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ABSTRACT 

This study reports on the morphology of poly( methyl methacrylate) (PMMA) and polycarbonate 

(PC) filled with mesoporous silica (MCM-41) and cerium doped yttrium a luminum garnet 

(Ce:YAG) at contents in the range of 0.1 to 5 wt.%. The interactions between the polymer and 

fillers in these composites, and their thermomechanical, mechanical and thermal degradation 

properties were studied. The techniques used were small angle X-ray scattering (SAXS), 

transmission electron microscopy (TEM), CP-MAS-NMR spectroscopy, X-ray diffraction 

(XRD), dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA), impact testing 

and luminescence spectroscopy. The samples containing more than 0.5 wt.% of filler were Jess 

transparent than those containing smaller amounts, due to the presence of agglomerates. MCM-

41 particles were well dispersed at low loadings, but formed agglomerates at higher loadings, 

while the Ce:Y AG particles were not too well dispersed in both polymers at low loadings. 

Mixing with PMMA and PC did not alter the pore dimensions in the MCM-41 structure, and it 

maintained its hexagonal structure, even though the polymer chains partially penetrated the pores 

during composite preparation. Both polymers have carbonyl groups that had hydrogen bond 

interactions with the silanol group (Si-OH) on the surfaces of the MCM-41 particles. In the case 

of Ce: Y AG the interaction was through electron donor-acceptor interaction between the carbonyl 

oxygen lone pair in the polymers and the yttrium cation (Y3+). PMMA, however, showed a 

stronger interaction than PC. The addition of MCM-41 and Ce:Y AG increased the storage and 

loss modulus of PMMA and PC above the glass transition temperature. In the presence of MCM-

4 I the increase in modulus was due to the interaction of the polymer chains with the porous filler 

which restricted the mobility of the polymer chains and increased the stiffness of the composites. 

The impact strength of the polymer increased with the addition of MCM-41 and Ce: Y AG, but 

the concentration corresponding to the maximum increase depended on the type of filler. The 

combination of blue LEDs with the PMMA/Ce:YAG composites loaded with 5 wt.% and 

PC/Ce:YAG composites loaded with 2 wt.% gave off light in the white region, making them 

suitable for applications in white light emitting diodes. 
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Chapter 1: General introduction and literature review 

1.1 General background 

Reinforcement of polymer materials with inorganic fill ers has been a common practice in the 

plastics industry for decades, because it improves mechanical properties, thermal stability, flame 

retardancy, gas barrier properties, biodegradation and abrasion resistance of polymers. These 

properties combine the advantages of the inorganic filler (i.e., rigidity, thermal stabi lity) and that 

of the organic polymer (i.e., flexibility, ductility, processabi lity). Thermoplastic polymers are 

usually reinforced with nanoclay, nanofiber, graphite, multiwalled carbon nanotubes (MWCNT) 

and silica (1-5] . The presence of nanofillers can strongly change the macroscopic properties of 

the polymer, even at very low concentrations, and the level of improvement depends on a 

number of factors which includes the preparation method, the dispersion of the nanofiller in the 

polymer and the interfacial adhesion between the polymer and the nanofiller. However, the full 

effect of nanofillers is reduced due to the tendency of the particles to agglomerate, which then 

forces nanofillers to behave like microfillers and serve as weak reinforcing particles. As a result 

it becomes crucial to produce polymer composites with uniformly dispersed particles in order to 

obtain maximum improvement in the mechanical and physical properties [ 1,6-8]. The presence 

of agglomerates can be minimised by modifying the surface of the filler or adding a 

compatibil izer in order to increase the interaction between the polymer and the filler. To further 

improve the properties of the polymer, a number of routes have been used. Firstly, the 

incorporation of two nanomaterials into po lymer matrices, which will generate a more effective 

enhancement due to the expected synergistic effect. Secondly, polymer blending which provides 

materials with extended useful properties beyond the range that can be obtained from single 

polymers [9-12]. 

Polymer composites increase the application of polymers and they are widely used in 

housing materials, transportation, construction, electronics and food packaging (5 , 13-1 5]. 

Different fill ers are added into specific polymers in order to increase their applications in their 

respected fields. The application of polymer-clay nanocomposites (PCNs) has contributed 

tremendously in our society. The most common use of PCNs has been in the mechanical 

reinforcement of thermoplastics like nylon-6 and polypropylene (PP). Toyota was the first 

1 
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company to commercialise these nanocomposites and use them in one of their popular models 

[16]. They produced polyamide-clay nanocomposites and used them to replace a metal 

component near the engine block that caused some weight savings. In this application, clay 

improved the heat di stortion temperature of the material and allowed it to be used in high 

temperature applications. They have also been used for automotive applications (fuel tanks, 

bumpers, interior and exterior panels) where the presence of the clay resulted in an increase in 

the fl exural strength and modulus while maintaining impact performance (17, 18]. PCNs were 

found to improve the flarne-retardancy of polymers without degrading their properties, and the 

organoclays are also much cheaper than the flame retardants they are replacing. Another 

common application of clay nanocomposites is for gas-barrier materials. The clay nanoparticles 

create a complex network in the polymer matrix such that various gases either di ffuse very 

slowly or not at all through the polymer chains. The success of clay nanocomposites for 

decreased diffusion of oxygen and water resulted in their application in food/ liquid packaging in 

order to keep foods fresher for longer [ 18]. 

The addition of silica nanoparticles into polymers not only improves the physical 

properties, but also exhibits some unique properties which attract more interest in industries. A 

number of practical applications of polymer/silica nanocomposites have been reported, which 

include coatings, fl ame retardant materials, optical devices, electronics, and optical packaging 

materials, photoresist materials and sensors. The reinforcement of acrylates by surface modified 

nanosilica led to acrylate nanocomposite coatings with improved scratch and abrasion resistance. 

These coatings can be used on substances such as polymer films, metal, wood and engineering 

wood, and floors. Nowadays a variety of coatings are manufactured and used for decoration as 

well as protection applications. The need for industrial heavy duty flooring is increasing and 

epoxy based coatings have been used mainly as flooring compound, which are very useful 

especially for surface protection against mechanical damages. Silica nanoparticles have been 

incorporated into epoxy as reinforcing agent to improve the physical and mechanical properties 

and broaden their performance in the industry [ 19-21]. 

Over the past decade, optically transparent polymers attracted considerable attention m 

numerous appl ications, including protective face shields and eyewear, protective coatings, 

windows, high performance transportation glazing, and electronic display screens [22]. 

Poly(methyl methacrylate) (PMMA) and polycarbonate (PC) attracted attention due to their 
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inexpensiveness and fasci nating properties 1.e. optical, mechanical, viscoelastic and thermal 

degradation kinetics. PMMA is mostly applied in medical technologies and implants, whi le PC is 

applied mostly in e lectronic components and construction materials. Although their properties 

were fo und satisfactory in different applications, there are still important properties that need to 

be enhanced in order to extend the application of these engineering polymers. For instance, 

microbial adhesion onto PMMA has been a long standing drawback. Moreover, PC and PMMA 

have poor fatigue resistance, poor resistance to solvents, high moisture sorption and low thermal 

stability. In a bid to improve these drawbacks different nanofillers are incorporated into the 

matrices to form polymer nanocomposites [23,24). 

Materials such as titania, zirconia, silica, clay and graphite were used as typical reinforcing 

agents. Mesoporous silica (MCM-41 ) and yttrium aluminium garnet doped with cerium 

(Ce: Y AG) are of interest in this study because of their extensive advantages and their lack of use 

as polymer reinforcing agents. MCM-41 particles are of interest for use as catalysts, adsorbents, 

and drug delivery systems for the development of optical devices, because of properties such as 

large internal surface areas, uniform framework s and their easily controlled pore diameters. 

Recently MCM-41 has been used as an additi ve to improve polymer properties because it 

contains a large amount of internal hydroxyl groups, and its surface can be easily modified, and 

it has excellent thermal, chemical and mechanical stability [25-27] . The confinement of the 

polymer in the mesopores of the silica particles undoubtedly plays a significant role in the 

enhancement of the thermal, thermomechanical and mechanical properties of the polymer [28]. 

Ce: Y AG is a ye llow phosphor widely used in optical display and lighting applications, and it is 

regarded as the best phosphor applied in the white phosphor-based LED commercial market [29-

31]. The presence of this phosphorescent fill er showed significant improvement in the 

mechanical and thermal stability of polymers at very low loadings (0.1 to 5 wt.%) [32,33). In this 

study, the use of MCM-41 and Ce:YAG particles to improve the thermal, mechanical, and 

thermomechanical properties of PMMA and PC has been investigated. We also studied the 

thermal degradation kinetics, and the usability of the phosphorescent composites in white light 

emitting diodes. 
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1.2 Literature review 

1.2.1 Poly(methyl methacrylate) (PMMA) 

PMMA, is an important member in the family of polyacrylic and methacryl ic esters. It has 

several properties that allow it to be used in many applications, and its appl ication has increased 

tremendously because of its beneficial physical and chemical properties, e.g., excellent 

transparency and good surface properties. Its opti cal clarity allows it to be used as a replacement 

for glass. Furthermore. its low toxicity and compatibi lity with human tissue, allows it to be used 

for bone cements. contact and intraocular len es. screw fixation in bone. filler for bone cavities 

and skull defects. On the other hand. PMMA shows poor abrasion resistance and thermal 

stab ility, which limits its use in certain applications [34-36]. 

Over the past decades, the thermal degradation of PMMA was widely investigated, and a 

number of mechanisms have been proposed [37-42]. The degradation mechanism of PMMA 

depends on a number of factors that inc lude the polymerization method and the polymer 

microstructure, including internal defects and type of chain end groups. Anionically polymerized 

PMMA shows only one degradation step at 360 °C, which is normally due to random chain 

scission. However. the degradation of PMMA polymerized with a free radical method proceeds 

in three steps due to the presence of chains with different structures. The first step occurs 

between 150 and 230 °C. and is attributed to the degradation initiated by chains containing head

to-head (H-H) linkages. The second step between 230 and 300 °C is associated with cha ins 

possessing unsaturated vinylidene ends, and the thi rd step between 310 to 420 °C is attributed to 

chains undergoing degradation initiated by random chain scission. Anionically polymerized 

PMMA is more stable than free rad ical polymerized PMMA. 

1.2.2 PMMA composites 

1.2.2.1 Morphology 

Only a few methods have been used to prepare PMMA-Si02 nanocomposites. One of these 

methods is in situ emulsion polymerization in the presence of an ini tiator [43-47]. Generall y, 
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homogenous di spersions of silica in PMMA was obtained, even though there were some 

noticeable agglomerates at higher fi ller loadings. The dispersion of silica was attributed to the 

interaction at the silica-PMMA interface. In most of the studies. modified silica nanoparticles 

showed better interaction with the PMMA matrix which led to better transparency and stronger 

interaction at the interface. In situ radical polymerization prepared nanocomposites showed 

exceptional dispersion of silica in PMMA compared to those prepared through in situ emulsion 

polymerizati on [48]. In sol-gel prepared nanocomposites, the nano-scale Si02 particles were 

unifo rml y d istributed in and covalentl y bonded to the PMMA matrix without macroscopic 

organic-inorganic phase separation. PMMA-Si0 2 nanocomposites prepared by solution mixing 

were also studied. with a good dispersion o f the sil ica in the PMMA matrix at low contents, but 

small clusters were observed at higher sil ica content . The d ispersion was attributed to the size 

and shape of the nanoparticles which infl uenced the interfacial interaction. Sonication was found 

to be an effective way of ensuring the optimal d ispersion of the particles in the polymer [ 49-5 I]. 

There were only a limited number o f reports on the morphology of PMMA/mesoporous filler 

composites [53-55]. The preparation method and the amount of the particles played a significant 

role in the level of silica dispersion in the polymer matrix. We ll di spersed silica partic les were 

observed at low loadings, but at high loadings the di spersion was less uniform w ith large 

agglomerates. PMMN mesoporous silica compos ites prepared by in situ batch polymerization 

gave rise to better dispersion compared to emulsion po lymerization and melt mixing, because the 

batch po lymerization resulted in an intimate nanoparticle mixture in which the po lymer cha ins 

clung to the silica particles. 

1.2.2.2 Thermal properties 

A number of papers reported on the thermal properties of PMMN mesoporous composites [52-

56], and composites with other nanoparticles [57-60]. Differe nt methods were used to prepare 

the PMMA/mesoporous s ilica composites, with silica having d ifferent framework pore 

structures. It was generally observed that the glass transition temperature of the polymer 

increased with an inc rease in silica content. This was attributed to the strong interfacial 

interactions between the po lymer and the fill er, which led to the adsorption of PMMA mo lecular 

chains onto the surface and inside the channels of the particle. The glass transition temperature 
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increased irrespective of the preparation method, and the nanocomposites prepared by in situ 

batch emulsion polymerization showed a larger increase due to the intimate initial mixing of the 

nanoparticles compared to physical mixing. It was observed that the silica with the largest pore 

volume gave rise to the highest glass transition temperature, and that about 13.4% of the PMMA 

can be confined in the pores of the silica at 5 wt.% loading [53). The influence of the interphase 

region was sufficient to substantially restrict the segmental motions of the remaining unconfined 

polymer and increase the Tg by about 9 °C. A decrease in Tg was observed at higher filler 

loadings. and this was attributed to the presence of agglomerates which slightly increased the 

polymer mobility [54]. In the case of a polyhedral oligomeric sil sesquioxane (POSS)/PMMA 

hybrid the decrease was attributed to the greater steric hindrance of POSS, which increased the 

free volume and decreased the reactivity of the MMA monomer leading to large fractions of low 

molecular weight components [6 1]. In a study where 6-palmitate ascorbic acid (6-PAA) was 

used as a coupling agent, the T g of PMMA also decreased, and it was attributed to the 

plasticizing effect of Ti0 2/6-PAA [62-63J. 

The presence of nanoparticles innuences the thermal stability of the polymer in different 

ways, depending on factors such as the preparation method and the interaction between the two 

components. The effect of nanoparticles, including mesoporous silica, on the thermal stability of 

PMMA was reported in a number of papers [52-56,64-68]. Generally, it was observed that the 

addition of nanoparticles improved the thermal stability of PMMA, and the thermal stability of 

PMMA with mesoporous silica increased regardless of the pore size and framework structure of 

the mesoporous silica, and the preparation method used. This was attributed to the fact that the 

nanoparticles trap the generated free radicals or act as scavengers of radical species du ring 

degradation, and restrict the out-di ffusion of vo lati le products. The stiffening of the polymer 

chains in the presence of nanoparticles was also responsible for the increase in degradation 

temperature [55]. The thermal stability of nanocomposites prepared by in situ polymerization 

decreased in the presence of the Ti02 nanoparticles [69.70]. This was attributed to physisorbed 

water evaporating at lower temperatures. It is interesting that some authors [ 51,56, 71 , 72] 

observed that the presence of silica had no effect on the thermal stability of PMMA. 
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t .2.2.3 Dynamic mechanical properties 

Di ffe rent authors investigated and reported on the thermo-mechanical and mechanical properties 

of PMMA w ith a number o f fill ers [52-56,72-76]. Generally, the addition of nanoparticles 

improved the storage and loss modulus of PMMA, and this behaviour was observed over the 

entire investigated temperature range. The increase in modulus was attributed to the rigid 

partic les which increased the sti ffness of the polymer, and to the particles that acted as 

rein fo rcing agents through their interaction with the polymer. A decrease in storage modulus of 

PMMA be low the glass transition temperature was observed with the addi tion of and increase in 

the zirconia content from 1 to 5 wt.%, which was attributed to the nanoparticles causing more 

free space for molecular vibration [77]. In the rubbery state, the storage modulus of PMMA was 

independent of the Zr02 nanoparticles content, wh ich was attributed to the weak interaction 

between the PMMA matrix and the Zr0 2 nanoparticles at high temperatures [76]. A few studies 

observed a decrease in Tg, as determined from the loss modulus curves, with fi ller addition. Thi s 

was attributed to the presence of 2-hydroxyethyl methacrylate (HEMA) which acted as a 

plasticizer [78] and to a lack of interaction between the polymer and the fill er [79-8 1 ]. 

