a diameter of 10 mm and then placed in the central part of the measurement cell. Before the 

measurement, the films were polished with grater paper to obtain a smooth surface for a good 

conducting surface with copper plates. The electric conductivity j of the PS composites with 

different content of graphene nanosheets showed a diverse tendency by varying frequency of 

the alternating current (Figure 38). For the composites with contents P (P > Pc), the electrical 

conductivity remained constant at the frequency between 1 to 105 Hz. A transition region 

began at 105 Hz and the response slowly increased. In contrast, for P < Pc, the conductivity 

increased linearly with increasing frequency from 1 to 107 Hz, demonstrating the power law 

behavior eq(2).  

 

 

Figure 38. Electric conductivity of polystyrene composites as a function of the frequency. 
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Figure 39 showed the dependency of electric conductivity of the PMMA composites on the 

frequency between 1 and 107 Hz. At contents lower than Pc, a linear dependence of the 

electric conductivity on the frequency was observed. At contents above Pc, the electrical 

conductivity was constant at frequency (below 105 Hz). Above 105 Hz, the conductivity 

showed a small increase, demonstrating the power law behavior eq(2).  

 

Figure 39. Electric conductivity of the PMMA composites as a function of the frequency 

 

Next, the influence of frequency on the dielectric constants i´ (the so-called real permittivity) 

of the PS composites with contents from 0.1 wt% to 3.1 wt% of graphene nanosheets was 

investigated. For the samples with contents higher than 3.1 wt%, the constants could not be 

measured because of the high electric conductivity. The i´ for the contents from 0.1 wt% to 

3.1 wt% was plotted on a logarithmic scale as a function of the applied frequency (Figure 40). 

The behavior of the dielectric constant depending on the frequency was obviously different 

from the one of electric conductivity. The dielectric constants i´ remained constant with 

increasing frequency. Especially, the samples with contents close to Pc (about 3 wt%) showed 

a constant value at frequency lower than 105 Hz and strongly decreases at frequencies above 

105 Hz.  
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Figure 40. Dependency of the dielectric constant of polystyrene composites on the frequency.  

 

 

The dependence of the dielectric constant i´ on the frequency for PMMA composites with 

contents from 0.22 wt% to 3.9 wt% was shown in figure 41. The tendency of dielectric 

constants to varying frequency for PMMA composites was similar to PS composites. For 

composites with contents lower than 3 wt%, the dielectric constants i´ remained constant at 

varying frequency. For contents over 3 wt%, the dielectric constants strongly decreased with 

increasing frequency. 
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Figure 41 . Dependency of the dielectric constant of PMMA composites on the frequency.  
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In this study, the influence of temperature on electric conductivity and dielectric constants of 

the PS and PMMA nanocomposites was also investigated from 25 oC to 100 oC with a 

constant frequency 100Hz. It was found that the electrical conductivity remained constant 

with increasing temperature, regardless of the varying contents (Figure 42 and 43). Similar to 

the electric conductivity, with increasing temperature dielectric constants i’ remained almost 

unchanged for PS and PMMA composites (Figure 44 and 45).  
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Figure 44. The dielectric constant i’ of PS composites as a function of the temperature. 

 
Figure 45. The dielectric constant i’ of PMMA composites as a function of the temperature. 
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5.4.2.4 Mechanism of electric conducting in graphene nanocomposites 

The mechanism to explain how charges were transported in composites was intensively 

studied in the last thirty years [50, 55-58]. Hopping effect and fluctuation-induced tunneling 

effect were the mostly accepted models for the mechanism.  

 

The idea for the hopping effect was that electrons were transported between valence band and 

conducting band in crystalline array (Figure 46) [56, 58]. Because the energy gap between 

them was large, electrons were localized in the valence band [59]. With provision of energy, 

part of electrons could jump over the energy gap into conducting band. The upper boundary 

of the valence band was shifted towards the conducting one, and both bands overlap with 

each other. The electrons which were in overlapping area could freely move in the crystal, 

leading to an electric conductivity.  

 

Figure 46. Hopping effect: (a) Conduction is metallic. (b) Conduction is by hopping. (c)  

Conduction involves excitation of electrons from the valence to the conduction band [59]. 
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In the fluctuation induced tunneling effect, electrons tended to tunnel isolating region where 

two conducting  particles were very close (Figure 47) [55]. These particles were 

approximated like parallel plate capacitors. Owing to the random thermal motion of electrons,  

transient excess or deficit of charges appeared at such region [55]. Hence high or low voltage 

could be produced there. With the high voltage, electrons could tunnel the region from one 

particles to another, resulting in electric conductivity.  

 

 

Figure 47. Fluctuation induced tunneling effect in a region of close approach point between 

two conducting particles. Shaded area denotes conductors. a) The heavy lines delineate the 

surface areas where most of the tunneling occurs. This tunnel junction is schematically 

depicted as a parallel plate capacitor in (b) [55]. 

 

The effect that electric conductivity of the nanocomposites increased with increasing 

frequency could be explained by the friction heat between electrons and matrices. At higher 

frequency the electrons had more friction with matrices due to quickly changing orientation 

of current. Hence more friction heat was produced.  When electrons adsorb the energy, they 

could jump over the energy gap from the covalent band into the conducting one, resulting 

electric conductivity. The effect could be also explained that the produced heat causes highly 

random thermal motion of electrons at the close approach point of two conducting particles, 

leading high voltage there. Hence, the electrons could tunnel from one particle to another. 
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The phenomenon that the temperature did not show any influence on the electrical properties 

could be explained by the fluctuation induced tunneling effect. In theoretical physics the 

tunneling effects were classified into thermally activated tunneling at high temperature and 

temperature independent tunneling effects at low temperature [55]. With increasing 

temperature, the electrons had increasing random thermal moving, leading not only to 

increase tunneling probability, but also to a decreased occupation probability on the boundary 

surface. Only above a certain temperature the increase of the tunneling probability dominated 

the decrease of the occupation probability, and the electrical conductivity increased with 

increasing temperature [55]. In this study, the temperature was varying from 25 oC to 100 oC 

where the decrease of the occupation probability maybe offset the increase of the tunneling 

probability. Therefore no change of electrical properties was observed with the varying 

temperature. 

 

5.4.3 Thermal stability of polymer nanocomposites 

The thermal stability of the nanocomposites was measured by using a thermo-gravimetric 

analyzer (TGA). The TGA curves of the pure polymer matrices and the nanocomposites with 

different contents of graphene sheets were shown in Figure 48 and Figure 49. It was observed 

that the onset of the thermal degradation of the pure PS was a little bite higher than the ones 

of PS composites. The result could be explained by the addition of PI-b-PMMA which had a 

lower degradation temperature (200 oC). The composites showed a more remaining content of 

graphene nanosheets at 410 °C than pure PS. It indicated that introduced graphene nanosheets 

enhanced the thermal stability of the PS matrix.  
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Figure 48. TGA spectra of PS graphene nanocomposites with a heating rate of 10 oC/min 

from room temperature to 800 oC under N2. 