1.2.2.4 Mechanical properties 

The presence of nanoparticles generally increased the tensile modulus and tensi le strength o f 

PMMA, especiall y at low contents [82-83). This was attributed to the rein fo rcing effect and good 

dispersion of the nano fillers in the polymer. The tensi le strength and e lastic modulus of PMMA 

increased significantly with the addition of mesoporous silica until 6%, due to the increase in the 

rigidity of the composite. At high filler loadings the mechanical properties decreased due to the 

presence of agglomerates which resu lted in crazing and weakening of the adhesion between the 

filler and the matri x (52,54]. 

The addition o f and increase 111 silica content from 0.5 to 1.5 wt.% (65] and graphite 

nanofibers (GNFs) from I to 15 wt.% [84] increased the impact strength of PMMA. This was 

attributed to the rein fo rcement sites fo rmed along the polymer chains. The GNFs behaved as 

crack arrests rather than crack ini tiators. and it was suggested that there was fairl y strong 

interfacia l adhesion between the polymer and the filler. The impact properties o f poly(styrene-
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co-acryloni tri le)/PMMA(20/80) increased up to I wt. % zi nc loadi ng, and decreased at higher 

contents, which was attributed to the presence of aggregates that served as crack initiators [15]. 

Soygun et al. [85] also observed the same trend w ith lignin load ing. However, some stud ies 

observed a decrease in impact strength with the addition of and increase in the contents of clay 

[86] and fl y ash [87]. Hong et al. [88] studied the impact properties of PMMA in the presence of 

unmodi fied and y-methacryloxy-propyl trimethoxy silane (KH570) modified sil ica. It increased 

with the addition of silica, but the composites with unmod ifi ed silica showed lower impact 

strength than the modified silica composites, and the unmodifi ed samples were brittle and 

su ffered from detri mental failure. This was attributed to the presence of aggregates that acted as 

cracking points. 

1.2.3 Polycarbonate (PC) 

PC, mainly known as bisphenol A po lycarbonate, is a well -known engineering thermoplastic 

polymer with a high molecular weight and high impact strength over a wide temperature range. 

PC is amorphous and exhibits good transparency. It is a condensation polymer that fom1s a bulky 

stiff molecule which promotes rigidity, strength, creep resistance and a high heat defl ecti on 

temperature. It has been widely used in a number of fi elds such as construction, electrical, 

automoti ve, aircraft, medica l and packaging applications, and recently in car lights and laser 

optical data storage [89-92]. PC also has a high limiting oxygen index (LOI) and produces a 

large fraction of char upon combustion when subjected to thermogravimetric analysis. However, 

because of its high mel t viscosity and poor resistance to abrasion and chemica ls, it is not suitable 

fo r certain applicati ons. Hard surface coatings are a common means of remedying the 

deficiencies of PC, whereas other approaches include addition of fi llers or use of polymer blends. 

1.2.4 PC composites 

1.2.4.l Morphology 

One of the important parameters that control the level of polymer improvement in the presence 

of nanoparticl es is the morpho logy o f the fi nal composites. A number of techniques which 
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include transmission electron microscopy (TEM), scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) have been used to study the leve l of filler dispersion in PC. 

Blackwood et al. [93] and Imai et al. [94] studied the dispersion of Ti02 and Zr02 particles in PC 

prepared by injection moulding and solution mixing. The particles were homogenously 

distributed throughout the polymer matrix a long with minor agglomerates. Rouabah el al. [95] 

observed well dispersed Ti02 particles in PC without agglomerates, even at higher fi ll er 

loadings. 

Some studies showed the presence of filler acting as a compatibilizer, while surface 

modification of the filler can reduce the sizes o f nanoparticle agglomerates in a PC matrix. 

Yabahi el al. [96] stud ied the morphology of PC/POSS in the absence and presence of resorcinol 

bis(d iphenyl phosphate) (RDP). The SEM images of the PC/POSS composites showed POSS 

aggregates in the 500-700 nm size range. This was attri buted to the incompatibility between PC 

and POSS, and the formation of intermolecular hydrogen bonds between the POSS particles. In 

the presence of RDP the sizes of the aggregates decreased and a more homogenous dispersion 

was obtained, which was attributed to the presence of RDP located on the surfaces of the POSS 

particles. Feng el al. [97] prepared PC/Si02 composites with untreated and y-glycidyloxypropyl 

trimethoxy silane (KH560) treated Si02 particles. They observed an obvious increase in the 

average size of the Si02 agglomerate from 85 nm at I wt.% to 200 nm at 5 wt.% loading. This 

was attributed to the stronger interaction between the nanoparticles at high loadings. In the 

presence of KH560 the average sizes of the agglomerates increased only slightly as a function of 

silica loading (from 85 nm at 1 wt.% to I 00 nm at 5 wt.%). This was attributed to the decrease in 

surface energy of the silica particles. 

1.2.4.2 Thermal properties 

The addition of nanoparticles genera lly increased the thermal stability of PC and a number of 

factors were associated to thi s behaviour. Firstly, the immobili zation of the polymer chains, free 

radicals and volati le degradation products, retards the onset of mass loss and releases the 

degradation products at higher temperatures [98,99]. Secondly, the nanoparticles act as barrier 

and hinder the transportation o f volati le products so that they are released only at higher 

temperatures [I 00, I 0 I]. In the case of polymer mesoporous composites, the pore walls can act as 
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physical barriers, both to retard the movement of free rad icals and prevent the transport of 

volatile products [52,53]. Nanoclays have to be organical ly modified to make them compatible 

with the polymer, but it has been established that the high processing temperature of PC causes 

degradation of the modifier through a Hoffmann elimination reaction, which generates reactive 

radicals that favour PC degradation at much lower temperatures [ I 02-1 04] . A decrease in 

thermal stability with the addition of Ti0 2, Zr02, and ZnO was also reported [94,90, 105]. This 

behaviour was related to the catalytic effect of the nanoparticles, the state of nanoparticles 

dispersion within the polymer matrix. and the preparation conditions. The glass transition 

temperature of PC, observed from diffe rential scanning calorimetry (DSC), generally increased 

with the addition of nanoparticles, and the authors attributed it to the confinement of polymer 

chains in the intra-gallery of the organoclays [I 02, I 04] and silica particles [ 107, 108), which 

restricted the mobility of polymer chains. 

1.2.4.3 Dynamic mechanical properties 

Several groups investigated the dynamic mechanical properties of PC with MWCNT, Zr0 2, and 

clay nanoparticles [98.109, 11 OJ. Generally, the storage and loss modulus of PC increased with 

filler loading. This was attributed to the reinfo rcing effect of the nanoftllers due to their high 

aspect ratios. The increase in modulus was also attributed to the formation of crystall ine domains 

around the nanoparticles which effecti ve ly improved the interaction between the particles and the 

PC chains. Feng et al. [97] observed an increase in Tg at low silica contents, and a decrease at 

higher contents. This increase was attri buted to the dispersed Si02 nanoparticles. which restricted 

the motions of polymer chains, while the decrease at higher filler loading was attributed to the 

increased free volume as a result of the disruption in the chain segment packing. The Tg of PC 

decreased with the addition of Si02 [ 111] and carbon nanotubes [1 05]. This was attributed to the 

higher mobi lity of the PC chains as a result of higher free volumes caused by the presence of 

non-adhering nanoparticles inside the polymer matrix. 
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1.2.4.4 Mechanical properties 

The mechanical properties of PC nanocomposites have been well studied with tensile and impact 

testing [90, 11 2- 1 l 7J. The tensile modulus and tensile strength of PC generally increased after the 

addition of nanoparticles. This was attributed to the uniformly dispersed nanoparticles that 

increased the rigidity of PC, but at high filler loading the mechanical properties were reduced 

due to the presence of agglomerates. The elongation at break decreased with an increase in filler 

content, and this behaviour was attributed to the presence of agglomerates, cracks and voids 

fo rmed around the filler particles which resulted in local detachment of the matrix from the 

particles [ 105, I 15.1 16]. However, the concentration corresponding to the decrease in elongation 

at break was dependent on the type of filler used. PC/carbon black composites showed an 

increase in elongation at break until 3 wt.% filler content. while that of PC/MWCNT composites 

increased up to 1.25 wt.% filler content [ 1 14]. 

The addition of, and increase in , Ti02 [I 15], mica [116] and nanoclay [117] contents 

induced an almost linear decrease in the impact strength fo r both the notched and unnotched 

specimens. The authors attributed this behaviour to the decrease in ducti lity which promoted 

brittle fracture. The impact strength of a PC/poly(acrylonitrile-butadiene-styrene) (70/30) blend 

decreased by about 25% as the mica content in the blend increased from 0 to 30 phr. This was 

attributed to the reduction in polymer-fi ller interaction due to the presence of agglomerates 

which weakened the interfacial adhesion between the fill er and polymer and became potential 

sites for crack growth [ 116]. Luyt et al. [ 1 1 1] studied the impact properties of PC reinforced with 

silica nanoparticles, and they obser ed the largest increase in impact strength at the lowest fi ll er 

content, and a decrease as the content increased. 

1.2.5 Polymer/phosphorescent filler composites 

1.2.5.1 Morphology 

So far there is a lack of research data on the effect of phosphorescent nanoparticles (PNP) on the 

properties of polymers. TEM, SEM and AFM analyses were used to study the dispersion of 

phosphorescent particles in different polymer matrices. In situ polymerization and solution 
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mixing methods were used to prepare the composites. Genera lly, homogenous d ispersions of the 

nanoparticles we re observed with a number of agglomerates at high load ings. AFM images 

showed that the s izes of the agglomerates increased wi th an increase in Y AG:Tb3
+ loading from 

0.2 um at 0.0 I wt.% to 0.4 um w ith 0.02 wt.% (32, 118]. 

1.2.5.2 Thermal properties 

There are a few stud ies on the thermal properties of po lymer/ P P nanocomposites (32, 120]. The 

therma l degradation of pure PMMA and PMMNPN P prepared by solution casting showed two 

degradation steps. The first step observed in the temperature range 150 to 230 °C was assoc iated 

with the depo lymerisation initiated by the scission of weak head-to-head bonds, and the second 

step was observed above 300 °C and attributed to random cha in sc ission. The presence of PNP 

increased the thermal stability of PMMA, and was attributed to the restriction of polymer chains 

and free radicals that took part in the degradation process. Generally, the T g of PMMA observed 

from DSC increased with the addition of PNP, and it was associated with a decrease in molecular 

mobility of the polymer chains due to the adhesion of the polymer segments onto the surfaces of 

the part icles (32, 12 1, 122]. PMMA/cobalt hexacyanoferrate (CoHCF) compos ites showed lower 

Tg values than PMMNCe:YAG composites at the same fill er loading. This behaviour showed 

that the interaction between the Ce: Y AG particles and the polymer cha ins, and the resultant 

immobilization of the polymer cha ins, was much stronger than that of PMMNCoHCF (32]. 

1.2.5.3 Dynamic mechanical properties 

The storage modulus, loss modulus and glass transition temperature of PMMA were fo und to 

increase with the addition of PN P. The P P behaved as physical crosslinks and reduced the 

overall mobility o f the po lymer chains. However, at higher contents the modul us decreased, 

which was attributed to the presence of agglomerates. The composites prepared with modified 

PN P showed higher loss and storage moduli compared to the unmodified PN P composites 

(119,122]. 
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1.2.6 Polymer/MCM-41 composites 

1.2.6.1 Synthesis of MCM-41 

The synthesis of MCM-41 requires a number of materia ls that include the silica precursor 

tetraethoxysilane (TEOS), the surfactant or template molecule cetyltrimthylammonium bromide 

(CTAB), hydrochloric ac id and water. The fo rmation of MCM-41 is illustrated in Figure I. I. The 

surfactant is dissolved in HCL and the spherical micelles start to form when the silica precursor 

is added . The micelles elongate and arrange themselves into a hexagonal pattern, while the silica 

condenses on them to fo rm the silica wall s. The pore size can be tailored by using templates with 

variable chain length and through the addition of swelling organic compounds such as 

trimethylbenzene. Finally, the template is removed to obtain the porous structure. The template 

wi thin the pores of MCM-41 can be removed by e ither calcination or washing. Calcination 

involves the burning out of the template under conditions that do not greatly affect the silicate 

structure. The process has the advantage o f ensuring the removal of all carbonaceous material, 

but it can al so cause significant shrinkage in the MCM-41 lattice parameter. Washing is done 

through boiling the MCM-41 in HCl/ethano l mixtures [ 123-126]. 

Hexagonal 
stntcturc 

Figure 1.1 Illustration of the formation of MCM-41 11251 

Removal of 
surfactants 

Porous 
st ructure 
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1.2.6.2 Structure and morphology of MCM-41 and polymer/MCM-41 composites 

The structure and morphology of MCM-41 and polymer/MCM-41 composites were studied 

using X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron 

microscopy (SEM). The polymer can be introduced inside the mesopores by melt compounding 

or in situ polymerization of organic monomers. One of the advantages of th is method is that the 

microstructure of the interface between the matrix and the pore openings of the fillers can be 

easily tailored. The polymer in the nanosized pores, extending along the channels to the 

openings, will not only enhance the miscibility through entanglement and inter-diffusion 

between the matrix and the filler, but it will a lso supress the aggregation of the filler. They can 

also form a novel nanonetwork composite (Figure 1.2) [ 127- 13 1]. 

... 

Figure 1.2 Model analogy novel nanonetwork composite [1301 

MCM-4 1 exhibits an X RD pattern with one intense diffraction peak ( 100) and two 

add itional small reflections (110) and (200) at low reflection angles. which suggests a highly 

ordered hexagonal pore structure. MCM-4 1, modified by sil ylation wi th chlorotrimethylsilane 

and octyltrichlorosilane, showed a similar XRD pattern, which indicated that the basic 

framework ordering of the mesopores remained unchanged after surface silylation [ 131-135]. 

The XRD analysis of poly(acrylic ac id)(PAA)/MCM-4 1 composites prepared by in situ 

polymerization [1361 and PP/MCM-4 1 prepared by melt mixing [1 37, 138] showed that one 

reflection with a lower intensity remained in the small angle 28 region for the MCM-41 after 

composite preparation. Thi s was attributed to the formation of polymer in the mesoporous 

channels of MCM-41 , which reduced the scattering contrast between the pores and the wall of 

molecular sieves. XRD pattern of composites prepared with MCM-4 1 (with and without a 
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template) retained the characteristic di ffrac ti on peaks of MCM-4 I. which indicated that the 

hexagonal framework structure of the MCM-41 was retained during and after composite 

preparation. 

SEM micrographs showed that MCM-4 1 is made up of tiny particle clusters, and TEM 

micrographs clearl y showed the porous structure with regular hexagonal channels of MCM-41 

particles (123 , 133, 135, 139]. It was generally found that MCM-4 1 particles were uni formly 

dispersed in po lymer matrices, although large agglomerates where sometimes observed. 

However. modified MC M-41 particles were mostl y dispersed without much agglomeration [ 140-

142]. Wang el al. [1 35] studied the morphology of polydimethylsiloxane (PDMS)/MCM-4 1 

composites with 50 wt.% of unmodified and chlorotrimethylsilane (M-MCM-4 1) or 

octyltrichlorosilane (O-MCM-41 ) modified MCM-41. The SEM images of membranes filled 

with unmodified MC M-41 showed many interfacial voids around the MCM-41 spheres. 

Comparatively, modified MCM-41 were uni formly di spersed in the PDMS membrane, wh ich 

was attributed to the very hydrophobic silanized surface layer formed after sil ylation and the 

improved interfac ial adhesion between MC M-41 particles and the polymer. 

l .2.6.3 Mechanical and thermomechanical properties 

The addition of MC M-41 increased the tensile strength and modulus of most o r the investigated 

polymers, but the nature, concentration and dispersion or MCM-41, and the interfacial adhesion 

between the polymer and MC M-4 1 controlled the leve l of mechanical improvement 

[128,138, 139, 143- 147]. Wang el al. ll 39J prepared PP/MCM-41 composites with MCM-41 wi th 

and without a template. They observed an increase in tensile strength at low MCM-41 contents, 

but higher strengths were obtained fo r composites prepared wi th MCM-41 (wi thout template). 