 

Figure 49 shows the TGA for the pure PMMA and PMMA nanocomposites with 3 to 6 wt.% 

graphene nanosheets. Pure PMMA and the nanocomposites started to decompose at about 260 
oC. At about 410 °C, the content of the remaining weight of PMMA composites was a little 

bite higher than pure PMMA, meaning the thermal stability of the composites was increased 

by addition of graphene nanosheets.  
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Figure 49. TGA of PMMA graphene nanocomposites with a heating rate of 10 oC/min from 

room temperature to 800 oC under N2. 
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The influence of the addition of graphene nanosheets on the glass transition temperature of 

the composites was investigated by using Differential Scanning Calorimetry (DSC). For PS 

and PMMA nanocomposites, the glass transition temperature was hardly changed with a 

content of graphene nanosheets varying from 1 wt% to 6 wt% (Figure 50).  
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Figure 50. The glass transition temperature of the composites with different contents of 

graphene nanosheets. 

 

Another method to determine the glass transition temperature is by use of a tan h curve.  

´
´´

tan
E
E

  

where E´´ is storage modulus which measures the stored energy, representing the elastic 

portion, and E´ is the loss modulus which measures the energy dissipated as heat, 

representing the viscous portion [60]. The temperature where tan h is maximal indicates the 

glass transition temperature. 

 

In Figure 51 and 52, the maximum of the tan h curves of PS and PεεA nanocomposites 

were not strongly influenced by adding graphene nanosheets. The results agreed with the 

DSC measurement. But it was found that the curves became broader at the side of high 

temperature with increasing content of graphene nanosheets. It could be explained that at 

higher content of graphene sheets the mobility of polymer chains were more strongly 

http://en.wikipedia.org/wiki/Dynamic_modulus
http://en.wikipedia.org/wiki/Dynamic_modulus
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hindered by the sheets. Hence the chains needed more energy to get mobile. This result 

suggested that graphene sheets had strong interaction with the polymer chains.                                                
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Figure 51. The dependency of Tan (h) of PS composites on the temperature.  
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Figure 52. The dependency of Tan h of PMMA composites on the temperature. 
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5.4.4 Mechanical stability of polymer nanocomposites 

The mechanical stability of the graphene nanosheets composites were characterized by 

dynamic mechanical thermal analysis (DMTA). Figure 53 and 54 show the storage modulus 

which was measured from room temperature to 200 oC. Below 120 oC the storage modules of 

remained unchanged for composites with different contents of graphene nanosheets. At120 
oC, a transition from the glassy state to the rubbery state appeared. Above 120 oC (in the 

rubbery state), the contents of graphene nanosheets had a significant influence on the storage 

modulus: with increasing contents of graphene nanosheets, the storage modulus increased 

obviously. Similar results were also obtained for PMMA composites (Figure 54). 
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Figure 53. The dependency of storage modulus of PS on the concentrations of graphene 

nanosheets. 

 

The small influence of graphene nanosheets on the mechanical properties of the composites at 

room temperature could be explained by that graphene nanosheets from graphene oxide foam 

had many defect holes [28, 61]. Such sheets did not have strong mechanical stability like 

perfect sheets prepared by peeling off graphite with “Scotch” tape [16]. Therefore 

nanocomposites did not show an improved mechanical stability.  
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Figure 54. The dependency of storage modulus of PMMA on the concentrations of graphene 

nanosheets. 

 

 

5.4.5 Summary 

In this part of the study, graphene nanosheets with high surface area were dispersed in an 

organic solvent with low boiling point and low toxicity, THF, stabilized with a block 

copolymer PI-b-PMMA. The dispersion showed high stability after centrifugation for 30 min 

with 1000 rpm. It meant that PI-b-PMMA had strong interaction with graphene nanosheets. 

The dispersion was used to prepared polymer composites. It was shown that the modified 

graphene nanosheets had good compatibility with the PS and PMMA matrices. Especially, 

the electric properties of the composites were obviously improved: with about 3 wt% of 

graphene sheets the composites were converted to electric conducing materials. These results 

were comparable with the best ones reported in the literature. The thermal and mechanical 

stability was not strongly changed by addition of the graphene nanosheets. It could be 

explained by the defect holes in the sheets from the oxidation process for the preparation of 

graphene oxide. 
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In the current work, three studies about non-aqueous dispersions of particles were carried out 

by using an amphiphilic block copolymer poly(isoprene)-block-poly(methyl methacrylate) 

(PI-b-PMMA) as stabilizer: 

 

1. Dispersions of polyurethane and polyurea porous particles for polymer composites 

2. Dispersions of PMMA and PU particles with PDI dye for study of Single Molecule 

Spectroscopy Detection 

3. Dispersions of graphene nanosheets for polymer composites 

 

6.1 Dispersions of polyurethane and polyurea porous particles for polymer 

composites 

The study of dispersion of polyurethane porous particles extended the work of a previous PhD 

thesis, where porous polyurethane particles were prepared via a non-aqueous emulsion (PI-b-

PMMA as emulsifier) [1]. In this early work, the emulsion showed weak stability, appearing 

precipitation during the polymerization. The goal of this work was to develop a stable system 

and particles with homogenous porous structure. By using a mixture of aliphatic and aromatic 

diisocyanate, different to the previous work where only aromatic diisocyanate was used, the 

emulsion showed high stability, without appearing any precipitation. After a series of 

experiments, varying the ratio of aliphatic to aromatic diisocyanate, it was found that the 

emulsion with a ratio near to 1:1 (aliphatic to aromatic diisocyanate) had highest stability. The 

improved stability could be explained by the much lower reactivity of aliphatic diisocyanate 

compared to aromatic one. The reaction between diisocyanate and diol (and water) was 

strongly suppressed at the beginning of polymerization, so that diisocyanates had enough time 

to be homogenously dispersed in the emulsion. Based on this system, polyurethane particles 

with high porosity were prepared by dropwise addition of diisocyanates into an emulsion 

containing droplets of diol and water. The porous structure was formed by releasing carbon 

dioxide from the reaction between water and diisocyanate. 

 

In the study, these questions seat in the background: how the conditions (the amount of water 

and the kinds of catalysts) influenced the formation of porosity. After a serial of experiments, 

it was found when the amount of water was about three times higher as diol, particles was 

strongly porous. By the study on the influence of catalysts on the porosity, a series of catalysts 

with different selectivity to water and diol were investigated. The results showed that 
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balancing the reaction of diisocyanate with diol and with water played an important role for 

forming homogenous pores. When only a catalyst with a high selectivity to water was used, 

the particles collapsed. Probably the carbon dioxide was released too early, while the pore 

wall was still soft. With only a catalyst with a high selectivity to diol, many particles were 

broken into two parts. The pore wall would have already too high modulus, while carbon 

dioxide was released, so that the wall could not be reformed. A mixture ratio 1:1 of these two 

kinds of catalysts showed the particles with high homogenous porosity.  

 

During the study, an interesting phenomenon was observed: when diisocyanates was too 

slowly dropped into the emulsion, thin skin was formed on the surface of the particles. It 

could be caused by the side reaction between diisocyanate and urethane groups, because 

urethane is a relatively reactive functional group. To prevent this side reaction, another 

method was developed: at first two emulsions were separated prepared, one with diisocyanate 

as dispersed phase and one with diol. Both emulsions were mixed together in such a way that 

the diisocyanate had an excess compared to diol, in order to obtain polymer chains with NCO 

groups in the particles. The obtained particles were washed with hydrous THF in which water 

could diffuse into the particles and reacted with the NCO groups, releasing carbon dioxide. 