The tensile strengths decreased with increasing MCM-4 1 (with template) contents, which was 

attributed to the fact that when the content of the MCM-41 (with template) increased, the 

template content in the interlayer increased which reduced the interfac ial stress transfer 

effic iency. Wang et al. [1 39] observed an increase in tensil e strength up to 15 wt.% loading. The 

same group observed an increase in tensile strength and modulus of natural rubber (NR) with 

increasing MCM-4 1 contents up to 5 wt.% loading, but a decrease at higher contents. This was 
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attributed to the presence of agglomerates and dispersion inhomogeneity due to poor MCM-

41 /NR miscibility. 

The impact properties of polymers generally increased with the addition of MCM-41 

(138, 139,146,147]. Composites prepared wi th MCM-41 (with template) showed an increase in 

impact strength due to the improved interfacial interaction, which was the result of interd iffusion 

and entanglement between the polymer chains and the organic template mixture in the nanosized 

pores, and on the outer surface of the particles. The impact strength of composites with MCM-41 

(without template) increased at lower filler contents, and decreased gradually with increase in 

fi ller content due to poor compatibility. In the case of a 80/20 w/w PP/polystyrene (PS) blend the 

impact strength increased with the addition of, and an increase in MCM-4 1 (with template) up to 

I wt.%, but decreased at higher loadings [147] . The increase in impact strength was attributed to 

the entanglement between the two polymers' chains and the template of the sti ffer filler, and to 

the strong interfacial interaction which ensured stress transfer between the phases during 

fracture. The decrease in impact strength at higher loadings was attributed to the increase in the 

organic template, which had a low molecular weight providing a soft layer between the filler and 

matrix at higher nano-filler loadings. 

The storage modulus of polymers increased with the addition of MCM-41 due to the 

increase in the stiffness of the composites [ 140, 141 , 1441, which was attributed to the higher 

stiffness and inherent reinforcement effect of the nanofi ller ll4 1]. Wang et al. [144] studied the 

storage modulus of natural rubber (NR) in the presence of MCM-41 and y

methacryloxypropyltrimethoxysilane (KH570) modified MCM-41. The storage modulus of NR 

increased with the addition of MCM-41 and KH570 modified MCM-41 , because the large 

specific areas and inherently high modulus of the fi ll er enhanced the stiffness of the NR. The 

storage modulus of R/KH570 modified MCM-41 nanocomposites was higher than that of the 

nanocomposites prepared with unmodified MCM-4 1. which was attributed to the improved 

dispersion of KH570 modified MCM-41 in the R matrix and the good interfacial bonding 

between them. 
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1.2.6.4 Thermal analysis 

The addition of MCM-41 (without template) increased the crystallinity, crystallization and 

melting temperature of PP, while the presence of MCM-41 (with template) decreased these 

properties. The increases were attributed to the fact that the MCM-41 (without template) 

nanoparticles acted as effective nucleating agents. Modification of MCM-41 decreased the glass 

transition temperature of the composites, which was attributed to the plasticizing effect caused 

by the trimethyl groups grafted on the silicate filler interface [137.148]. Khezri et al. [149] 

observed a decrease in the Tg of PS with an increase in MCM-41 loading, and ascribed it to the 

weak interaction between the polymer chains and OH-containing MCM-41 particles. The MCM-

41 particles reduced the packing of the PS chains and increased the segmental mobility. 

Generally the addition of MCM-41 increased the thermal stability of polymers 

[1 37,140,148,149], which was attributed to (i) the high thermal stability of the MCM-41 

nanoparticles, and (ii) the physical interaction between the polymer chains and the surfaces of 

MCM-41 particles. PP composites prepared with MCM-41 (with template) had higher thermal 

stabilities than the MCM-41 (without template) composites, because the polymer and the 

template mixture enhanced the interaction through entanglement and interdiffusion, thus form ing 

a network which enhanced the thermal stability. Cerrada et al. [ 141] observed a decrease in the 

thermal stability of HOPE with the addition of and increase in content of MCM-41 , which was 

attributed to the ca ta I ytic effect of the ti I !er. 

1.3 Solid state NMR investigations of polymer-filler interactions 

The addition of nanofillers in polymers improves the physical , mechanical and electrical 

properties of polymers. However, the level of reinforcement is controlled by the interaction 

between the polymer and the filler. Polymer-filler interactions are contro lled by several 

parameters, depending not only on filler features, such as structure, morphology and surface 

activity, but also on the polymer characteristics, such as microstructure, conformation, molecular 

weight and polydispersity, and on the conditions of compounding. Various techniques, that 

include dynamic mechanical, thermal and sorption analysis, and spectroscopic techniques, have 

been used to study the exact nature of the interactions that may occur between the fi ller and the 
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polymer [150-151 ]. NMR can also be used to study the polymer-filler interactions, because it can 

investigate the changes at molecular level and provide detailed information about local 

segmental motions. A number of polymers. that include PMMA, PC, PP and epoxy were 

analysed via sol id-state NMR. and it was showed that spin lattice relaxation in the laboratory 

frame (MHz) values are particularly sensitive to side chain motions, whereas spin lattice 

relaxations in the rotating frame are sensitive to molecular motions that occur in the kHz range. 

The cross polarization in a polymer system can be used to determine the extent of motional 

heterogeneity and phase separation in a polymer system [ 152-155). 

The properties of a polymer blend depend on the miscibility and morphology of the 

components. High resolution NMR has also been used to study polymer blends, and was shown 

to be a valuable tool for the characterization of polymer-polymer miscibili ty and the forces that 

drive miscibility. Detailed information about the miscibi li ty. intermolecular interaction, and 

morphology of polymer blends can be obtained through examining NMR parameters such as the 

chemical shift, line width, and re laxation parameters [156-158]. Asano et al. [156] studied the 

miscibility between PC and PMMA in PC/PMMA blends, and they observed a change in the 13C 

spin-lattice relaxation time, which confi rmed the presence of interactions between the methoxy 

group of PMMA and the phenyl group of PC. Zhang el al. [ 157] studied the miscibility and 

phase structure of amorphous/crystalline polymer blends of poly(vinyl phenol) (PVPh) and 

poly( ethylene glycol) (PEG). The 13C CP/MAS spectra showed a downfield shift of the phenol ic 

C-OH resonance, which was attributed to the intermolecular hydrogen-bonding interaction 

causing miscibility in the blend. When the blend was PVPh rich , it was completely miscible, and 

when it was PEG rich, it was partially miscible. 

The use of NMR has been extended to polymer-filler nanocomposites in recent studies, due 

to the abi lity to study the interaction at the polymer-filler interface and the effect of the 

interaction on the mobility of the polymer chains. Zanotto et al. [32] and Saladino et al. [159] 

studied the 13C cross-polarization magic-angle spinning nuclear magnetic resonance of a 

Ce:YAG-PMMA composite prepared by solution mixing and in situ polymeri zation respectively. 

The presence of the filler showed no modification in the chemical shi ft as such, and they 

concluded that the interaction between the polymer and filler occurred without the formation of 

chemical bonds. However, the spin-lattice relaxation time increased in the presence of the filler, 
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which was attributed to the increase in rigidity of the composites due to the immobilization of the 

chains as a result of filler-polymer interaction. 

The interaction between the filler and the matrix has been studied by 13C-CP-MAS-NMR 

spectroscopy and by acquiring spin-lattice relaxation times in the rotating frame (T1p) [32]. It 

was generally found that the presence of filler did not induce any chemical modification in the 

polymer matrix and hence there were no new signals, changes in peak shapes or chemical shifts 

observed. The spin- lattice relaxation times in the rotating frame are sensitive to molecular 

motions that take place in the kHz range [1 59]. The T1p values of polymer increased with the 

addition of filler, which was attributed to the immobilization of the polymer chains as a result of 

filler-matrix interactions [32.1 61, 162]. In a number of studies polymer composites were prepared 

by melt compounding. and a significant decrease in the crosspolarization time T c11 values of the 

polymer was observed with the addi tion of fi ll er. This behaviour indicated an increase in the 

heteronuclear dipolar interactions between the carbons and the surrounding hydrogen nuclei. It 

was also evident that the presence of fil ler in the polymer made the polymer structure more rigid, 

because an increase in rigidity of a material favo urs the cross polarization mechanism to yield 

shorter Trn values [1 63-1 66]. Saladino et al. [1 60], however, observed no change in the Tm 

value of PMMA with the addition of Ce:Y AG, which indicated that the fi ller did not alter the 

dipolar interactions. 

1.4 Research objectives 

The study focused on polymer composites based on glassy polymers (poly(methyl methacrylate) 

and polycarbonate) with mesoporous silica and yttrium aluminium garnet doped with cerium. 

The polymer composites were prepared with MCM-41 and Ce: Y AG loadings between O. l and 5 

wt.% using melt compounding. The samples were characterized using small angle X-ray 

scattering ( AXS). cross-polarization magic-angle spinning nuclear magnetic resonance 

spectroscopy (13C {H} CP-MAS-NMR), transmis ion electron micro copy (TEM), 

thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA), impact testing. and 

thern1al degradation kinetics. The photo luminescence of the Ce:YAG composites was also 

investigated. 
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The first objective of the study was to investigate the effect of MCM-4 1 incorporation on 

the properties of poly(methyl methacrylate) and polycarbonate. There are three main questions 

that we wanted to address in this study. 

,. The morphology of a composite has a significant influence on the improvement of the 

polymer properties, and it is well known that MCM-41 has a porous structure with well

ordered channels and a hexagona l symmetry. The first question that we wanted to address 

was how the MC M-41 particles would be dispersed in the polymer matrix, and how did the 

fill er content influence this dispersion. The second question was whether the pa rticle 

morphology (porous structure) would play a role in the fill er dispersion. A lthough the 

morphologies of composites of other polymers mixed with MCM-41 were investi gated 

(section 1.2.6.2). there are no reports on the morphologies of PMMNMCM-4 1 and 

PC/MC M-41 compos ites. There were also no reports on the influence of MCM-4 1 content 

on the morpho logies of the composites, which was one of the foc uses of our study. 

;... It has been established that the confinement of a polymer in the pores of mesoporous silica 

particles plays a significant rol e in the enhancement of the polymer properties. The second 

question we wanted to address was what influence the incorporation of MCM-4 1 has on 

the mechanical and dynamic mechanical properti es, as well as therma l stability and 

degradation kinetics of the two polymers. One would expect to observe an improvement in 

impact strength, thermal stability, as well as loss and storage modulus, and an increase in 

the activation energy of degradation with the addit ion of MCM-41 , because there were 

similar observations on other polymer/MCM-4 1 composites that were attributed to the 

interaction between the polymer and fill er thro ugh entanglement and interdiffusion, and to 

the confinement of the po lymer chains in the pores of MCM-41 [143, 146, 149). It is known 

that the amount of fill er and the interaction between the polymer and the fill er play a 

significant role in the improvement of the polymer properties, so we also wanted to 

establish which MCM-4 1 content gave the optim um improvement in these properties. 

~ The composite morphology and resultant properties wi ll be determined by po lymer-filler 

and fill er-fill er interactions. The type of interaction is controlled by a number of fac tors that 

inc lude particle size and shape, fill er aspect ra ti o, fill er content, surface tension and 

interfac ial interaction. Part of our research was aimed at clarifying these interactions in our 

systems, and relating thi s infom1ation to the observed differences in properties . So far there 
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are no reports that address the interaction in polymer/mesoporous filler composites, but 

there are a number of studies that investigated the nature of the interaction in composites of 

polymers with other types of inorgan ic fillers (see section 1.3). 

The second objective of this study was to investi gate the effect of Ce: Y AG incorporation 

on the properties of poly(methyl methacylate) and polycarbonate. The use of phosphorescent 

(Ce: Y AG) particles as re inforcing agents in polymers has not been well studied, and in thi s study 

we wanted to address some unanswered questions. Previous research (32, 159] foc used on 

polymer/Ce:YAG composites prepared by solution mixing and in situ polymerization methods, 

and therefore we prepared our composites through melt mix ing in order to get a full picture on 

the influence of the preparation method on the investigated properties. The mentioned studies 

also focused only on fi ller content. and we used different contents in order to establish the 

influence of filler content and the resultant morphology and polymer-filler interaction on the 

different thermal , mechanical and fluorescent properties. We planned our work to contribute to 

the lack of information by addressing the fo llowing questions. 

> How wi ll diffe rent contents of Ce: Y AG particles disperse in the polymer matrix, and how 

wi ll fi ller content influence the po lymer-filler interaction? 

).- Low thermal stability is one of the drawbacks that limi t the application of PMMA and PC. 

We wanted to establish what influence the presence and content of Ce:Y AG has on the 

thermal stability and thermal degradation kinetics of PMMA and PC. 

> How does the presence and content of Ce:Y AG influence the impact strength of the 

polymers? There are no reports on the impact properties of polymer/phosphorescent filler 

composites, but the impact properties of PMMA and PC with other fillers have been 

studied (as d iscussed in secti ons 1.2.2.4 and 1.2.4.4). Generally, the addi tion of different 

fillers influence the impact strength of PC and PMMA in d ifferent ways, and therefore we 

decided to study the effect of Ce: Y AG on the impact properties of PC and PMMA to add 

to the available knowledge in thi s field. 

>- Will the e phosphorescent composites be usable for advanced applications in white light 

emitting diodes? 
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Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Poly(methyl methacrylate) (PMMA) 

Commercial grade PMMA (Altuglas® Y920T). having a melt flow index (MFI) of I g/ l 0 min 

(230 °C/3.8 kg) and M\\ = 110 OOOg mor 1 was obtained in pe llet fo rm from Bayer Material s 

Science in Italy. 

2.1.2 Polycarbonate (PC) 

Commercial grade bisphenol-A polycarbonate (Makrolon® 2407), produced and supplied in 

pellet form by Bayer Material Science, Germany and having a melt fl ow index of 20 g/10 min 

(300 °C/ 1.2 kg) and Mw = 26 576 g mor1 was used. 

2.1.3 Mesoporous silica (MCM-4 1) 

MCM-4 1, having a surface area of ~ 1000 m2g-1
, a pore size rangi ng from 2.1 to 2. 7 nm. and a 

pore volume of 0.98 cm3g·1 was supp lied by Sigma Aldrich and used as received. 

2.1.4 Yttrium aluminium garnet doped with cerium (Ce: Y AG) 

Yttrium aluminium garnet doped with cerium (Ce:Y AG), with a density of 4.8 g cm-3, was 

supplied as a yellow powder by Dogtai Tianyuan Fluorescent Materials, China and was used as 

received. 
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2.2 Methods 

2.2.1 Preparation of polymer composites by melt compounding 

PMMA and PC pe llets, as we ll as MCM-41 and Ce:YAG particles, were dried in an oven at 80 

°C for 12 hours before use. The composites with MCM-4 1 and Ce: Y AG were prepared by 

mixing the respective polymers and fillers in a Brabender Plastograph 50 mL internal mixer at 

200 °C and 50 rpm for I 0 minutes. For the preparation of the composites. the polymer was first 

melted for 2 minutes at 200 °C, and different contents (0.1 , 0.3, 0.5, I, 2 and 5 wt.%) of the 

respective fill ers were added into the mo lten polymer and mixed for a further 8 minutes. The 

samples were then melt pressed into 3 mm thick sheets at 200 °C for 5 minutes at 50 bar. Pure 

PMMA and PC, used as control samples, were taken th rough the same procedure. 

2.3 Characterization 

2.3.1 Small angle X-ray scattering (SAXS) 

Small-angle X-ray scattering (SAXS) is a technique where the elastic scattering of X-rays by a 

san1ple, which has inhomogeneit ies in the nanometer range, is recorded at very low angles 

(typically 0.1-10°). A Jot of information, which includes shapes and sizes of macromolecules, 

characteristic di stances of partially ordered materials. and pore sizes, can be obtained from the 

angular distribution of the scattering intensity [ 1,2]. In th is study. SAXS was used to investigate 

ifthe presence of the polymer had any influence on the pore structure ofMCM-41. 

SAXS measurements were performed by using a Bruker AXS Nanostar-U instrument, w ith 

a Cu rotating anode working at 40kV and I 8mA. The X-ray beam was monochromatized at a 

wavelength /...of 1.54 A (Cu Ku) using a couple of Gobel mirrors, and was collimated using a 

series of three pinho les with diameters of 500. 150 and 500 µm. Samples were directly mounted 

on the sample stage to avoid additional scattering of the holder. Data were co llected at room 

temperature for 5000 sec by using a two-dimensiona l multiwire proportional counter detector 

placed at 24 cm from the sample, allowing the collection of data in the Q scattering vector (Q = 
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4nsin8/A.) range of 0.02- 0.78 A" 1
• The measurements were repeated on two samples of each 

composition to confirm homogeneity. 

2.3.2 X-ray diffraction (XRD) 

X-ray diffractometry is an important technique for determining the crysta l structures of materials. 

The X-rays are directed onto the sample which is rotati ng with the detector. When the geometry 

of the incident beam of X-rays hitting the sample satis fi es the Bragg equation, interference 

occurs and the peak intensity is recorded. A detector processes the X-ray s ignals and converts 

them into a count rate. Peaks appear where the X-ray beam is diffracted by the crysta l lattice. 

The d-spacings between the lattices and their di stri bution in the crysta lline structure is unique for 

each material, therefore the angular distribution of the diffraction peaks and their intensities (the 

di ffraction pattern) serve as a fingerprint of that material. From the peak intensities on the 

diffraction patterns, that are directly proportional to average mass of the material, the 

concentration of the phases in the material can be obtained [3,4]. In thi s study X-ray diffraction 

was used to investigate if the presence of the polymer had any influence on the crystal structure 

of the filler (Ce:YAG). 

The X-ray diffraction (XRD) patterns we re recorded with a Phi lips diffractometer in the 

Bragg-Brentano geometry using a i fil tered Cu Ka rad iation (A. = 1.54056 A) and a graphite 

monochromator in the diffraction beam. The X-ray generator worked at 40 kV and 30 mA, the 

instrument resolution (di vergent and antiscatter slits of 0.5°) was determined using standards free 

from the effect of reduced crystallite size and lattice defects. 

2.3.3 13C cross-polarization magic-angle spinning nuclear magnetic resonance spectroscopy 

(1 3C {H} C P-MAS-NMR) 

CP-MAS-NMR is a technique often used to perfo rm experiments in solid-state NM R 

spectroscopy by spinning the sample, usually at a frequency of I to I 00 kHz and a magic 

angle (8m) with respect to the direction of the magnetic fie ld . The phys ical spinning of the 

sample is achieved via an air turbine mechanism. The nuclear spin causes a number of 

interactions that include dipolar, chemical shift anisotropy. and quadrupolar coupling. The 
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technique can give information about the structure of the po lymer and the nature of the 

molecular motions. Re laxation measurements can be used to elucidate certa in aspects of polymer 

microstructure and the properties that are affected by the molecular mobility. The re laxation 

times commonly stud ied include the spin-lattice relaxation ti me in the laboratory frame (MHz). 

which is particularly sensitive to side chain motions, and spin lattice re laxation in the rotating 

frame, which is sensitive to mo lecular motions that occur in the kHz range. The cross 

polari zation in a polymer system can be used to determine the extent of motional heterogeneity 

and phase separation in a po lymer system [5-7]. In this study CP-MAS-NMR was used to 

investigate the interaction between the polymer and the fi ller at molecular level. 

13C { 1 H} CP-MAS N MR spectra were obtained at room temperature by using a Bruker 

Avance II 400 MHz (9 .4T) spectrometer operating at I 00.63 MHz fo r the 13C nucleus, wi th a 

MAS rate of 10 kHz, 400 scans. a contact time of 1.5 µs and a repeti tion delay of 2 s. The 

optimization of the Hartmann-Hahn condition was obtained using an adamantine sample. Each 

sample was placed in a 4 mm zirconia rotor with KEL-F caps using sil ica as tiller to avoid 

inhomogeneities inside the rotor. 

The proton spin- lattice re laxation time m the rotati ng frame T 111(H) was indirectly 

determined with a variable spin lock (V L) pulse sequence by the carbon nucleus observation 

using a 90°- t-spin-lock pulse sequence prior to cross-po larization. The data acquisi tion was 

performed by 1H decoupling with a delay time, t , ranging from 0.1 to 7.5 ms and a contact time 

of 1.5 ms. 

The 13C spin- lattice relaxation ti me in the rotating frame T 1p(C) was determ ined, w ith the 

variable spin lock (VSL) pulse sequence, applying the spin-lock pulse after the cross-polarization 

on the carbon channe l. The data acquisition was perfo rmed by I H decoupling w ith a spin lock 

pulse length, t , ranging from 0.4 to 30 ms and a contact time of 1.5 ms. 

2.3.4 Transmission electron microscopy (TEM) 

Transmission e lectron microscopy can provide microstructu ral, crystallographic, compositiona l 

and electronic in formation from micrometre to sub-nanometre sized regions of thin samples. 

During the analysis a beam of electrons is transmitted through an ultra-thin specimen and 

interacts with the specimen as it passes through it. An image appears on a screen, and can be 
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magnified from I 00 to approximately 500 000 times (8-9]. ln this study, TEM was used to study 

the dispersion of MCM-41 and Ce:YAG particles in the polymer matrices. 

TEM micrographs were acquired using a JEM-2100 (JEOL, Japan) electron microscope 

operating at 200 kV accelerating voltage. The MCM-4 1 powder was dispersed in isopropanol 

and a drop of this suspension was put on a carbon coated nickel grid holey. For the observation 

of the composites, I 00 nm thick slices were prepared by using a Lei ca EM UC6 ultra-microtome, 

and were put onto a 3 mm Cu grid "lacey carbon" for analysis. 

2.3.5 Dynamic mechanical analysis (DMA) 

Polymers are viscoelastic materials, which in limiting cases can behave as either elastic solids or 

viscous liquids. Viscoelasticity describes the time-dependent mechanical properties of these 

materials. OMA is used to study both molecular relaxation processes in polymers, and to 

determine the inherent mechanical or flow properties as a function of time or temperature. 

Dynamic mechanical analysis involves imposing a small cyc lic strain on a sample and measuring 

the resultant stress response, or equivalently imposing a cyclic stress on a sample and measuring 

the resultant strain response. DMA is used to study the elastic modulus (storage modulus. E') 

which measures the recoverable strain energy in a deformed specimen. the viscous modulus (loss 

modulus, E") which measures the energy lost due to energy diss ipation, and the damping 

coefficient (tan o) which is the ratio of loss modulus to storage modulus, as a function of time, 

temperature or frequency [10,11] . 

OMA of the polymers and composites were done using a Perkin Elmer Diamond OMA 

from Waltham, Massachusetts, U.S.A. The conditions fo r the analyses were as fo llows: 

Frequency 

Amplitude 

Temperature range 

Temperature programme mode 

Measurement mode 

Heating rate 

Preloading force 

I Hz 

20 µm 

40 to 160 °C 

Ramp 

Bending (dual cantilever) 

5 °C min-1 

0.02 
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Sample length 

Sample width 

Sample thickness 

2.3.6 Impact testing 

SO mm 

10.0-10.9 mm 

3.0-3.4 mm 

Impact testing is used to study the toughness of a material. The toughness of a material is its 

ability to absorb energy during plastic deformation. Brittle materials have low toughness as a 

result of the small amount of plastic deformation that they can endure. Two methods can be used 

to study the impact strength, the C harpy and Izod impact tests. Both methods involve striking a 

standard specimen with a controlled weight pendulum travelling at a set speed. When the 

pendulum impacts the specimen, the specimen will absorb energy until it yie lds and the energy 

that is needed to break the sample is measured in kJ m-2. During the Charpy test the sample is 

placed horizontall y and the hammer strikes the sample on the oppos ite side of the notch, and 

unnotched spec imens can a lso be tested. During the Izod test the sample is placed vertically and 

clamped at one end just below the notch, or the centre of the sam ple if it is unnotched. The 

hammer hits the sample e ither on the notched side which is the most common way, or on the 

opposite side (reverse notched test). A notch serves as a crack initiation point, and both the notch 

depth and radius have an effect on the impact behaviour of materials [ 12, 13]. In this study the 

Charpy testing method was used to study the impact strength of PC, PMMA and their 

composites. 

A Ceast Impactor II was used to investigate the impact properties of the composites. The 

samples were rectangular in shape with a width of I 0 mm, a thickness of 3 mm and length of 80 

mm, and were Y-notched (3 mm deep) edgewise. The pendulum hammer was situated at an 

angle of 150° from the release spot and the samples were tested at room temperature. Five 

samples of each composition were tested and the average values were calculated. 

2.3.7 Thermogravimetric analysis (TGA) 

Thermograv imetric analysis is a technique where the mass of a polymer is measured as a 

function of temperature or time while the sample is subjected to a control led temperature 
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programme m a controlled atmosphere. The heart of the thermogravimetric analyser is the 

thermobalance, which is capable of measuring the sample mass as a function of temperature or 

time. A gas, such as nitrogen, argon or helium flowing through the balance creates an inert 

atmosphere. The instrument cannot identify the evolved products, unless it is coupled to another 

analytical tool such as a mass spectrometer (MS) or a Fourier-transform infrared spectrometer 

(FTIR) [l O]. TGA is mostly used to study the decomposition behaviour, thermal stability and ash 

content of polymer nanocomposites. It can also be used to study the degradation kinetics of 

materi als. 

TGA analysis was performed in a Perkin Elmer STA6000 simultaneous thermal analyzer. 

Samples with masses ranging between 20 and 25 mg were heated from 30 to 650 °C at a heating 

rate of I 0 °C min-1 under ni trogen at a constant fl ow rate of 20 mL min-1
• The degradation 

kinetic analysis was performed using the Ozawa-Flynn-Wall (OFW) method with samples 

heated from 30 to 600 °C at different heating rates (3.5,7. and 9 °C min-1 
). The Ozawa-Flynn-

Wall method is an isoconversional linear method which involves the measurement of the 

temperature, corresponding to a fixed value of the degree of conversion (a), fo r samples heated 

at different rates. The (OFW) method is based on equation (2. 1 ): 

In A = c - I. 0 5 2 £" ..., RT (2 .1 ) 

where P is the heating rate in K min-1
, c is a constant. Ea is the acti vation energy in kJ moi- 1

, R is 

the universal gas constant, and T is the temperature in K. A plot of In p against lff is obtained 

from the TGA curves analysed at di ffe rent heating rates, and it should be a straight line. The 

activation energies of degradation can be evaluated from the slopes of the curves. 

2.3.8 Luminescence spectroscopy 

Luminescence is defined as the phenomenon in which the electronic state of a substance is 

excited by some kind of external energy, and the excitation energy is given off in the fo rm of 

light. Materials exhibiting this phenomenon are known as luminescent materials or phosphors. 

Depending on how the phosphor is excited, several types of luminescence can be distinguished, 
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amongst them is photoluminescence (PL). Photoluminescence is a non-contact, non-destructive 

method of probing the e lectron structure of materials. In essence, when light is incident on a 

sample, photons are absorbed and electronic excitations are created. Eventually the excitations 

relax and the e lectrons return to the ground state. Excess energy is released when the electrons 

return to their equilibrium states. Photoluminescence spectra are recorded by measuring the 

intensity of emitted rad iation as a function of either the excitation wavelength or the emission 

wavelength [14-1 5]. In thi s study photo luminescence spectroscopy was used to study the optical 

properties of the polymer and the polymer/Ce: Y AG composites. The composites were also 

combined with a blue LED in order to investigate the effect of the an1ount of Ce: Y AG on the 

resulting emitted light in view of possible application in wh ite LED manufacture. 

The emission and excitation spectra were measured using a Fl uoromax 4 HORIBA 

Jobin Yvon spectrofluorometer. Samples were placed at an angle of 45° and excited by a xenon 

(Xe) source operating at 150 W. The polymer/Ce: Y AG composites were excited with a 

wavelength of 450 nm for emission measurement and 550 nm for excitation measurement. The 

emission spectra of the polymer/Ce:Y AG composites combined with a blue LED (lnGaN , 

Quantum Light technology, Voltage 3.2V, Current 350 mA) were measured using an Ocean 

USB2000+ spectrometer operating in the wavelength range 200-1 100 nm. The chromaticity 

coordinates were calculated from the emission spectra following the standard Commission 

Internationale de r Eclairage (CIE) 15:2004. 
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Chapter 3: Morphology and properties of poly(methyl methacrylate) 

(PMMA) filled with mesoporous silica (MCM-41) prepared 

by melt compounding 

3.1 Small angle X-ray scattering (SAXS) 

The scattering intensities of MCM-41. PMMA and the PMMA/MCM-41 composites after 

background and thickness corrections are reported as function of the scattering vector Qin Figure 

3. 1. The SAXS peaks are indicati ve of the repeating distances in the sample, and the porous 

MCM4 l shows an intense (I 00) peak at 0.15 A" ', and two low-intensity reflections (( 110) at 0.26 

A"' and (200) at 0.32 A-1
) that are characteristic of hexagonal structures [1] . SAXS 

measurements carried ou t on different portions of the samples looked the same, which confi rmed 

the homogeneity of the samples. 

(110) (200) 

(100) 

(110) (200) 

0.1 0.2 0.3 

Q/A, 

- 5wt.% 
- - 2 wt.% 
-· - 1 wt.% 
-··- 0.5wt.% 
---- 0.3wt.% 
·········· 0.1 wt.% 
-Owt.% 

MCM-41 

0.4 

Figure 3.1 SAX.S intensities vs. sca ttering vector Q of MCM-41, PMMA and 

PMMA/MCM-41 composites 
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The SAXS pattern of the pure PMMA does not show any peak in the investigated 

scattering intensity l (Q) range because it is an amorphous polymer. The SAXS patterns of the 

PMMA/MCM-41 composites show the three characteristic peaks of MCM-41 , which indicates 

that it maintained its hexagonal lattice symmetry after composite formation. The intensity of the 

MCM-41 peak at 0. 15 A- 1 increased with an increase in MCM-41 content as a result of more 

MCM-4 1 content in the sample (Figure 3.2). The straight line drawn through the points show 

that there is direct relation between the amount of MC M-41 added into the po lymer and the 

intensity of the peak at 0.15 A-1
, which is to be expected for polymer samples containing evenly 

di spersed filler particles. 
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Figure 3.2 Effect of MCM-41 content on the intensity of the MCM-41 peak at 0.1 5 A-1 

Araujo et al. [2] prepared polymer/mesoporous compos ites by in situ polymerization in the 

presence of a precursor. and observed a sh ift in the ( I 00) peak to sma ller angles, indicating that 

the interplanar di stance (d100) and the distance between the centers of two adjacent pores in the 

hexagonal structure (ao) increased in the presence of the polymer. Thi s was attributed to the 

presence of part of the polymer chains in the MCM-41 channels. We therefore decided to also 

calculate these parameters to investigate whether me lt mixing could cause any change in the 
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MCM-4 1 porous structure. The interpl anar distance in the ( 100) direction, d1 00, was calculated 

us ing Equation 3. 1. [3] 

d100 = 2n/ Q (3.1 ) 

where Q is the scattering vector at the ( I 00) peak. The unit ce ll parameter ao, which indicates the 

distance between the centre of two adjacent pores in the hexagonal structure, was calculated 

using Equation 3.2. [4] 

2d100/v3 (3.2) 

Where d 100 is the interplanar distance in the (I 00) direction. Figure 3.3 schematically shows the 

re lationship between the MCM-4 1 hexagonal structure and the calculated parameters. The 

interplanar di stance in the ( I 00) direction was calculated as 4.1 nm and the uni t cell parameter as 

4 .8 nm for MCM-4 1. Other studies fo undd 1oo values in the range of 3.1 -3.4 nm and ao values in 

the range of 3.6-3.9 nm [5,6]. The confinement of the polymer chains in the mesopores of the 

si li ca particles should play a sign ificant role in enhancing the physical properties of the polymer 

[7], so we investigated the probability of the polymer chains entering the pores of MCM-41 by 

calculating the radi us of gyration of the po lymer chains using Equation 3.3 [8] 

Rz n12 
g = 6 (3.3) 

m wh ich n represents the number of monomer units constituting a polymer chain, and I 

represents the length of a repeating monomer unit. The weight-average molecular weight and 

polydispersity index of the commercial polymer we u ed in this research was previous ly 

determined to be respecti vely 11 0 000 g mol" 1 and 2.15 [9], and we used these values to calculate 

the number-average molecular weight using Equat ion 3.4 [3]. 