With this method, highly porous particles without formation of any skin were obtained. It 

meant that water did diffuse into the particles and react with the NCO end groups. In addition, 

the porous structure was much more homogenous than by the first method. The influence of 

the ratio between diisocyanate and diol on the porosity was also studied. An optimal ratio was 

found at 8 : 5.  

 

With a similar method, polyurea particles were prepared: water and diisocyanate as monomers 

were used to form separated emulsions which were later mixed together. Highly porous 

particles with an average size of only 500 nm were obtained, which were much smaller than 

the polyurethane ones (with a size ranging from 1 µm to 3 µm).  

 

Furthermore the porous polyurethane particles were investigated as a filler material for 

polyurethane (PU) and polystyrene (PS) composites. Homogenous distribution of particles in 

PU matrices was observed, due to the strong interaction of hydrogen bonds between urethane 

groups. The mechanical properties of polyurethane composites were also studied by varying 

the concentration of the particles. The tensile strength considerably increased with an 

increasing concentration of particles. In contrast, a lot of aggregates of particles in PS 
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matrices were observed, probably due to the weak interaction between the particles and PS. 

Here the tensile strength was not altered in a noticeable way by varying the concentration of 

the particles.  

 

Another application of porous polyurethane particles was performance as catalyst carrier for 

polyethylene (PE) polymerization. A zirconium phenoxyimine catalyst and 

methylaluminoxane (MAO) were successfully immobilized on the porous particles. The 

activity of the catalyst was studied at 50°C and 70°C. It was found that the activity at 70°C 

was two times higher (6x103 Kg.mol -1.h -1.bar -1) than at 50°C (6x103 Kg.mol -1.h -1.bar -1). 

The particles sizes increased to about 1970% at 70°C, but at 50°C only 450%. In addition, the 

diagram of particle size growth versus time showed that at 70°C the particles quickly reached 

maximum size at beginning of the polymerization. The similar phenomena were also reported 

in the study where soft swollen polystyrene particles (PS) were used as catalyst carrier [2]. 

The explanation was that: the catalyst and MAO were adsorbed inside of the soft swollen 

particles, not only on the surface. Hence the amount of active centres of the catalyst in the 

particles was dramatically increased. The polymerization ratio reached immediately 

maximum at the beginning. Porous particles have more surface area which could adsorb more 

catalyst and MAO and have more active centres of catalyst accessible to monomers. In other 

hand, the porous structure could make easier for catalyst and MAO to diffuse into the 

particles. The different activity of the catalyst at 70°C and 50°C could be explained by kinetic 

movement.   

 

In this study, polyurethane and polyurea particles with homogenous porosity were prepared in 

a non-aqueous emulsion with PI-b-PMMA as emulsifier. The obtained porous polyurethane 

particles showed good compatibility with polyurethane matrix. The mechanical strength of the 

polyurethane composite was strongly increased. In addition, the porous particles also showed 

strong interaction with a zirconium phenoxyimine catalyst for polyethylene (PE) 

polymerization. The catalyst was successfully immobilized in them and had high activity. In 

this work, many other applications of the porous particles were not studied yet, for example 

separating process, drug delivery and scaffold for medicine. Especially, when the porous 

particles are for medicinal application, a lot of work should be done, because some of 

chemicals used in this study have high toxicity, like MDI, HMDI and DMF.  
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6.2 Dispersions of polymer particles with perylene dye for SMFD study 

At the beginning of this study, a few of terms should be decided at first: which dispersions of 

polymer particles were investigated in this study? Two dispersions of polymer particles from 

radical polymerization and polyaddition were chosen, because both polymerizations have very 

different mechanisms. PMMA and PU are typical polymers from them. The next question was 

how to make polymer chains visible under SMFD.  Polymer chains in the particles must have 

dye molecules which should be detected via SMFD. Perylene dye, with double bonds (for 

PMMA particles) and OH (for PU particles) groups, was chosen and could act as monomers. 

Perylene dye has very high fluorescence activity and stability. The third question was which 

emulsion was suitable to prepare the dispersions. Perylene dye has high solubility in DMF. It 

was very important for the stability of a emulsion and the homogenous distribution of dye 

molecules in the particles. Hence one emulsion with DMF as dispersed phase was chosen, in 

which PI-b-PMMA was emulsifier.  

 

In this study, the prepared particles were studied with several steps, in order to answer 

following questions: 

1. Whether all of particles obtained dye molecules. 

2. The amount distribution of dye molecules in the particles.  

3. How dye molecules are distributed inside of one particle. 

4. How the supposed conformation and distribution of polymer chains in particles. 

 

The prepared PMMA particles had a relatively homogenous size distribution, ranging from 

50nm to 200nm. The particles were at first detected by dark-field microscopy and 

fluorescence microscopy to know whether all of particles obtained dye molecules. It was 

found that some of particles did not obtain any ones and some over tens. About 55% particles 

were with dye molecules from 2 to 10. One particle with 8 dye molecules was chosen for 

detection of SMFD. The dye molecules were homogenously distributed in a circle with a 

diameter of 400 nm (Figure 1 left). The distance between the neighbourhood dyes was about 

100 nm. From the results it could conclude that the polymer chains were homogenously 

distributed inside of particles. The orientation of the eight dye molecules varied from 40 

degree to 86 degree to Z axis and 177 degree to 34 degree to X axis, suggesting that no 

aggregates of dye molecules were built and the polymer chains freely twisted in the particles. 

When all of dye molecules were bound together with one curve, it looked like a random coil 

(Figure 1 left), meaning the polymer chain had a flexible conformation (Figure 2-I). This 
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supposition is suitable to the chemical nature of PMMA chains which are relatively flexible 

because of weak interaction between methylmethacrylate groups.    

 

 

Figure 1. The distribution of dye molecules in one PMMA particle left. 

               The distribution of dye molecules in one PU particle right. 

 

The prepared PU particles with dye molecules had homogenous size distribution, ranging 

from 150nm to 200nm. The overlook of amount distribution of dye molecules in all of PU 

particles was not investigated because of personal organisation. One particle with 8 dye 

molecules was detected via SMFD, The dyes were mostly distributed on the range of a circle 

with a size of 60 nm (Figure 1 right), different to PMMA particles in which dyes were 

homogenously distributed inside of a circle. It could propose that the polymer chains were 

mostly distributed on the surface of the particle. The dyes molecules were freely orientated 

from 4 degree to 82 degree to Z axis and from 7 degree to 161 degree to X axis. It meant that 

dye molecules did not build aggregates in the particles and the polymer chains freely twisted 

in the particles. When all dye molecules were bound with a curve, it looked like a toroid 

(Figure 1 right), suggesting a rigid polymer chains. This result was suitable to the chemical 

nature of polyurethane chains: the polymer chains are relatively stiff because of strong 

interaction between urethane groups (Figure 2-III).   