PD/= ~w 
Mn 

(3.4) 
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where POI is the polydispersity index,Mwis the weight-average molecular weight, and Mnis the 

number-average molecular weight. This gives a number-average molecular weight of 51 162 g 

mor 1
• We used these values in our calculation of the radius of gyration, and obtained values of 

1.42 and 2.09 nm. On average these values are of the same order as the pore sizes calculated 

above, and we can confidently assume that it must have been possible for the polymer chains to 

at least partially penetrate the MCM-41 pores during composite preparation. Figure 3.1 clearly 

shows that there was no shi ft in the position of the ( l 00) peak in the presence of the polymer 

after introducing the nano-filler, and therefore the d1oo and ao values remained constant. Even 

though the polymer chains penetrated the pores (at least partially) during the preparation process, 

they obviously did not change the dimensions of the hexagonal pore structure, which was 

expected due to the preparation method. In the work reported by Araujo et al. [2] the pore 

structure was probably built around the polymer chains fo rmed during the in situ polymerization. 

\ 
\ 

Figure 3.3 Schematic diagram of the relationship between the interplanar distance (d 100) 

and the hexagonal parameter (aH) 121 

3.2 Transmission electron microscopy (TEM) 

The TEM images of the MCM-41 powder are shown in Figure 3.4. Well -ordered channels with a 

hexagonal symmetry typical of the mesoporous structure are observed, and Figure 3.4(b) clearl y 

shows the pore structure of MCM-4 1. Figure 3.5 shows the TEM images of the PMMA/MCM-

41 composites with different MCM-4 1 contents. Figure 3.5(a) shows small MCM-41 
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agglomerates well dispersed in the polymer matrix. Because of this, the composite maintained its 

transparency up to 0.5 wt.% MCM-41 (Figure 3.6). The high magnification image (Figure 

3.5(b)) clearly shows the agglomerated MCM-41 particle in the polymer matrix. Figure 3.5(c,d) 

shows well dispersed, but highly agglomerated, filler particles. which is the reason for the clear 

loss in transparency observed in Figure 3.6. 

Figure 3.4 TEM micrographs of MCM-41 powder at different magnifications 

Figure 3.5 TEM micrographs of PMMA/MCM-41 composites with 0.5 wt.% MCM-41 (a,b) 

and with 5 wt.% MCM-4 1 (c,d) 
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Figure 3.6 Picture of PMMA and the PMMA/MCM-41 composites to illustrate their 

transparency 

3.3 13C cross-polarization magic-angle spinning nuclear magnetic resonance (13C {' H} 

CP-MAS-NMR) spectroscopy 

The 13C {1H} CP MAS MR measurements were performed to understand possible changes 

caused by the presence of MCM-41 in the polymer, and to attempt a correlation between the 

macroscopic, microscopic and molecular properties. Figure 3.7 shows the NMR spectra and the 

assignment of the 13C chemical shifts of the polymer. All the spectra show five resonances at 

177.9, 55.4, 52.3, 45.2 and 16.6 ppm due to respecti vely the carbonyl carbon, methoxyl group, 

and quaternary carbon of the polymer chain. and the methylene and methyl groups. The presence 

of MCM-4 1 had no effect on the chemical shift, shape and intensity of the PMMA spectra fo r the 

investigated samples. This shows that there were no chemical interactions and that only physical 

interactions occurred between the polymer matrix and MCM-4 l particles. 

A spin-lattice relaxation process is stimulated by time dependent perturbations on the 

nuclei such as dipole-dipole coupling. The time dependence arises from molecular motions and 

the measurements of the relaxation times are used to study molecular motions of polymer chains 

[ IO]. The proton and carbon spin lattice relaxation times in the rotating frame, T1p(H) and T 1p(C), 

were determined through solid-state MR measurements in order to detect dynamic changes in 

the polymer induced by the presence of the MCM-41. The T 1p is sensitive to molecular motions 

in the kHz region and it is inversely proportional to the spectral density of motion. These 

motions reflect the dynamic behaviour of a polymer chain in a range of a few nanometers. 

However, for natural-abundance experiments the spin diffusion is less effective in the T1p(C) 
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averaging, and this parameter is there fore a good probe for local mob ility [ 11- 13]. The relaxation 

time values fo r some of the investi gated samples are reported in Table 3. 1. The presence of 

MCM-4 1 did not have a significant effect on the T 1r(H) va lues, but the relaxation time for the 

carbonyl carbon peak (peak 5) increased compared to that of the neat polymer. A longer 

relaxation time can be ascribed to a local stiffness of the po lymer (within a few nanometers 

length) as a result of the presence of the fi ller. 

~Wt 0/o 

o,:; Wt 8/o 

0 wt 0/o 

200 · ~· 
llHI 
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!-II 0 

Figure 3.7 13C (' H) CP-MAS NM R spectra of PMMA and PMMA/MCM-41 composites 

with 0.5 wt.% and 5 wt.% MCM-41 

T he T 1r(C) values of PMMA located in the quaternary carbon (3) and methoxyl (4) groups 

decreased with the addition of 0.5 wt.% MCM-41. but the T 1p(C) values for the methylene (2) 

and carbonyl carbon (5) peaksincreased in the presence of MC M-41. This observation implies 

that the main cha in moti ons, in particular those of the carbonyl carbon and methylene, were 

hindered by the presence of MCM-4 1. This can be attributed to intermolecular interacti ons 

involving various parts of the polymer chain. and in particular the loca l motions of the carbonyl 
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carbon, being hindered by the presence of mesoporous silica, probably because of specific 

interactions such as hydrogen bonding. The MCM-41 particles naturally have sil anol groups (S i

OH) on their surfaces that are capable of forming hydrogen bonding interactions with the 

carbonyl groups on the PMMA chains (Figure 3.8) [14-16). Different behaviour was observed 

for the composite containing 5 wt.% MCM-41 . In this case there was a decrease in the T 1p(C) 

values, which can be attributed to a lack of polymer-filler interaction due to the presence of a 

large number of agglomerates because of more favo urable fi ller- fi ller interactions. This 

behaviour could also be the result of larger free vo lumes caused by the presence of non-adheri ng 

MCM-41 agglomerates, which increased the mobility of the polymer chains resulting in shorter 

relaxation times [1 7]. 

CH3 CH3 CH3 
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--c -c--c --c--c --c-c -
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Figure 3.8 Hydrogen bonding between the ester carbonyl groups in PMMA and the 

silanol groups in MCM-41 [161 

Table 3.1 Relaxation time values for all the peaks in the 13C spectra of PMMA and 

PMMA/MCM-41 composites with 0.5 and 5 wt% MCM-41 content 

Signal I T1 p(H) I ms T1p(C) I ms 

ppm 0% 0.5% 5% 0% 0.5% 5% 

177.9 14.9 ± 0.2 17.5 ±0.2 13.8 ± 0.2 30. 1± 0.3 53.3 ± 0.4 48.0 ± 0.2 

55.4 - 44.5 ± 0.3 - 4 1.0 ± 0.2 20.4 ± 0.3 23.2 ± 0.2 

52.3 23.0 ± 0.2 2 1.0 ± 0.2 2 1. 7 ± 0.3 62.6 ± 0.4 37.9 ± 0.2 36.4 ± 0.3 

45 .2 19.4 ± 0. 1 18.2 ± 0.2 12.0 ± 0.2 65.3 ± 0.2 8 1.5 ± 0.2 26.3 ± 0.3 

16.6 19.4 ± 0.2 9.6 ± 0.2 19.7 ± 0.3 17.0 ± 0.1 19.6 ± 0.3 15.9 ± 0.2 
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3.4 Dynamic mechanical analysis (DMA) 

The storage modulus curves of PMMA and the PMMA/ MCM-4 I composites are shown as 

function of temperature in Figure 3.9. and the E" values at 80 and 140 °C are reported in Table 

3.2. The storage modulus of the samples increased slightly below the glass transition, with the 

introduction of the MCM-41 particles, because the polymer chains are already frozen in and 

fairl y immobile at this temperature. However, the amount of MCM-41 particles had littl e 

influence on the value of E", and no parti cular trend was observed (Table 3.2). This is probably 

because the hard , brittle polymer and the MCM-41 particles have very similar sti ffness values in 

this temperature range . Contrary to our own results, Salad ino et al. [ 18] observed a decrease in 

storage modulus values for the PMMA samples in the presence of non-porous si lica 

nanoparticles, and they attributed this to the nanoparticles having a plastic izing effect on the 

PMMA. Above the glass transition there was a much more significant increase in storage 

modulus in the presence of and with an increase in MCM-4 I loading, which can be attributed to 

(at least part of) the polymer chains penetrated into the pores of the MCM-41 particles, which 

restricted the mobility of these chains and increased the stiffness of the polymer. The rigid 

MCM-41 partic les a lso contributed to this increase in modulus, because the physical properties 

of a composite normally lie somewhere between those of the polymer and the filler, depending 

on the interaction between these two components. Salad ino et al. [18] , however, observed that 

the composites containing I and 2 wt.% of silica had lower storage modulus val ues compared to 

those of the pure PMMA, and an increase was on ly ob erved at 5 wt.% of sil ica loading. The 

presence of MCM-4 1 clearly had a more significant effect on the storage modulus of PMMA 

than the normal, non-porous silica used by Saladino et al. This is probably the result of the 

porous structure of MCM-4 I , where the pores can be penetrated by the polymer chains, that are 

immobilized as a result. The use of smaller, non-porous part icles could be the reason for the 

plasticizing effect at low contents. with more effective immobilization of the polymer chains 

on ly taking place at higher silica content (5 wt.%). 
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Figure 3.9 Storage modulus curves of PMMA and the PMMA/MCM-41 composites 

Table 3.2 OMA results of PMMA and the PMMA/MCM-41 composites 

Sample 10-•o E' I Pa 10-1 E' I Pa T /°C g Tg I °C from 

at 80 °C at 140 °C from E" tan a 
PMMA 1.3 0.8 95.3 11 5.7 

99.9/0. 1 w/w PMMA/MCM-41 l.6 I. 7 98.3 115 .9 

99.7/0.3 w/w PMMA/MC M-41 l.8 1.6 99.4 114.7 

99.5/0.5 w/w PMMA/MCM-4 1 2.0 2. l 99.2 115.2 

9911 wlw PMMA/MCM-41 1.5 1.2 100.2 116.5 

95/2 w/w PMMA/MC M-41 I. 7 2.5 100.5 11 6.3 

98/5 w/w PMMA/MCM-41 1.9 3.9 102.8 11 6.8 

The loss modulus curves as function of temperature of PMMA and the compos ites are 

shown in Figure 3. 10, the tan 8 curves in Figure 3.11. The glass transition temperature (T g) 

va lues taken from the peak maxi ma in the E" and tan 8 curves are summari sed in Table 3.2. T he 

loss modulus also increased with increasing fill er content. as was observed and discussed fo r the 

storage modulus. T here was an observable increase in T g from both the loss modulus and tan 8 
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curves (Table 3.2), which was due to the immobilization of the polymer chains trapped in the 

filler pores. Normally the E"' curves give more acceptable glass transition values, because it 

represents the initial drop in E' from the glassy state into the transition, while the tan o 
corresponds more closely to the transition midpoint or inflection point of the decreasing log E' 

curve [ 19]. The presence of MCM-41 decreased the transition peak intensities of PMMA 

(Figures 3.11 ), which can be attributed to the enhancement in the stiffness of the PMMA/MCM-

41 composites. It is known that the extent of damping is directly related to the mobility of 

polymer chains, and this confirms the immobilization of the PMMA chains because of the good 

adhesion between the polymer chains and the porous MCM-4 1, where part of polymer chains 

were trapped in the pores of the filler [20-22]. The maximum value of tan o ((tan &)max) is also 

related to the number of polymeric chains that undergo a glass transition, so a decrease in the 

fraction of the polymer in the sample (because of the presence of the fill er), will also contribute 

to a reduction in (tan &)max [23,24] . 
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Figure 3.10 Loss modulus curves of PMMA and the PMMA/MCM-41 composites 
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Figure 3.11 Tan o curves of PMMA and the PMMA/MCM-41 composites 

3.5 Impact testing 

The addition of fi ller into a polymer matrix can result into two different types of interactions: (i) 

po lymer-fi ller and (ii) fi ller-fi ller interaction. These interactions significantly affect the flow 

behaviour and mechanical perfo rmance of the composi tes. and are controlled by a number of 

factors that include particle size and shape. fill er aspect ratio. and filler content [24,25]. 

The impact properties of PMMA and its compos ites are reported in Figure 3.1 2. The 

impact strength of PMMA increased with an increase in the fi ller content up to approximately 

1.0 wt.% fi ller. This is due to the homogenously dispersed MCM-4 1 particles and small 

agglomerates, and fa irly strong polymer-fi ller interaction at lower fi ll er contents. The presence of 

polymer chains in the pores a lso provided good stress transfer between the polymer and the fi ller, 

which increased the toughness of the polymer so that more energy was needed to break the 

composite materia l. However, at higher filler contents (> I wt.%) the impact strength decreased 

due to the presence of more and larger MCM-41 agglomerates (Figure 3.4(c.d)), and also weaker 

interactions between the polymer and fi ller at higher filler loading (see d iscussion o f NMR 
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results). The agglomerates acted as stress concentration points fo r the fo rmation of crazes, that 

easily developed into cracks because the crazes did not effecti ve ly terminate at other filler 

agglomerates, and the applied stress was therefore not effecti vely transferred between the 

polymer and the filler. In this case less energy was needed to break the sample. 
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Figure 3.12 Impact properties of PMMA and PMMA/MCM-41 composites (line added to 

lead the eye) 

3.6 Thermogravimetric analysis (TGA) 

The TGA results fo r PMMA and the PMMA/MCM-4 1 composites with different MCM-41 

loadings are presented in Figure 3.13 and Table 3.3. The thermal degradation of PMMA has been 

widely investigated, and a number of mechanisms have been proposed [14,26,27]. The 

degradation mechanism of PMMA depends on a number of factors that include the 

polymerization method and the polymer microstructure. includi ng internal defects and type of 

chain end groups. The degradation of PMMA polymerized with a free rad ical method proceeds 

in three steps due to the presence of chains w ith different structures. The first step occurs 

between 150 and 230 °C, and is attributed to degradation initiated by chai ns containing head-to

head (H-H) linkages. The second step between 230 and 300 °C is associated with chains 

possessing unsaturated vinylidene ends. and the th ird step between 3 10 to 420 °C is att ributed to 
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chains undergoing degradation initiated by random chain sc1ss1on. Anionically polymerized 

PMMA shows only one degradation step around 360 °C, which is attributed to random chain 

scission. Figure 3. 13 shows that all the TGA curves have one degradation step around 330 °C, 

which indicates that the PMMA u ed in this study was probably prepared through anionic 

polymerization. 

The mass loss temperatures of PMMA increased with the addition o f and increase in 

MCM-41 loading (Table 3.3). The increase is probably due to the presence of polymer chains in 

the MCM-4 1 pores, which restricted the polymer and free radical chain mobility, as was 

mentioned in the discussion o f the OMA results. These pores could also have trapped the volatil e 

degradation products, delaying their transport out of the polymer, so that they were onl y released 

at higher temperatures. ft is therefore possible that the higher mass loss temperatures are not 

necessarily an indication of increased thermal stabil ity in this case [28] . The amounts of residue 

observed at 450 °C are summarized in Table 3.3. The values correlate reasonably well with the 

amount of MC M-41 initially mixed into the sample, although they are generall y somewhat 

higher. It is possible that some o f the polymer chai ns that were trapped inside the pores of the 

filler got charred inside the pores, which contri buted to the amount o f residue. This was 

confirmed through analysis of the TGA results publ ished by Saladino et al. [ 18] on PMMNsilica 

composites. The % residue from their results correlated well with the am ount of silica initiall y 

mixed into their samples, confirming that only s ilica was left a fter decomposition of the ir 

samples. 
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Figure 3.13 TGA curves of PMMA and the PMMA/MCM-41 composites 

Table 3.3 TGA results for PMMA and the PMMAIMCM-4 1 composites 

Samples T_.o I °C T max I °C 

PMMA 368.5 372.7 

99.9/0.1 w/w PMMA/MCM-4 1 371.9 376.0 

99.7/0.3 w/w PMMA/MCM-41 369.8 374.5 

99.510.5 w/w PMMA/MCM-41 37 1.1 375.3 

99/1 w/w PMMA/MCM-4 1 370.8 375.5 

9512 w/w PMMA/MCM-41 370.8 375.8 

98/5 w/w PMMA/MCM-4 1 372.4 377.9 

3.7 Thermal degradation kinetics 

% Residue 

-
0.3 
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0.7 
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Kinetic analysis is of value for understanding the mechanism of the thermal processes in 

polymers and composites. lsoconversional graphs of In p versus IIT, shown in Figures 3.14 to 

3.16, were plotted from the TGA curves obta ined at heating rates of 3. 5, 7 and 9 °C min·1
, of 

PMMA and the PMMA/MCM-41 composites with 0.5 and 5 wt.% MCM-41 content. The 
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activation energy of degradation (Ea) values were calculated from the slopes of the 

isoconversional plots according to Equation 2. 1. The relationship between the activation energies 

and the extent of mass loss is illustrated in Figure 3. 17. The activation energy of degradation for 

PMMA continuously increases with an increase in extent of mass loss. This means that the 

degradation mechanism of PMMA changed during the degradation process, and it probably 

involved multiple steps, because of the dependence o r Ea on the extent of degradation [1 9,29) . 

Gao el al. [30] attributed it to the change in reaction order which may have been brought about 

by a change in degradation mechani sm from a first order unzipping reaction to a higher order 

chain scission reaction. However, for the composites there is an ini tial increase, but the Ea values 

seem to flatten o ff at higher extents of mass loss. The fast initial increase in Ea is probably due to 

the trapping by the filler of the vo latile degradation products formed during the initial stages or 

degradation, and which are released as the degradation proceeds, giving rise to an apparent 

levelling off of the activation energy of degradation at higher extents of mass loss. There was 

probably no change in the degradation mechanism, but rather an immobi li zation of the free 

radical chains and trapping of the vo latile degradation products by the porous fill er. Contrary to 

our observation, Saladino el al. [ 18) observed a decrease in Ea at low extent of mass loss, 

fo llowed by an increase at higher extents of mass loss. They attributed thi s behaviour to the 

catalytic effect of the silica particles during the initial stages of degradation, but immobilization 

of the free radical chains and trapping of the volatile degradation products as the degradation 

proceeds. 

The composites show much higher activation energies that can be attributed to the well 

dispersed MC M-41 which probably trapped the free radical chai ns and volati le degradation 

products, resulting in more energy required to in itiate and propagate the degradation of the 

polymer, as monitored through its mass loss. The Ea values of the composites are very similar, 

this suggests that the amount of MCM-41 does not have a significant effect on the Ea values. 
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Figure 3.14 Ozawa- Flynn-Wall plots for PMMA for the fo llowing degrees of conversion: 

1) a= 0.1, 2) a= 0.2, 3) a= 0.3, 4) a = 0.4, 5) a= 0.5, 6) a= 0.6, 7) a= 0.7, 8) a= 0.8, 9) a = 
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Figure 3.15 Ozawa-Flynn-Wall plots for PMMA/MCM-41 (0.5 wt.%) for the fo llowing 

degrees of conversion: l) a= 0.1 , 2) a= 0.2, 3) a = 0.3, 4) a = 0.4, 5) a = 0.5, 6) a= 0.6, 7) a= 

0.7, 8) a = 0.8, 9) a = 0.9 
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Figure 3.16 Ozawa-Flynn-Wall plots for PMMA/MCM-41 (5 wt.%) for the following 

degrees of conversion: 1) a = 0.1, 2) a= 0.2, 3) a= 0.3, 4) a = 0.4, 5) a= 0.5, 6) a= 0.6, 7) a= 

0.7, 8) (l = 0.8, 9) (l = 0.9 
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Figure 3. 17 Activation energy vs. extent of degradation for PMMA and PMMA/MCM-41 

composites with 0.5 and 5 wt.% 
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3.8 Conclusions 

The purpose of the work reported in thi s chapter was to investigate the inOuence of the presence 

of different amounts of mesoporous silica (MCM-4 1) on the mechanical and thermomechanical 

properties, as we ll as thermal degradation behaviour of PMMA. The PMMA/MCM-41 

composites ma intained their transparency unti l 0.5 wt.% MCM-41 loading, whi le higher fi ller 

contents resu lted in a loss of transparency due to nanoparticle agglomeration at these fi ller levels. 

The confinement o f the polymer chains in the mesopores of the s ilica partic les played a 

significant ro le in enhanc ing the properties of the PMMA. Part of the polymer chains were 

trapped in the pores of MCM-4 1 without altering the hexagona l structure or pore size of MCM-

4 1, but the presence of polymer chains in the pores and its interaction with the particles had a 

significant influence on the mechanical and thermo-mechanical properties. The storage modulus, 

loss modulus and glass transition temperature of PMMA increased with the add ition of, and 

increase in, MCM-4 1 content as a result of the interacti on of the polymer chains w ith the porous 

fi ller which restri cted the mobi lity of the polymer cha ins and increased the stiffness of the 

composites. This interaction was confirmed through 13C cross-polarization magic-angle spinning 

nuclear magnetic resonance (13C { 1 H} CP-MAS-NMR) spectroscopy analys is. 

The impact strength of PMMA increased fo r the samples containing up to 1 wt.% MCM-

41 , and decreased at higher load ings, but did not reach values below that of the pure po lymer. 

The lower impact strength was due to the presence of fill er agglomerates that served as defect 

points for the ini tiation of crazes and cracks. The addition of MCM-41 seemed to increase the 

thermal stabi lity of PMMA. but this apparent increase in thermal stabi lity was most probably due 

to delayed mass loss because of the trapping of volatile degradatio n prod ucts in the pores of 

MCM-4 1. 
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Chapter 4: Morphology, mechanical and thermal properties of 

polycarbonate (PC) filled with mesoporous silica 

(MCM-41) prepared by melt compounding. 

4.1 Small angle X-ray scattering (SAXS) 

The SAXS pattern of PC and the PC/MCM-41 composites after background and thickness 

corrections are reported as a functi on of the scattering vector Qin Figure 4.1 . The pattern of 

MCM-41 has a lready been reported in Chapter 3, and it showed a high-intensity peak at 0.15 A-1 

(100) and two low-intensity reflections ((1 10) at 0.26 A-1 and (200) at 0.32 A-1
) that are 

characteristic of hexagonal structures. SAXS measurements, carried out on different portions of 

the samples, gave the same results wh ich confi rmed the homogeneity of the samples. 
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Figure 4.1 SAXS intensities vs. scattering vector Q of MCM-41 and PC/MCM-41 

composites. 

The SAXS pattern of the pure PC does not show any peak in the investigated scattering 

intensity l (Q) range because it is an amorphous polymer. while the PC/MCM-41 composites 
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show the three characteristic peaks of MCM-41, indicating that the MCM-41 maintained its 

hexagonal lattice symmetry after composite formation. The intensity of the MCM-41 peak at 

0.15 k 1 increased with an increase in MCM-41 content as a result of more MCM-41 in the 

sample (Figure 4.2). 
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Figure 4.2 Relationship between the intensity of the MCM-41 peak at 0.1 5 A- 1 and the 

MCM-41 content in the composite samples 

During the preparation process of polymer/mesoporous composi tes, there is a possibility 

that the polymer chains might be trapped or penetrate the pores of the mesoporous si lica [ 1,2], 

thus altering the interplanar distance (d 100) and the distance between the centers of the two 

adjacent pores in the hexagonal structure (ao). which should give ri se to ( I 00) peak shifts to 

smaller angles. Araujo et al. [2] prepared polymer/mesoporous composites by in situ 

polymerization in the presence of a precursor, and observed a shift in the ( I 00) peak to smaller 

angles. This was attributed to the presence of part of the polymer chains in the MCM-41 

channels. In thi s chapter we al so decided to calculate the interplanar di stance (d 100) and the 

distance between the centers of two adjacent pores in the hexagonal structure (a0) and confirm 
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whether melt mixing could cause an y change in the MCM-41 porous structure. The interplanar 

di stance in the ( I 00) direction, d1oo, was calculated using Equation 4.1 [3]. 

dioo = 2n/Q (4 .1) 

where Q is the scattering vector at the ( 100) peak. The unit ce ll parameter a0, which indicates the 

distance between the centre of two adjacent pores in the hexagonal structure, was calculated 

using Equation 4.2 [4]. 

(4 .2) 

Where d1oo is the interplanar distance in the (100) direction . The interplanar distance and the unit 

ce ll parameter (I 00) direction fo r MCM-4 1 have already been calculated in Chapter 3 as 4.1 nm 

and 4.8 nm respectively. The confinement of the polymer chains in the mesoporous silica might 

restrict the mobility of the polymer chains, which may enhance the propcr1ies of the composites, 

so we also decided to investigate the probability of the polymer chains entering the pores of 

MCM-41 by calculating the radius of gyration of the polymer chai ns using Equation 4.3 [5]. 

n l 2 

Rz - -
g 6 (4.3) 

m which n represents the number of monomer units constituting a polymer chain, and I 

represents the length of a repeating monomer unit. The weight-average molecular weight and 

polydispersity index of the commercial polymer we used in thi s research was previously 

obtained as 57 404 g mor' and 2.1 6 f 6], and we used these values to calculate the number

average molecular weight using Equation 4.4 [3]. 

PD/ = (4.4) 

where POI is the polydispersity index, Mw is the weight-average molecular weight, and Mn is the 

number-average molecular weight. This gives a number-average molecular weight of 26 576 g 

mor'. We used these values in our calculati on of the rad ius o f gyrati on, and obtained values of 
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0.65 and 0.94 nm. These values are smaller than the pore sizes of MCM-4 1 calculated above, so 

it is possible that the po lymer chains can at least part ially penetrate the MC M-4 1 pores during 

preparation. Figure 4. 1 clearly shows that there was no shift in the position of the (100) peak in 

the presence of the polymer a fter introduc ing the nano-filler, and therefore the d1 00 and ao values 

remained constant. Even though the polymer cha ins penetrated the pores (at least partiall y) 

during the preparation process, they obviously did not change the dimensions o f the hexagona l 

pore structure, which was expected due to the preparation method. In the work reported by 

Araujo et al. [2] the pore structure was probably built around the polymer chains formed during 

the in situ polymerization. 

4.2 Transmission electron microscopy (TEM) 

Figure 4 .3 shows the TEM images of MCM-4 1 powder at different magnifica tions. Well-ordered 

channels with a hexagonal symmetry typical of the mesoporous structure are observed, and 

Figure 4.3(b) clearl y shows the pore structure of the MCM-4 1 particles. TEM images of the 

PC/MCM-41 composites loaded with 0.5 and 5 wt.% are shown in Figure 4.4. Figure 4.4(a) 

clearly shows the agglomerated MCM-4 1 particle in the polymer matrix, and the small MCM-41 

agglomerates are we ll d ispersed in polymer matrix (F igure 4.4(b)). This composite is less 

transparent than the composites containing lower MC M-4 1 contents (Figure 4.5), indicating that 

these composites probably had smaller agglomerates or even individual nanoparticles dispersed 

in the PC matrix. Figure 4.4(c,d) shows poorl y dispersed and highl y agglomerated MCM-4 1 

particles, which is the reason for the clear loss in transparancy observed in Figure 4.5. 
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Figure 4.3 TEM micrographs of the MCM-41 powder at different magnifications 

Figure 4.4 TEM micrographs of the PC/MCM-41 composites with 0.5 wt.% (a,b) and 5 

wt.% ( c,d) loading at different magnifications 
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Figure 4.5 Picture of PC and the PC/MCM-41 composites to illustrate their transparency 

4.3 13C cross-polarization magic-angle spinning nuclear magnetic resonance (13C {'H} 

CP-MAS-NMR) spectroscopy 

The 13C {1H} CP MAS MR spectra o f PC and the PC/MCM-41 composites loaded with 

0.5 and 5 wt.% MCM-41 are reported in Figure 4.6 to show the assignment of the 13C chemical 

shifts of the polymer. All the spectra show five resonances, peak 1 at 149 ppm is related to the 

quaternary carbons of the aromatic rings and to the carbonyl carbon, peak 2 at 127 ppm to the 

aromatic carbon in meta to the oxygen, peak 3 at 120 ppm to the aromatic carbon in ortho to the 

oxygen, peak 4 at 42 ppm to the quaternary carbon bonded to the methyl groups, and peak 5 at 

3 1 ppm to the methyl carbons. The presence of MCM-41 does not induce any modification in the 

chemical shift and in the signal shape, indicating that only physical interaction is possible 

between PC and MCM-4 1 particles. 
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Figure 4.6 13C {1H} CP-MAS NMR spectra of PC and the PC/MCM-41 composites 

The proton and carbon spin lattice relaxation times in the rotating frame, T1 p(H) and 

T1p(C), were determined through solid-state NMR measurements in order to detect dynamic 

changes in the polymer induced by the presence of the MCM-41. The T 1p is sensitive to 

molecular motions in the kHz region and it is inversely proportional to the spectral density of 

motion. The T 1p(H) and T 1p(C) values for pure PC and the PC/MCM-41 composites loaded with 

0.5 and 5 wt.% MCM-41 obtained fro m each peak in the 13C spectra are reported in Table 4.1. 

The presence of MCM-41 at 0.5 and 5 wt.% loading did not significantly affect the T 1p(H) 

values, but the relaxation time for the carbonyl carbon peak (peak I) increased at 5 wt.% loading. 

This is evidence that the interaction between the MCM-4 1 and the polymer matrix was 

principally localized in thi s nuclear environment. However, the T1p(C) values are affected by the 

presence of MCM-41. The carbon I value for PC decreased after the addition of 0.5 wt.% MCM-

41 , but at the higher filler loading it increased, not only for carbon I but also for carbons 3 and 4. 