 

The mechanism of radical polymerization and polyaddition are very different: in radical 

polymerization each polymer chain has only one reactive end and the chance that monomers 

react with this end is controlled by their reactivity. In polyaddition, monomers are 
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polymerized to oligomers at first step in which all of monomers are statistically distributed in 

the oligomers. Hence it was expected that the distribution of dye molecules in PU particles 

should be more homogenous than in PMMA. From the observation via SMFD, it was not 

found obvious difference between both kinds of particles. Dye molecules were all relatively 

homogenously distributed in them. 

 

 

Figure 2. The typical conformations of polymer chains (I, random coil; II, molten globule; III, 

toroid; IV, rod; V, defect-coil; and VI, defect-cylinder) [3]. 

 

In this work, SMFD was successfully used to investigate distribution and orientation of dye 

molecules in polymer particles from one emulsion. With the information, the distribution and 

conformation of polymer chains were supposed. This study could be extended by 
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investigation of other polymer particles from ionic polymerization or polycondensation via 

SMFD.  

 

6.3 Dispersions of graphene nanosheets for polymer composites 

The goal of this work was to disperse graphene sheets in organic solvents with low toxicity. 

PI-b-PMMA with conjugated bonds, similar to chemical structure of graphene, could stabilize 

graphene in dispersions.   

 

This study consisted of three parts:  

1. Preparation of graphene nanosheets. 

2. Preparation of non-aqueous dispersions of graphene sheets by using  

    PI-b-PMMA as stabilizer 

3. Preparation of polymer composites with the dispersions of graphene nanosheets 

 

Graphene nanosheets were prepared by thermal exfoliation of graphene oxide foam from 

freeze-drying, a method to produce porous material in biology. The graphene oxide foam had 

extremely loose structure without any aggregates. At 1000 oC the foam was exfoliated to 

graphene nanosheets with a thickness about 3 nm (the special surface of the nanosheets was 

about 700 m2/g). This value was comparable with the best results via thermal exfoliation 

reported in the literature [4, 5]. To deeply understand the thermal exfoliation process of 

graphene oxide foam, the influence of temperature and heating rate were studied. It was found 

that with a heating rate up to10 oC/min and a temperate above 550 oC the obtained graphene 

nanosheets had highly surface area (about 700 m2/g). 

 

Non-aqueous dispersions of the graphene nanosheets were prepared by use of amphiphilic 

copolymer PI-b-PMMA as stabilizer. Organic solvents with low toxicity like THF and hexane 

were focused in this work. It was found that the dispersions in THF kept stabile for a few of 

months. The stability of the dispersions was tested by centrifugation at 1000 rpm for 30 min. 

The concentration of graphene nanosheets was still over 0.1 mg/ml after centrifugation. To 

understand the stabilizing mechanism, graphene nanosheets were dispersed in a PMMA 

solution in THF. The nanosheets could be not stabilized, meaning the PI block was anchored 

on the surface of the sheets, and PMMA block stretched into THF as steric hindrances in the 

dispersion.  
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The stable dispersion was continuously used to prepare polymer composites. Two 

conventional polymers PMMA and PS were chosen. In SEM images it was observed that 

graphene nanosheets were homogenously distributed in both matrices without any aggregates. 

At about 3 wt% of graphene nanosheets for PS and 4 wt% for PMMA, the composites showed 

a jump of electric conductivity for 105 S/cm, called as percolation threshold where graphene 

nanosheets formed a continuous conducting network in the matrix. The influence of 

concentration of nanosheets on electric, thermal and mechanical properties of the composites 

was also studied in this study. The electric conductivity was increased with increasing 

concentration. The decomposition temperature was shifted to higher temperature, when the 

concentration was increased. The mechanical strength was measured from room temperature 

to 200 oC. It was found the tensile strength was not strong changed. It could be explained by 

the defect structure of graphene nanosheets through the oxidation process (preparation of 

graphene oxide).  

 

In this study, PI-b-PMMA showed strong interaction with graphene nanosheets and 

successfully stabilized them in THF, an organic solvent with low toxicity. The modified 

graphene nanosheets had good compatibility with polyurethane and polystyrene matrices. 

Especially the electric property was strongly improved with low concentration. This work 

could be extended to disperse other carbon materials, like carbon black and nanotube in THF 

or other organic solvents with low toxicity. On the other hand, PMMA block could be 

changed with other block, so that the modified graphene nanosheets could have compatibility 

with other polymer matrices.   
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7.1 Methods 

Gel Permeation Chromatography (GPC) 

Gel permeation chromatography experiments were performed by equipments MZ-Gel SDplus 

10E6, 10E4 on 500 columns. In order to detect the signals, differential refraktometers and a 

UV-detector from company Waters, ERC, Rheodyne and Soma were used. Before the 

measurements, all of samples were cleared with a Teflonfilter with pore size 0.2 µm. 

 

Scanning Electron Microscopy (SEM) 

Scanning electron microscopy was performed on a Gemini-1530-Microscopy from company 

Zeiss. The acceleration voltages were between 0.75 and 3 kV. 

 

Transmission Electron Microscopy (TEM) 

Electron microscopy was performed with a Tecnai-F20-Microscopy from company FEI. The 

samples were diluted in THF and then applied to a 400 mesh carbon-coated copper grid and 

left to dry.  

 

Atomic force microscopy (AFM) 

Atomic force microscopy was performed by using NanoScope-3a-3D microscopy. The 

samples were dropped on the substrates and then dried in a fume hood. After that the 

substrates were dried in vacuum for 12 h. 

 

Dynamic Light Scattering (DLS) 

The particle sizes were measured by Malvern Zetasizer 3000 photocorrelation spectroscopy at 

a fixed scattering angle of 90o. 

 

Nuclear Magnetic Resonance (NMR)  

Proton nuclear magnetic resonance (1H-NMR) spectra were recoded on a Bruker Avance 250 

spectrometer at 250 MHz in deuterated solvents using TMS as internal standard. 

 

Infrared spectroscopy (IR spectroscopy) 

The FT-IR measurements were performed to check for the urethane and urea bonds in porous 

polyurethane particles in a Nicolet 730 FT-IR spectrophotometer using a signal reflection 

ATR-crystal from company Thermo-Spectra-Tech. 
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Differential Scanning Calorimeter (DSC) 

DSC measurements were carried out with samples of about 10 mg on a Mettler Digital-

Scanning-Calorimeter 300. The samples were protected with nitrogen. Cooling and heating 

rates were 1 and 10 oC/min. 

 

Thermal gravimetric analysis (TGA) 

Gravimetric measurements were performed with a Kern RH 120-3 gravimeter to measure the 

thermal stability of nanocomposites. 

 

Ultrasonication 

Emulsion or homogenization was performed with a Brandelin Sonorex RK255H - W640 

sonifier. 

 

Dialysis 

Graphene oxide was dialyzed to remove the salt and acids until the PH value is between 6 and 

7. The membranes were purchased from Millipore. 

 

Plasma-etching 

The plasma-etching was performed on an OXFORD PLASMALAB 80PLUS. The Camber 

temperature was set to 20 oC, the pressure 80 mTorr and the O2 flow flowed at 30. The RF 

power was 1 W and ICP forward power was 100 W. The silicon substrates are 3 inch 

diameter and have a specific resistance bigger than 1 Ohm/cm. 