These increases can be attributed to the hindering of the mobi lity of the polymer chai ns. The 

carbonyl carbon are particularl y hindered by the presence of MCM-41 partic les because of a 

specific interaction which is probably hydrogen bonding with the Si- OH groups on MCM-41 

[7,8]. 
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Table 4.1 Relaxation time values for all the peaks in the 13C spectra of PC and the 

PC/MCM-41 composites loaded with 0.5 and 5 wt.% of MCM-41 

T1pH (ms) T 1pC (ms) 

Carbon ppm Owt.% 0.5 wt.% 5wt.% Owt.% 0.5 wt.% 5wt.% 

1 149 4.9 ± 0.2 4.9 ± 0.2 6.0 ± 0.2 95.3 ± 0.3 38.8 ± 0.4 102.9 ± 0.2 

2 127.5 4.9 ± 0.2 5.2 ± 0.2 5.4 ± 0.3 10.9±0.2 11.1 ± 0.2 10.6 ± 0.2 

3 120 4.4 ± 0.2 5.6± 0.2 4.4 ± 0.2 11.2 ± 0.2 10.9 ± 0.2 29. 1 ± 0.2 

4 42 3.9 ± 0.2 4.2 ± 0.2 4.5 ± 0.3 28.4 ± 0.3 31.6 ± 0.2 55.6 ± 0.2 

5 3 1 6.6 ± 0.3 4.9 ± 0.2 5.9 ± 0.2 30.5 ± 0.2 23.2 ± 0.2 20.5 ± 0.2 

4.4 Dynamic mechanical analys is (OMA) 

Figure 4.7 shows the storage modulus curves of PC and the PC/MCM-41 composites as a 

function of temperature, and the E' va lues at I 00 and 170 °C are reported in Table 4.2. Below 

the glass transition temperature the storage modulus of PC decreases with the addition of MCM-

41 , but the amount of fi ller had no significant effect and there was no clear trend. Above the 

glass transition there was a much more significant increase in storage modulus in the presence of 

and with an increase in MCM-41 loading, which can be attributed to (at least part of) the 

polymer chains which penetrated into the pores of the MCM-41 particles, restricted the mobility 

of the polymer chains, and increased the stiffness of the polymer. Motaung et al. [9] prepared PC 

composites with non-porous silica and they observed a decrease in storage modulus of PC at low 

contents (1 and 2 wt.%) over the whole investigated temperature range, which they attributed to 

a plasticiz ing effect of the silica partic les. An increase in storage modulus was on ly observed at 5 

wt.% silica content, and they concluded that effective immobilization of the polymer chains only 

takes place at higher silica contents. Biswal et al. [8] attributed the lower storage modulus of PC 

over the whole investigated temperature range, with the addition of nSi02 at 3 wt.%, to a 

reduction in the hard phase format ion. Apparently the interfacial interaction between the - OH 

groups on the nSi02 surface and the C=O groups in the bulk polymer di srupted the stoichiometry 

ratio so that the hard phase domains were limited. The presence of both porous and non-porous 

sili ca particles seems to have the same influence on the E' below the glass transition temperature, 

but the presence of MCM-41 clearly had a more significant effect on the storage modulus of PC 
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above the glass transition temperature compared to the normal, non-porous sil ica used by 

Motaung et al. and Biswal el al. This can on ly be attributed to the porous structure of MCM-41 , 

where the pores can be penetrated by the polymer chains, leading to their immobi lization. 

Figure 4.7 
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Storage modulus curves of PC and the PC/MCM-41 composites 

The loss modulus and tan 8 curves of PC and the PC/MCM-41 composites as a function of 

temperature are shown in Figure 4.8 and Figure 4.9 respectively, and the glass transition 

temperatures taken from the E" and tan 8 curves are reported in Table 4.2. The loss modulus 

fo llowed the same pattern as the storage modulus. The add ition of MCM-41 until 2 wt.% did not 

have a significant influence on the glass transition temperature of PC, but at 5 wt.% load ing the 

glass transition temperature observably decreased. This can be attributed to the agglomerates 

observed in the TEM images, which probably reduced the effectiveness of the fi ll er particles to 

immobilize the polymer. Feng et al. [IO] observed an increase in the T g of PC at low silica 

contents (1 wt.%) and a decrease at higher contents (3 and 5 wt.%). The increase was attributed 

to the di spersed Si0 2 nanoparticles, wh ich restricted the motions of the po lymer chains, while the 

decrease at higher fill er loadings was attributed to the increased free vo lume as a result of the 

disruption in the chain segment packing. 

85 



Table 4.2 OMA results of PC and PC/MCM-41 composites 

Sample 10-10 E' / Pa 10-isE' / Pa Tg I °C from Tg I °C from 

at 100 °C at 170 °C E" curves tan o curves 

PC 1.6 0.9 147. 1 154. l 

99.9/0. I w/w PC/MCM-4 l 1.3 I. I 147.0 154.2 

99.7/0.3 w/w PC/MCM-4 1 1.4 2.3 146.5 153.7 

99.5/0.5 w/w PC/MCM-4 l 1.5 0.7 147. 1 154.0 

98/2 w/w PC/MCM-4 l I .4 3. 1 147.6 156.0 

95/5 w/w PC/MCM-41 1.4 5.5 144.2 152.3 

The maximum value of tan o ((tan o)max) of PC significantly decreased after the addition of 

MCM-4 1, and with increasing fill er content. This is normally attributed to the good adhesion 

between the polymer and the filler, because composi tes with a weak fi ller-polymer interface 

tends to dissipate more energy than composites with good interfacial bonding [ 11, 12]. Polymer 

composites with good interfacial bonding allows less energy to be dissipated due to the 

restriction of the polymer chain mobility. However, weak interfac ial bonding reduces the 

effectiveness of fi ller particles to immobi lize polymer chains and more energy should therefore 

be dissipated. The decrease in the fraction of the polymer in the sample (because of the presence 

of the filler) also reduces the number of the mobile chains during the glass transition, thus 

contributing to the reduction in (tan o)max· However, the fi ller contents are relative ly low so that 

this factor will have a minor contribution. The decrease in the (tan o)max of PC with the addition 

of MCM-4 1 can therefore be attributed to the reinforcing effect of MCM-4 1, which is the result 

of the penetration of the polymer chains into the MCM-4 1 pores and the hydrogen bonding 

interaction between the polymer and fi ller, and to a lesser extent to the reduction in the amount 

of polymer in the sample. Wang el al. [ 13] also observed a decrease in the intensity of the tan o 
peak of natural rubber (N R) with the addition of MCM-4 1. They attributed it to the reinforcing 

tendency of the nano fil ler on the matrix due to the physical and chemical adsorption of the NR 

molecules on the fill er surface. 
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Figure 4.8 

Figure 4.9 

ro 
0.... 

1E9 

1E8 --PC 
- - 99.9/0.1 w/w PC/MCM-41 
- ·- 99.7/0.3 w/w PC/MCM-41 
- ·· - 99.5/0.5 w/w PC/MCM-41 
- - - - - 98/2 w/w PC/MCM-41 
-·- ·- 95/5 w/w PC/MCM-41 

100 120 140 

Temperature I °C 

160 180 

Loss modulus cunres of PC and the PC/MCM-41composites 

1.4 

1.2 

1.0 

<,() 

c 0.8 
~ 

0.6 

0.4 

0.2 

0.0 

- - PC 
- - 99.9/0.1 w/w PC/MCM-41 
- · - 99.7/0.3 w/wPC/MCM-41 
- · · - 99.5/0.5 w/w PC/MCM-41 
- - - - - 98/2 w/w PC/MCM-41 
-· - ·- 95/5 w/w PC/MCM-41 

100 120 140 

Temperature I °C 

... ..... ... ..... _~ - -·· -~ 

160 180 

Tan () curves of PC and the PC/MCM-41 composites 

87 



4.5 Thermogravimetric analysis (TGA) 

The TGA curves of PC and the PC/MCM-41 composites are shown in Figure 4.10. The 

degradation process of both PC and its composites occur in one step in the temperature range of 

360 to 520 °C. The thermal stability of the polymer nanocomposites has been found to depend on 

a number of factors that include nanoparticle loading and dispersion. In the case of epoxy 

resin/Ti02 nanocomposites, at low filler loading the nanoparticles were uniformly dispersed and 

formed a barrier to heat due to their ceramic nature. When the content of the nanoparticles was 

increased, the particles tended to form agglomerates, that were non-uni form ly distributed and 

less effective in blocking the heat [1 3, 14]. 
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Figure 4.10 TGA curves of PC and PC/MCM-41 composites 

The addition of MCM-41 up to I wt.% increased the thermal stability of PC (Table 4.3). 

The increase in therma l stability can be attributed to the presence of part of the polymer chains in 

the porous filler. The pores would act as physical barri er which wou ld trap the volatile 

degradation products and delay their diffusion out of the po lymer. so that they were only released 

at higher temperatures. Mingtao et al. l 15] also observed an increase in thermal stability of 

poly(ethylene terephthalate) in the presence of mesoporous molecular sieves. They related the 
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increase to the presence of polymer chains in the mesoporous channels, mak ing them less prone 

to oxidation due to the protection of the inorganic pore-wall. It is, however, also possible that the 

po lymer cha ins and free radical chains were immobilized through their interaction with the small 

and well d ispersed fi ller particles, which would delay the propagation of the degradation 

reaction, or that the diffusion of the volatile degradation products was delayed because of similar 

interactions. The sample with 5 wt.% MCM-4 1, on the other hand, shows a decrease in mass loss 

temperature to va lues approxi mately the same as that of pure PC. Th is can be attributed to the 

agglomerates observed in the TEM images, which reduced the effectiveness of the filler particles 

to immobilize the polymer and free radi cal chai ns, and the volatile degradation products. The 

decrease in glass transition temperature was also observed on the on the OMA results. Motaung 

et al. [9] studied the same system. but used non-porous silica particles at 1,2 and 5 wt.% 

loadings. They observed an insignificant increase in thermal stabi lity wi th the addition of I and 2 

wt.% silica. while a decrease in the thermal stability was observed fo r the ample containing 5 

wt.% silica. They attri buted the decrease to the catalyti c effect of the sil ica particles. Carrion et 

al. [ 16] also observed lower decomposition temperatures fo r po lycarbonate heated in the 

presences ZnO nanoparticles, and they onl y attributed it to the presence of large aggregated 

nanoparticles. 

Table 4.3 TGA results for PC and the PC/MCM-4 1 composites 

Sample TJo I °C Tmaxl °C % Residue 

PC 49 1.6 496.3 22.2 

99.9/0.1 w/w PC/MCM-4 1 499.2 5 10.2 23.8 

99.7/0.3 w/w PC/MCM-41 496.7 508.4 23.8 

99.5/0.5 w/w PC/MCM-41 497.7 509.4 24.2 

99/ 1 w/w PC/MCM-4 1 500.3 508. 1 24.5 

98/2 w/w PC/MCM-41 49 1.9 502.6 24.9 

95/5 w/w PC/MCM-41 487.4 497.6 27.3 

The amo unts of residue observed at 600 °C for the investigated samples are summarized in 

Table 4.3. PC left about 22% residue, whi le the composites left more residue. The differences 

between the residues left by the composites and that left by neat PC are observably higher than 
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the amounts of MCM-41 initially mixed into the samples. but onl y fo r fi ll er loadings up to I%. 

This is probably the result of a fairly uneven dispersion of the fi ller particles at these low 

contents. Motaung et al., on their PC/silica composites, found that the% residue correlated well 

with the amount of silica initially mixed into the samples, taking into account the amount of 

residue left by the neat polymer [9]. 

4.6 Thermal degradation kinetics 

A number of papers reported di fferent and sometimes contradictory results concerning the effect 

of the nanoparticles on the thermal stability of PC. There are papers suggesting that nanoparticles 

have no obvious effect on the thermal stab ility [1 0], some suggested a small to large 

enhancement [17-19] , and others suggested a decrease in the thermal stability [9, 16]. In order to 

get a better understanding of the degradation process and the effect of the MCM-41 loading on 

the thermal stability of PC, the minimum amount of energy that is required to initiate and 

propagate the degradation process was determined. The acti vation energy (Ea) for mass loss was 

determined from the slope of the isoconversional plots of In P versus I IT (Figures 4.1 1 to 4 .13) 

taken at a heating rate of 3, 5, 7 and 9 °C min-1for the degradation of PC and the composites 

filled with 0.5 and 5 wt.% MCM-41. The relationship between the activation energy and the 

extent of mass loss is shown in Figure 4.14. The activation energy of mass loss for PC and the 

PC/MCM-41 composites increased with increase in the extent of mass loss, which means that the 

degradation process invo lved multiple steps [20]. 

The activation energies of the sample containing 0.5 wt.% were higher than those of pure 

PC, which can be attributed to more energy required fo r mass loss to occur. As already 

discussed , this may result from an increase in thermal stability through immobilization of the 

polymer and free radical chains by the MCM-41 particles, or through delaying of the diffusion of 

volatile degradation prod ucts out of the molten sample. However. the sample containing 5 wt.% 

shows lower activation energy values than pure PC, which can be attributed to a catalytic effect 

of the larger MCM-41 agglomerates on the PC degradation. Araujo et al. [2 1] and Motaung et al. 

[9] gave the same explanation for similar observat ions. 
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41 composites with 0.5 and 5 wt.% MCM-41 
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4. 7 Conclusions 

The purpose of the work reported in thi s chapter was to investigate the influence of mesoporous 

silica (MCM-41 ) in the range of 0.1 to 5 wt.% on the thermo-mechanical properties, as well as 

the thermal stability and thermal degradation kinetics behaviour of PC. The composites 

maintained their transparency at low MCM-41 loadings, wh ile higher filler contents resulted in a 

total loss of transparency due to the presence of agglomerates. Part of the polymer chains were 

trapped in the pores of the MCM-41 without altering its hexagonal structure or pore size, but the 

presence of polymer chains in the pores and their interaction with the particles had an influence 

on the thermo-mechanical properties and thermal stability of the PC. The storage and loss 

modulus decreased with the additi on or MCM-41 below the glass transition temperature, but this 

decrease was independent of the content. However, the moduli of the samples increased with 

increasing filler content above the glass transition temperature, due to the interaction of the 

polymer chains w ith the filler and the present of part of polymer chains in the pores, which 

restricted the mobility of the polymer chains and increased the stiffness of the composites. This 

interaction between the PC and MCM-4 1 was confirmed through 13C{ 1H}CP-MAS-NMR 

spectroscopic analysis. The addition of MCM-41 up to 1 wt.% increased the thermal stability of 

PC, which was probably due to a delayed mass loss because of the trapping of the volatile 

degradation products in the pores or MCM-41. However, the thermal stab ility decreased at 5 

wt.% due to the agglomerated MCM-4 1, which reduced the effectiveness of the filler particles to 

immobilize the free radical chains and vo latile degradation products. 
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Chapter 5: Morphology, mechanical, thermal and luminescence 

properties of poly(methyl methacrylate) (PMMA) 

filled with yttrium aluminium garnet doped with 

cerium (Ce: Y AG) prepared by melt compounding 

5.1 X-ray diffraction 

Yttrium-alumina systems are made up of three phases that are stable at room temperature. They 

are the yttrium aluminium garnet (Y AG), yttrium aluminium perovskite (YAP), and yttrium 

aluminium monoclinic (YAM) phases. Pure yttrium aluminium garnet is processed at a high 

temperature in order to eliminate intermediate phases, because it is the only phase favourable for 

the luminescent properties of phosphors. Figure 5.1 shows a single Y AG phase with sharp peaks 

re lated to its crystalline structure; the same diffraction pattern for Ce: Y AG was also observed in 

other studies [1-5]. The X-ray pattern for PMMA shows a broad diffraction band around 14°, 

together with two broad bands with lower intensities around 30 and 42°, typical of an amorphous 

material [6,7]. The composites loaded with 0.1 and 0.3 wt.% Ce:Y AG show s imilar diffraction 

patterns as the neat PMMA due to the small amount of filler. A small diffraction peak at 33°, 

which is the angle for the most intense Ce: Y AG peak, appears in the pattern of the sample loaded 

with 0.5 wt.% Ce:Y AG, whi le a ll the peaks related to the garnet phase are observed fo r sample 

loaded with 1, 2 and 5 wt.% Ce: YAG. The positions of the garnet phase peaks in the composite 

samples did not shift with respect to those of the powder, confirming that no structural 

modification occurred when the filler was embedded in the polymer. 

5.2 Transmission electron microscopy (TEM) 

Figure 5.2 shows the TEM images of the PMMNCe: YAG composites filled with different 

Ce:YAG contents. The TEM image of the PMMA/Ce:YAG composite containing 0.5 wt.% 

Ce:Y AG (Figure 5.2(a)) shows isolated Ce:Y AG clusters in the polymer matrix, due to the very 

small amount of filler in the composite which was also not detected in the XRD for the samples 

containing less than 1 wt.% filler. This composite is also less transparent than those containing 
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smaller amounts of filler (Figure 5.3). Figure 5.2(b) shows smaller and better dispersed Ce:YAG 

clusters, but the clusters are still fairly big. which is probably the reason for the clear loss in 

transparancy observed in Figure 5.3. The difference in viscosity of the sample during mixing can 

be responsible for the difference in the size and distribution of the particles when comparing the 

composites that contain respectively 0.5 and 5% Ce: Y AG. Increasing the amount of filler in the 

sample increases the viscosity of the sample during mixing, and thi s will increase the torque [8]. 