 

Ultraviolet-Visible Spectroscopy (UV-Spectroscopy) 

UV analyses were carried out with a Perkin Elmer UV/Vis spectrometer Lambda 16. The 

dispersions of graphene nanosheets in THF were checked by using wavelength between 300 

nm to 800 nm.  

 

X-ray Diffraction (XRD) 

Wide-angle diffraction patterns of graphene oxide, graphene nanosheets and graphite were 

obtained at room temperature, using nick-filtered Cu Kg radiation. Slightly pressed flat 

samples were mounted perpendicularly to the primary X-ray beam. A flat-film camera with a 

sample-film distance of 90 nm was used to record the reflections. Optical density data were 
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collected from the photographically obtained patterns using a linear scanning 

microdensitometer LS20. 

 

Mechanical properties measurements  

The dynamic mechanical properties of the nanocomposites were determined using a dynamic 

mechanical analyzer (RMS 800, Rheometric Scientific). The measurements were carried out 

with a bending mode at a heating rate of 1oC/ min between 0 oC to 100 oC. The 

nanocomposites film, 5 mm wide and 23 mm long strips with thickness from 200 µm to 250 

µm, were clamped between film fixtures of the RMS 800. For the measurement from 100 oC 

to 200 oC, the samples were pressed to tablets with diameter 6 mm and thickness 0.6 mm. 

 

Figure 1. The equipment of RMS 800 from Rheometric Scientific. 
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Figure 2. A near record of RMS 800 from Rheometric Scientific 

 

Electric properties measurements 

Measurements of frequency and temperature dependence of dielectric constant and electric 

conductivity of the graphene nanocomposites were done regarding a two-contact method with 

a Novocontrol (High Resolution Dielectric Analyzer). A round shape (d = 20 mm) sample 

was placed in the central part of the measurement cell.  

 

 

Figure 3. A two-contact method with a Novocontrol (High Resolution Dielectric Analyzer). 
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Figure 4. Mounting of Electrodes in the sample Cell 

 

7.2 Synthesis of porous polyurethane particles 

7.2.1 Preparation of stabile non-aqueous emulsion (Sec 3.2) 

Materials 

The monomers 4,4'-methylene diphenyl diisocyanate (MDI) 98% purity, 1,6-hexane 

diisocyanate (HMDI) 95% purity and 1,4-bis(hydroxymethyl) cyclohexane (BHC) 99% purity 

were purchased from Sigma-Aldrich and used as received. Emulsifier Polyisoprene-block-

polymethylmethacrylate (PI-b-PMMA) copolymer was prepared using a sequential anionic 

polymerization technique. The recipe was described elsewhere [1]. Catalyst triethylene 
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diamine (TEDA) was received from Sigma-Aldrich. Anhydrous solvents n-hexane (Acros 

Organics), Dimethylformamide (DMF) (Aros Organics) and Tetrahydrofuran (THF) (Aros 

Organics) were dried over molecular sieves (4 Å). All the chemicals were stored in glove box 

under nitrogen. 

 

Preparation of a stable emulsion 

Emulsifier PI-b-PMMA (250 mg) and continuous phase n-hexane (12 ml) were stirred 

magnetically at room temperature, until a stable dispersion was formed. A mixture consisting 

of diol BHC, catalyst TEDA (50 mg, 0.45 mmol) and DMF (0.5 g, 6.5 mmol) was used as 

dispersed phase and added dropwise to the n-hexane/copolymer dispersion. To form an 

emulsion, the mixture was stirred at room temperature for two hours and treated by ultrasound 

for 10 min using a Bandelin Sonorex RK255H ultrasonic bath, operating at 640 W. 

Subsequently, the mixture of MDI and HMDI in DMF (0.5 g, 6.5 mmol) was added dropwise 

to the emulsion. The polyaddition continuously ran for 8 h at 40 oC. Then the emulsion was 

place in a separating funnel with n-hexane in order to stop the polymerization. The collected 

particles were washed twice with n-hexane. The component for the polyaddition and the 

analytical data of the polyurethane particles were listed in Table 1. 

 
Dispersion MDI 

(mmol) 

HMDI 

(mmol) 

Diol 

(mmol) 

Catalyst  

(mg) 

Particle 

(nm) 

Yield 

(%) 

YZ003 0.5 2.5 3 10 200-400 93 

YZ133 0.5 2.0 2.5 10 80 98 

YZ135 0.5 0.5 1 10 50-150 95 

YZ140 0.5 0.25 0.77 10 200 85 

Table 1. Component for the polyaddition and analytical data of the polyurethane particles 

 

7.2.2 Preparation of polyurethane porous particles via fission/fusion method (sec 3.3) 

Materials 

In this preparation, one more catalyst was used here, Bis[2-(N,N-dimethylamino)ethyl] ether 

(BDAEE), which was purchased from Sigma-Aldrich and used as received. The other 

chemicals were similar to above (sec 6.2.1).  
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Preparation of porous polyurethane particles 

At first, two emulsions with water or diol as dispersed phase were prepared: Emulsifier PI-b-

PMMA (250 mg) and continuous phase n-hexane (12 ml) were stirred magnetically at room 

temperature, until a stable dispersion was formed. A mixture consisting of diol BHC, catalyst 

TEDA (50 mg, 0.45 mmol) and DMF (0.5 g, 6.5 mmol) was used as dispersed phase and 

added dropwise to the n-hexane/copolymer dispersion. The emulsion was stirred at room 

temperature for two hours and treated by ultrasound for 10 min using a Bandelin Sonorex 

RK255H ultrasonic bath, operating at 640 W. A mixture consisting of water, catalyst BDAEE 

(50 mg, 0.31mmol) and DMF (0.5 g, 6.5 mmol) was used as dispersed phase and also added 

dropwise to another n-hexane/copolymer dispersion. Subsequently, the two dispersions were 

mixed together by stirring for two hours and treated by ultrasound for 10 min. Then, a 

mixture of MDI and HMDI in DMF (0.5 g, 6.5 mmol) was added dropwise to the mixed 

emulsion. The polyaddition ran for 8 h at 40 oC.  Then the emulsion was place in a separating 

funnel with n-hexane in order to stop the polymerization. The collected particles were washed 

twice with THF. The component for the polyaddition and the analytical data of the 

polyurethane particles were listed in Table 2. 

 
Dispersion Water 

(mmol) 

Diol 

(mmol) 

MDI 

(mmol) 

HMDI 

(mmol) 

Particle 

(µm) 

Yield 

(%) 

Porosity 

YZ134 1 1 1 1 0.1 97 No 

YZ136 3 1 2 2 2-2.5 92 Yes 

YZ169 5 1 3 3 1.5-2 98 inside 

YZ143 10 1 5.5 5.5 1-3 98 Yes 

YZ144 20 1 10.5 10.5 2 95 Yes 

     Table 2. The component for the polyaddition and the analytical data of the polyurethane      
                   particles 
 

7.2.3 Preparation of polyurethane porous particles via combination method (sec 3.4) 

Materials  

In this preparation, catalyst Bis[2-(N,N-dimethylamino)ethyl] ether (BDAEE) was purchased 

from Sigma-Aldrich and used as received. The other chemicals were similar to above (6.2.1).  
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Preparation of porous particles 

At first, tow emulsions were prepared: emulsifier PI-b-PMMA (250 mg) and continuous 

phase n-hexane (12 ml) were stirred magnetically at room temperature, until a stable 

dispersion was formed. A mixture consisting of diol BHC, catalyst TEDA (50 mg, 0.45 

mmol), catalyst BDAEE (50 mg, 0.31mmol) and DMF (0.5 g, 6.5 mmol) was used as 

dispersed phase and added dropwise to the n-hexane/copolymer dispersion to form an 

emulsion. A mixture consisting of MDI/HMDI (1:1) and DMF (0.5 g, 6.5 mmol) was used as 

dispersed phase and added dropwise to another n-hexane/copolymer dispersion to form an 

emulsion. The both emulsions were stirred for two hours and treated with ultrasound for 10 

min. Then they were mixed together by treatment with ultrasound for 10 min using a 

Bandelin Sonorex RK255H ultrasonic bath, operating at 640 W. Subsequently, they were 

stirred for 8 h at 40 oC. Then the emulsion was place in a separating funnel with n-hexane in 

order to stop the polymerization. The collected particles were washed twice with THF. This 

dispersion stayed at room temperature for two days. The component for the polyaddition and 

the analytical data of the polyurethane particles were listed in Table 3. 

 

Sample MDI/HMDI 

(mmol) 

Diol 

(mmol) 

Particle 

(µm) 

Yield 

(%) 

YZ205 6 2.5 1 80 

YZ235 5 2.5 1 92 

YZ168 4 2.5 2.5 98 

YZ197 3 2.5 2.0 91 

   Table 3. The component for the polyaddition and the analytical data  
                                     of the polyurethane particles 
 

7.2.4 Preparation of polyurea porous particles (sec 3.5) 

Materials 

In this preparation, catalyst Bis[2-(N,N-dimethylamino)ethyl] ether (BDAEE) was purchased 

from Sigma-Aldrich and used as received. The other chemicals were similar to above (6.2.1).  

 

Preparation 

At first tow emulsions were prepared: emulsifier PI-b-PMMA (250 mg) and continuous phase 

n-hexane (12 ml) were stirred magnetically at room temperature, until a stable white solution 

was formed. A mixture consisting of water, BDAEE (50 mg, 0.31mmol) and DMF (0.5 g, 6.5 
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mmol) was used as dispersed phase and added dropwise to the n-hexane/copolymer 

dispersion to form an emulsion. A mixture consisting of MDI/HMDI (1:1) and DMF (0.5 g, 

6.5 mmol) was used as dispersed phase and also added dropwise to another n-

hexane/copolymer dispersion to form an emulsion. The both emulsions were stirred for two 

hours at room temperature. Then they were mixed by treatment with ultrasound for 10 min 

using a Bandelin Sonorex RK255H ultrasonic bath, operating at 640 W. Subsequently, they 

were stirred for 8 h at 40 oC. Then the emulsion was place in a separating funnel with n-

hexane in order to stop the polymerization. The collected particles were washed twice with 

THF. The component for the polyaddition and the analytical data of the polyurea particles 

were listed in Table 4. 

 

Sample MDI/HMDI 

(mmol) 

Water 

(mmol) 

Particle  

(nm) 

Yield 

(%) 

YZ98 1 1 200 98 

YZ99 1.1 1 50-200 97 

           Table 4. The component for the polyaddition and the analytical data  
                          of the polyurea particles. 
 

7.2.5 Polymer composites with polyurethane porous particles (sec 3.6) 

Materials 

The monomers für polyurethane matrix (polyol Desmophe 680 M = 770 g/mol) and 

(polyisocyanate N3390 M = 214 g/mol) were used as received from BASF. Polystyrene 

(molecular weight 18000 g/mol PD = 1.1) as matrix was purchased from Fluka. THF was 

used as received from Aros Organics. Porous polyurethane particles were from sample 

YZ168.   

 

Preparation of polyurethane composites 

Monomers Desmophe 680 and N3390 were mixed together in 1ml THF with a weight ratio 

1:3.2 for 30 min. Porous particles were then added into the mixture. The amount of particles 

was 3.1 wt%, 5 wt% and 7.8 wt% of monomers weight. The dispersion was stirred for 8 h at 

room temperature and treated by ultrasound for 10 min in ice bath. Subsequently, it was 

poured into a mould which was continuously put in withdrawal in order to vapor THF without 

forming bubbles in the composites. After one day, the most of THF was removed and the 
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mould was put in oven with vacuum for 8 h with 100 oC in order to polymerize the monomers 

polyol Desmophe 680 and polyisocyanate N3390.  

 

Preparation of polystyrene composites 

The polystyrene with molecular weight 18000 g/mol was mixed with porous particle in 1 ml 

THF. The weigh ratios of particles were 4.8 wt%, 7.8 wt% and 10 wt%. The dispersions were 

stirred for 8 h at room temperature and treated by ultrasound for 10 min in ice bath. They 

were poured into a mould which was continuously put in withdrawal in order to vapor THF 

without forming bubbles in the composites. After one day, the most of THF was removed and 

the mould was put in Vacuum for 8 h in order to remove the residual THF.  

 

7.2.6 Porous particles used as catalyst carrier (sec 3.7) 

Materials 

Porous particles were from the sample YZ168. Anhydrous toluene was used as received from 

Aros Organics.  

 

Preparation 

Polyurethane porous particles were at first dried for 12 hours under reduced pressure. Once 

the sample was moved into a glove box, 300 mg of polyurethane porous particles were 

redispersed in 5 ml of toluene. The solution was mechanically stirred overnight to guaranty 

complete redispersion of the particles. A solution of MAO (3 ml, 1.5 M, 10 wt% in toluene) 

was added to the redispersed particles. A minimum of three hours under mechanical stirring 

was necessary to support MAO on the particles. The supernatant toluene containing was 

removed via syringe, and the particles were dried under reduced pressure for 24 hours. 

Immobilization of the catalyst on the porous particles was carried out as follows: inside of the 

glove box, 0.03 mmol of phenoxy-imine catalyst was dissolved in 5 ml of toluene. The 

catalyst solution was mixed with the MAO pre-activated porous particles, and then the 

solution was stirred for 3 hours. The supernatant solution was removed via syringe, and the 

remaining catalytically active porous particles were dried under reduced pressure for 24 hours 

and further moved into the glove box. The collected particles were then ready for their use 

towards ethylene polymerization. A previously heated (50 °C or 70 °C) and evacuated (1 

hour) video microscopy reactor with a capacity up to 50 ml was transferred to the glove box. 

Onto a silver plate holder a small sample (about 2 mg) of supported particles was carefully 

put, the sample holder was incorporated into the video microscopy reactor. After sealing the 



Chapter 7. Experimental Part                                                                                               164 

reactor, the system was transferred into the ethylene gas line, which was attached to the video 

microscopy set up, equipped with a temperature controller. Once the desired polymerization 

temperature was reached, the flow of ethylene was set and the polymerization was allowed to 

begin. After one hour of polymerization, the reactor was opened to the atmosphere to release 

the ethylene gas and quench the catalyst. No further manipulation was necessary and the 

collected polymer was characterized by conventional techniques. 

 

7.3 Synthesis of polymer particles loaded with PDI dye (sec 4.2 and 4.3) 

Materials 

The monomers 1,6-hexane diisocyanate (HMDI) 95% purity,  

1,4-bis(hydroxymethyl)cyclohexane (BHC) 99% purity and methyl methacrylate (MMA) 

99% purity were purchased from Sigma-Aldrich and used as received.  MMA was distilled 

under reduced pressure prior to use. Emulsifier Polyisoprene-block-polymethylmethacrylate 

(PI-b-PMMA) copolymer was prepared by using a sequential anionic polymerization 

technique. The recipe was described elsewhere [1]. The perylene dye with hydroxyl groups 

and double bonds were prepared by Dr Lui. The recipe was described elsewhere [2] . Catalyst 

triethylene diamine (TEDA) was received from Sigma-Aldrich. 2,2´-azobis(4-methoxy-2,4-

dimethylvaleronitrile) (V-70) was purchased from Wako Pure Chemical Industries. 

Anhydrous solvents n-hexane (Acros Organics) and DMF (Aros Organics) were dried over 

molecular sieves (4 Å). All the chemicals were stored in glove box under nitrogen. 

 

Preparation of polyurethane particles loaded with PDI dye 

At first two emulsions were prepared with diol or PDI dye as dispersed phases: Emulsifier PI-

b-PMMA (250 mg) and continuous phase n-hexane (12 ml) were stirred magnetically at room 

temperature, until a stable dispersion was formed. A mixture consisting of BHC (72 mg, 0.5 

mmol), catalyst TEDA (50 mg, 0.45 mmol) and DMF (0.5 g, 6.5 mmol) was used as 

dispersed phase and added dropwise to a n-hexane/copolymer dispersion. A mixture 

consisting of PDI with hydroxyl groups (the amount was calculated down), catalyst TEDA 

(50 mg, 0.45 mmol)  and DMF (0.5 g, 6.5 mmol) was used as dispersed phase and also added 

dropwise to another n-hexane/copolymer dispersion. The two emulsions were mixed by 

stirring for 2 h and treated with ultrasound for 10 min, using a Bandelin Sonorex RK255H 

ultrasonic bath, operating at 640 W. A mixture of HMDI (84 mg, 0.5 mmol) and DMF (0.5 g, 

6.5 mmol) was slowly added into the emulsion and stirred for 8 h at room temperature. Then 
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the emulsion was place in a separating funnel with n-hexane in order to stop the 

polymerization. The collected particles were washed twice with n-hexane.  

 

Preparation of PMMA particles loaded with PDI 

At first two emulsions were prepared with diol or PDI dye as dispersed phases: Emulsifier PI-

b-PMMA (250 mg) and continuous phase n-hexane (12 ml) were stirred magnetically at room 

temperature, until a stable dispersion was formed. A mixture consisting of MMA (50 mg, 0.5 

mmol) and DMF (0.5 g, 6.5 mmol) was used as dispersed phase and added dropwise to an n-

hexane/copolymer dispersion. A mixture consisting of PDI with double bounds (the amount 

was calculated following) and DMF (0.5 g, 6.5 mmol) was used as dispersed phase and also 

added dropwise to another n-hexane/copolymer dispersion. The two emulsions were mixed by 

stirring for 2 h and treated with ultrasound for 10 min using a Bandelin Sonorex RK255H 

ultrasonic bath, operating at 640 W. A mixture of V-70 (50 mg, 0.16 mmol) and DMF (0.5 g, 

6.5 mmol) was added into the emulsion and stirred for 1 h at room temperature. After 

treatment by ultrasound for 10 min, the radical polymerization was carried out by stirring for 

8 h at room temperature. Then the emulsion was place in a separating funnel with n-hexane in 

order to stop the polymerization. The collected particles were washed twice with n-hexane.  

 

Calculation of the amount of PDI dye for 1 mmol polymer particles 

At first the amount of particles was determined where the weight of 1 mmol particles and the 

density were assumed as pure particles without PDI dye.  
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MPMMA = 100 mg (1 mmol PMMA)  
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NPDI = Amount of PDI molecules in NPMMA PMMA particles 
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mPDI = the mol amount of PDI 
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MPU = 312mg (1 mmol PU)  

dPU = 1.0 g/cm3 (Density of PU)  

rPU = 100 nm (Diameter of PU particle) 

n = 10   (Amount of PDI molecules in each particle) 

NPU = Amount of polyurethane particles in 100 mg 

NPDI = Amount of PDI molecules in NPU polyurethane particles 

mPDI = the mol amount of PDI 

 

7.4 Preparation of graphene nanocomposites 

7.4.1 Preparation of graphene oxide foam (sec 5.3.1) 

Materials 

Natural flake graphite (NFG) was used received from Sigma-Aldrich. Fuming nitric acid 

(>90%), sulfuric acid (95-98%), sodium nitrate (>99%) and potassium permanganate (>99%) 

and hydrogen peroxide solution (50%) were purchased from Sigma-Aldrich. 

 

Preparation 

Graphene oxide was prepared with Hummers method [3]. 10 g of flake graphite and 5 g of 

sodium nitrate were mixed in a 2-liter flask which was cooled to 0 oC with a ice bath. 0.23 

liter sulfuric acid was slowly added into the mixed in order to keep the temperature at 20oC. 

While maintaining vigorous agitation, 300 g of potassium permanganate was added to the 

suspension. The ice bath was then removed and the temperature of the suspension reached to 

35 oC. As the reaction progressed, the mixture became pasty with brownish grey color. After 

three days, 0.5 liters of water was slowly stirred into the paste, causing violent effervescence 

and an increase in temperature to 100oC. The obtained diluted brown suspension was then 
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further diluted to approximately 5 liters with warm water and treated with hydrogen peroxide 

to reduce the residual permanganate and manganese dioxide to colorless soluble manganese 

sulfate, until the suspension turned bright yellow and no gas was bubbled. The suspension 

was centrifugated with speed 20000 rpm a few of times, till the PH value was 7. The obtained 

dark brown stable dispersion of graphene oxide in water was treated by ultrasound for 8 h in 

ice bath. The goal of this step was to obtain graphene oxide monolayer dispersion. 

 

Subsequently, the aqueous suspension of graphene oxide was frozen into liquid nitrogen (-

196 oC) and then was freeze-dried using a lyophilizer with a condenser temperature of -50 oC 

and inside pressure less than 20 Pa. After 4 days lyophilization process, low-density, porous 

graphene oxide brown foam was finally obtained. It was kept in a desiccator for one week in 

order to remove the residual water.  

 

7.4.2 Thermal reduction of graphene oxide foam (sec 5.3.2) 

The dried GO foam (10 mg) was put into a 50 mm long, 10 mm broad quartz ship. It was 

inserted into a tube furnace (GERO Hochtemperature Ofen 75242 from Germany Neuhausen) 

and was flushed with argon for 30 min. Then the furnace was heated to different temperatures 

(250 oC, 550 oC, 750 oC and 1000 oC) with different heating rates (1 oC/min, 5 oC/min, 10 

oC/min, 20 oC/min and 30 oC/min).  

 

7.4.3 Dispersion of graphene nanosheets with different surfactants (sec 5.4.1) 

Materials 

Water was distillated. Surfactant SDBS and SDS were purchased from Sigma-Aldrich. 

Lutensol AT50 is a poly(ethylene oxide) hexadecyl ether with an glycol block length of 50 

units supported by BASF. THF (99%) and n-Hexane (99%) were used as received from 

Sigma-Aldrich. Graphene nanosheets were obtained by exfoliation at 1000 oC with heating 

rate 30 oC/min. 

 

Preparation 

Graphene nanosheets (exfoliated at 1000 oC with a heating rate 30 oC/min) with different 

surfactants were dispersed in suitable solvents. The dispersion was stirred for 8 h and treated 

by ultrasound for 8 h. The components of the dispersions were listed following. 
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Surfactant (1 mg) Solvent ( 1 ml) Graphene nanosheets  

SDBS Water 0.1mg 

SDS Water 0.1mg 

Lutensol THF 0.1 mg 

PI-b-PMMA THF 0.1 mg 

PI-b-PMMA n-Hexame 0.1 mg 

      Table 5. The components of the dispersions of graphene nanosheets with different  
                    surfactants.  
 
 

7.4.4 Preparation of the dispersion of graphene nanosheets in THF (sec 5.4.2) 

Materials 

Graphene nanosheets were prepared by exfoliation at 1000 oC with a heating rate 30  oC /min. 

THF (99%) was used as received from Sigma-Aldrich. 

 

Preparation 

Graphene nanosheets (1 mg) (exfolicated at 1000 oC with a heating rate 30 oC/min) and 5 mg 

PI-b-PMMA was mixed in 1 ml THF. It was stirred at room temperature for 8 h and then 

treated by ultrasound for 8 h with ice bath. To measure the stability of the dispersions, they 

were centrifugated with different speed (1000 rpm, 2000 rpm, 3000 rpm, 4000 rpm and 5000 

rpm) for 30 min. The obtained concentrations were listed following: 

Centrifugation (rpm) Concentration (mg/ml) 

1000 0.10 

2000 0.053 

3000 0.025 

4000 0.011 

5000 0.0057 

                               Table 6. The concentrations of graphene nanosheets  

                                              in THF after treatment of centrifugation. 

 
 

7.4.5 Dispersion of graphene nanosheets with organic solvents (sec 5.4.3) 

Materials 

THF, n-Hexane, NMP, DMF and toluene were used as received from Sigma-Aldrich. 

Graphene nanosheets were obtained by exfoliation at 1000 oC with a heating rate 30 oC/min. 
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Preparation 

Graphene nanosheets (0.1 mg) (exfolicated at 1000 oC with a heating rate 30 oC/min) were 

added into different organic solvents (THF, n-Hexane, NMP, DMF and toluene) without 

using any surfactants. The mixture was stirred for 8 h and then treated by ultrasound for 

continuously 8 h. 

 

7.4.6 Preparation of the polymer composites with graphene nanosheets (sec 5.5) 

Materials 

PMMA 18000 g/mol (PD 1.1), PS 25000 g/mol (PDI 1.1) and PI-b-PMMA were used as 

received from the polymer synthesis apartment in the institute. THF was used as received 

from Sigma-Aldrich. Graphene nanosheets were exfoliated at 1000 oC with a heating rate 30 
oC. 

 

Preparation 

Graphene nanosheets and surfactant PI-b-PMMA with weight ratio (1:1) were mixed in 10 ml 

THF. The mixture was stirred at room temperature for 8 h and then treated by ultrasound for 8 

h. PMMA or PS with different amount were added in the obtained stable dispersion and 

continuously stirred for 8h and treated by ultrasound for 8 h.  The polymer composites 

dispersions were then precipitated in methanol. The obtained powder was dried in vacuum for 

8h. In order to measure the electric, mechanical properties, the powder was pressed in a 

hydraulic hot press (Model 0230C-X1, PHI-Tulip) at 18 kN with a temperature of 200 oC. 

The obtained films had a thickness from 200 nm to 250 nm. 

 

7.4.7 Calculation of percolation threshold and the critical exponent for PS (sec 5.5.2.1) 

The DC conductivity of PS composites with different concentrations of graphene nanosheets 

was measured at frequency 1 Hz.  
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Figure 5. The direct current conductivity of the PS composites versus the weight 

concentration of graphene nanosheets 

  

The percolation threshold Pc clearly occurs between 2.0 and 3 wt%. In order to get an 

estimate for Pc and the critical exponent s, the jDC data for Pc - P is fitted to Eq. (1).  

 

jDC  ≈  ( Pc - P)-s                                                           (1) 

 

This was done by variation of Pc in the interval from 2.1 to 3.0 in steps of 0.1. For each 

estimated value of Pc the value of s was determined from relation of jDC and Pc - P .In the 

table 6 it is shown calculated critical exponent s, when Pc  varies from 2.1 wt%  to 3.0 wt%. 

 

Figure 6. An example to calculate the critical exponent s with Pc = 3.0%. 
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Nr Pc (wt%) critical exponent s Determination (R2) 

1 2.1 1.07 0.6141 

2 2.2 1.15 0.6166 

3 2.3 1.21 0.6166 

4 2.4 1.29 0.6185 

5 2.5 1.36 0.6201 

6 2.6 1.44 0.6215 

7 2.7 1.51 0.6228 

8 2.8 1.59 0.6239 

9 2.9 1.66 0.6249 

10 3.0 1.73 0.6258 

               Table 7. The calculated critical exponent s and the determination 

 

The lowest value of the root mean square error was found for Pc = 3.0 wt% with the exponent 

s = 1.73. In order to get the critical exponent t; the jDC data for P– Pc is fitted to Eq. (2),  

 

jDC  ≈  (P -  Pc)t                                                          (2) 

 

with Pc = 3.0 %. The calculated critical exponent t is 1.30. 

 

Figure 7. The calculation of the critical exponent t with Pc = 3.0% 

 

7.4.8 Calculation of percolation threshold and the critical exponent for PMMA (sec 

5.5.2.1) 

The values of the DC conductivity of PMMA composites with different weight concentrations 

of graphene nanosheets were measured.  
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Figure 8. The direct current conductivity of the PMMA composites versus the weight 

concentration of graphene nanosheets 

 

The percolation threshold Pc clearly occurs between 3.0 and 4 wt%. In order to get an 

estimate for Pc and the critical exponent s; the jDC data for Pc - P is fitted to Eq. (1).  

jDC  ≈  ( Pc - P)-s                                                           (1) 

This was done by variation of Pc in the interval from 3.0 to 4.0 in steps of 0.1. For each value 

of Pc the value of s was determined from relation of jDC and Pc – P. 

Figure 9. An example to calculate the critical exponent s with Pc = 3.3%. 
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 Table 8. The calculated critical exponent s and the determination. 

 

The lowest value of the root mean square error was found for Pc = 3.3 wt% with the exponent 

s = 0.623. In order to get the critical exponent t; the jDC data for P– Pc is fitted to Eq. (2),  

 

jDC  ≈  (P -  Pc)t                                                          (2) 

 

with Pc = 3.3 %. The calculated critical exponent t is 9.14 

  

 

Figure 10. The calculation of the critical exponent t with Pc = 3.3% 
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