High torque during mixing should contribute to breaking up the Ce: Y AG clusters into smaller 

particles that are better di spersed in the polymer matrix. 

Ce:YAG 

O.S.._% 

0.3 % 
• l 

0.1., % 

10 20 30 40 50 60 70 

20 

Figure 5.1 XRD patterns of Ce: Y AG, PMMA and the PM MA/Ce: Y AG composites 

5.3 IJC cross-polarization magic-angle spinning nuclear magnetic resonance (1JC {1 H} 

CP-MAS-NMR) spectroscopy 

To gain insight into the organization of the polymer molecules in contact with the nanoparticle 

surface, 13C { 1H} CP-MAS NMR experiments were performed. All the NMR spectra in Figure 

5.4 show five resonances at 177.9, 55.4, 52.3, 45.2 and 16.6 ppm due to respectively the 

carbonyl carbon, methoxyl group, quaternary carbon of the polymer chain, and the methylene 

and methyl groups. In the presence of the filler, there are no new signals, changes in peak shapes 

or chemical shi fts, ind icating that the presence of fi ller did not induce any chemical 

modifications. All the interactions between the polymer and filler were therefore physical. 
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Figure 5.2 TEM micrographs of PMMA and PM MA/Ce: Y AG composites with 0.5 (a) 

and 5 wt.% (b) Ce:YAG 

Figure 5.3 Picture of PMMA and the PMMA/Ce:YAG composites to illustrate their 

transparency 
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Figure 5.4 CP-MAS-NMR spectra of PMMA and PMMA/Ce:YAG composites with 0.5 

and 5 wt.% Ce:YAG 

The proton and carbon spin lattice relaxation times in the rotating frame, T 1p(H) and 

T 1p(C), were determined through sol id-state NMR measurements in order to detect dynamic 

changes in the polymer induced by the presence of the filler. The spin lattice relaxation times in 

the rotating frame parameters (T1p) are inversely proportional to the spectral density of motions 

in the kHz frequency, and they reflect the dynamic behaviour of a polymer chain in a range of a 

few nanometers. The T 1p(H) and T 1p(C) relaxation time values obtained from each peak in the 
13C spectra of PMMA and PMMA/Ce:Y AG composites with 0.5 and 5 wt.% of Ce:Y AG are 

reported in Table 5.1. The presence of0.5 wt.% Ce:YAG shows a decrease in T 1p(H) values for 

the quaternary carbon of the polymer chain (peak 3) and methylene (peak 2). This observation 

can be attributed to the increase in fl exibi lity of the polymer chains as a result of larger free 

volumes caused by the presence of isolated Ce:Y AG particles in the polymer matrix (Figures 

5.2(a)). However, the T 1p(H) values observed for the carbonyl carbon (peak 5) and methyl group 

(peak I) were not significantly affected by the presence of Ce: Y AG compared to those of the 

neat polymer, which can be due to some inhomogeneity in the sample. Furthermore, loading of 
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0.5 wt.% Ce:YAG in the polymer does not cause any appreciable change in this parameter, 

indicating that this concentration is unable to modify the dynamic behav iour of the polymer at 

nanometer level. The T 1p(H) values of the sample conta ining 5 wt.% Ce:YAG increased because 

of the immobilization of the po lymer chains, which can be attributed to the fairly well dispersed 

Ce: Y AG particles. Longer relaxation times are ascribed to local stiffness in the po lymer within a 

few nanometer length because of the presence of the filler [9, IO]. 

The T 1p(C) values for both composites were strongly affected by the presence of Ce:Y AG 

particles . The addition of, and increase in fill er particles significantly decreased most of the 

relaxation time values of the composites compared to those of the neat polymer. The electron 

donor-accepter interaction between yttrium and the carbonyl oxygen lone pair is a common 

example of a Lewis acid-base reaction. The carbonyl oxygen lone pair serves as a Lewis base 

which donates electrons and yttrium serves as a Lewis ac id and accepts electrons. This 

interaction can account for the observable variation in the relaxation time due to the retrieval of 

electrons along the po lymer cha ins [ 11]. In the study of PMMA/MCM-4 1 composites reported in 

Chapter 3 of this document we observed an increase in the T 1p(C) values, in particu lar those of 

the carbonyl carbon, and we attri buted it to the immobilization of the polymer chains due to 

hydrogen bond ing interaction between the PMMA and MCM-4 1. In the case of PMMA/Ce:YAG 

composites this was clearly not the case, probably because the non-adheri ng partic les inside the 

polymer increased the free volume, which then resulted in greater mobility of the po lymer chai ns 

which lowered the re laxation time values [ 12]. 

Table 5.1 Relaxation time values for all the peaks in the 13C spectra of PMMA and the 

PMMA/Ce: Y AG composites loaded with 0.5 and 5 wt.% of Ce: Y AG 

T1pH (ms) T 1pC (ms) 

ppm 0 % 0.5% 5% 0 % 0.5% 5% 

177.9 14.3 ± 0.2 16. 1 ± 0.2 33.5 ± 0.2 30. 1± 0.3 24.8 ± 0.2 16.4 ± 0.3 

55.4 - 21.5 ± 0.2 - 41.0 ± 0.2 4.6 ± 0.4 6.4 ± 0.3 

52.3 20.5 ± 0. 1 1 1.8 ± 0.1 54.4 ± 0.3 62.6 ± 0.4 10.7 ± 0.2 10.6 ± 0.2 

45.2 13.4 ± 0. 1 9.5 ± 0.3 15.8 ± 0.2 65.3 ± 0.2 14.9 ± 0.2 16.2 ± 0.1 

16.6 15.2 ± 0.2 15.7 ± 0.4 10.6 ± 0.3 17.0 ± 0. 1 19.6 ± 0.2 24.4 ± 0.2 

101 



5.4 Dynamic mechanical analysis (DMA) 

The storage modulus curves of PMMA and the PMMA/CeYAG composites are reported in 

Figure 5.5, and the E' values taken at 70 and 140 °C are reported in Table 5.2. The storage 

modulus of all the composites is higher than that of neat PMMA throughout the investigated 

temperature range. However, the amount of Ce: Y AG particles had little influence on the value of 

E' , and there is no clear trend in the effect of fil ler on the storage modulus (Table 5.2). The 

increase in storage modulus above the glass transition temperature can be attributed to the 

immobilization of polymer chains through interaction with the filler particles, and the increase in 

rigidity of the composite as a result of the inherent stiffness of the filler. Musbah et al. [13] 

observed an increase in storage modulus and glass transition temperature of PMMA with the 

addition of europium-doped gadolinium oxide (Eu:Gd20 3) at 0.5, I and 3 wt.%. They attributed 

it to the reduction in the overall mobility of the polymer chains as a result of the functional 

physical crosslinks between the polymer and filler. 
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Figure 5.5 Storage modulus of PMMA and PMMA/Ce:Y AG composites 
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Table 5.2 OMA results of PMMA and the PM MA/Ce: Y AG composites 

Sample 10-•u E' I Pa 10-1 E' I Pa Tg I °C from Tg I °C from 

at 70 °C at 140 °C E" curves tan o curves 

PMMA 1.3 0.8 95.3 l l 5. 7 

99.9/0. 1 w/w PMMNCe:YAG 1.4 0.9 96.7 11 4.8 

99.7/0.3 w/w PMMNCe:YAG 1.2 I. I 96.3 114.5 

99.5/0.5 w/w PMMNCe:YAG 1.2 1.5 96.5 114.5 

99/ 1 w/w PMMNCe: YAG 1.4 1.2 97.5 11 4. l 

98/2 w/w PMMA/Ce: Y AG 1.7 1.6 98. 1 114. 1 

9515 wlw PMMNCe: Y AG 1.6 1.5 97.7 113.9 

The loss modulus curves of PMMA and the PMMA/Ce: Y AG composites as function of 

temperature are shown in Figure 5.6, and the glass transition temperatures taken from the E" and 

tan 8 curves are summarised in Table 5.2. The loss modulus also increased for the fi ller

containing samples, as was observed and discussed for the storage modulus. The addition of 

filler resulted in an observable inc rease in the glass transition temperature fro m the loss modulus 

curves (Table 5.2), which can be due to the immobi lization of polymer chains which was 

observed earlier in the NMR results. It has been mentioned that, in parti culate fill ed polymers, 

the presence of ri gid fill ers restricts the movement of the polymer cha ins, leading to a reduction 

in maximum value of tan 8and a shi ft of the Tg values to higher temperatures [ 14]. This 

behaviour has been observed fo r PMMA with the addition of silica [ 15], organoclay [ 16], and 

mesoporous silica parti cles (Chapter 3 in this document), and has been attributed to good 

adhesion between the fill er and the matri x, which resulted in a restri cti on of the mobility of the 

polymer chains in the composite. However, in this case the tan 8 curves (Figure 5.7) do not show 

any sign ificant effect of the Ce: Y AG particles in PMMA. This is probably the result of the weak 

polymer-filler interaction, as was observed in the NMR analysis and discussed in section 5.3. 
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Figure 5.6 Loss modulus of PMMA and the PMMA/CeYAG composites 
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Figure 5.7 Tan () curves of PMMA and PMMA/CeYAG composites 
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5.5 Impact properties 

The effect of filler on the mechanical properties of polymers depends mainly on the final 

morphology of the composite, and how the fill er is dispersed in the polymer matrix. During 

impact the filler particles in the composites normally act as defect centers for the fo rmation of 

crazes, and the dispersion of the filler determine whether the crazes develop into cracks or 

becomes terminated at another particle. 

The impact properties of PMMA and its composites are reported in Figure 5.8. The 

addition of small contents of Ce: Y AG (0.1 -0.5 wt.%) had no effect on the impact strength of 

PMMA. This can be attributed to the isolated Ce: Y AG clusters in the polymer matrix (observed 

and discussed in section 5.2). When the particles are far apart from each other, crazes easily 

develop into cracks because the crazes did not effectively terminate at another fill er particle, and 

therefore the applied stress is not effectively transferred between the polymer and the filler. Less 

energy is needed to break the sample. However, there was a significant increase in impact 

strength at higher fi ller loadings due to the fai rly well d ispersed and smaller Ce:Y AG clusters 

(observed in Figure 5.2(b)), which a llowed the transfer of the applied stress between the polymer 

and the filler, so that the composite requires more energy to break. 
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Figure 5.8 Impact strength of PMMA and the PM MA/Ce: Y AG composites as function 

of filler content (line added to lead the eye) 
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5.6 Thermogravimetric analysis 

The TGA curves of PMMA and the PMMNCe:Y AG composites are shown in Figure 5.9, and 

some of the temperatures are summarised in Table 5.3. All the samples show one degradation 

step starting around 330 °C. The thermal stability of PMMA is not significantly influenced by 

the presence of Ce:YAG up to 2 wt.% Ce:YAG, and an observable increase was only observed 

for the sample containing 5 wt.% Ce:Y AG. The increase in mass loss temperature can be due to 

the immobilisation of polymer chains (observed in the NMR results) and free radicals that took 

part in the degradation process, or to the volatile degradation products, that are formed during 

degradation, being released at higher temperatures because of interaction with the filler particles. 

Another possible reason for the increases in themrnl stability of the composites is the difference 

in the thermal conductivity values of PMMA (0.19Wm·1 k1
) [17] and Ce:Y AG ( 11.2 W m·1 k"1

) . 

The shift in decomposition temperature can be attributed to relatively higher thermal 

conductivity value of Ce:Y AG, which causes it to preferentially absorb heat. In th is case the 

fi ller acts as a heat barrier and increases the thermal stabil ity of the composites. 
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Figure 5.9 TGA curves of PMMA and the PMMA/CeY AG composites 
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Since the mass loss temperature is determined by the amount of fi ll er in the composites and 

the interaction of the po lymer chains, free radical chains, and volatile decomposition products 

with the fill er particles, one would expect an inc rease in mass loss temperature with increasing 

fi ller content. This can be explained by the size of the ti ller clusters and the d ispersion o f the 

tiller particles in the polymer. In our case the addition of small amounts o f filler resulted in the 

formation o f isolated Ce: Y AG clusters (observed in the TEM images), and thus less filler surface 

was exposed to the polymer so that the fi ller had li tt le influence on the thermal stability of 

PMMA. However, at higher loadi ngs, smaller Ce: Y AG clusters were fa irly well dispersed in the 

polymer and more fill er surface was exposed to the polymer. This allowed more effective 

interaction w ith the fill er so that the po lymer and free radical chains were immobilized and/or the 

volatile degradation products were trapped through the ir interaction with the fill er particles. 

The preparation method o f the composites can also have a signifi cant influence on the 

dispersion of the fi ller in the po lymer matrix, and on the influence of the fi ller on the thermal 

stability of the composites. Zanotto el al. [l l] prepared the same composites through so lution 

mix ing in the presence of the well dispersed filler, and they observed an almost 50 °C 

improvement in thennal stabil ity at 5 wt.% Ce:YAG loading. They attributed this to small and 

well dispersed Ce:Y AG nanoparticles and their strong interaction with the polymer, which not 

only immobilized the polymer cha ins but also the free rad icals that took part in the degradation 

process. Al though it is difficult to commercialize such a preparation technique, it defi nitely gave 

rise to a nanocomposite with very few clusters, which does not seem to be achievable through 

melt-mixing. 

The amounts of residue observed at 450 °C are summarized in Table 4 .3. Generally the 

amount of res idue corresponds well with the amount o f Ce:YAG initially added during the 

preparation o f the composites, suggesting that the di spersion of the Ce:YAG clusters was fai rl y 

homogenous in the composites. 
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Table 5.3 TGA results for all the investigated samples 

Sample T4o I °C T max I °C % Residue 

PMMA 368.5 372.7 -

99.7/0.3 w/w PMMA/Ce:YAG 367.4 371.8 0.1 

99.510.5 w/w PMMA/Ce:Y AG 368.2 372.6 0.8 

9911 wlw PMMA/Ce:YAG 367.6 372.0 1.2 

98/2 w/w PM MA/Ce: Y AG 368.7 373.0 2. 1 

9515 wlw PM MA/Ce: Y AG 369.9 374.7 4.9 

5. 7 Thermal degradation kinetics 

In order to get a better understanding of the degradation process and the effect of the Ce:YAG on 

the thermal stability of PMMA, the activation energy (Ea) for mass loss was determined for the 

degradation of PMMA and the composites filled with 0.5 and 5 wt.% Ce:Y AG. The activation 

energy values were determined from the slope of the isoconversional plots of In ~ versus l /T 

(shown in Figures 5.10 to 5.12) obtained from TOA curves where the samples were respectively 

heated at 3, 5, 7 and 9 °C min-1
• The relationship between the activation energies and the extent 

of mass loss is shown in Figure 5. 13. 

The activation energy of PMMA and its composites shows a general increase w ith the 

increase in the extent of mass loss, but the composites show much higher activation energies than 

the pristine polymer. This can be attributed to the trapping of the free radical chains and volati le 

degradation products by the filler during the degradation process. so that more energy was 

required to initiate and propagate the degradation of the polymer, or to release the volatile 

degradation products adsorbed onto the filler particles. The Ea values of the two composites are 

very similar to each other, which suggests that the amount of Ce: Y AG did not have a significant 

effect on the Ea values. Normally, one would expect composites with high thermal stability to 

require more energy to initiate degradation [ 18, 19]. However, contrary to the TOA results, our 

99.510.5 and 95/5 w/w PMMA/Ce:Y AG samples showed simi lar activation energy values. 

108 



0.0026 0 .0027 0.0028 0.0029 0 .0030 0.0031 0.0032 0 .0033 

(1fT)/K·1 

Figure 5.10 Ozawa-Flynn-Wall plots derived from the PMMA mass loss curves for the 

fo llowing degrees of conversion: 1) a= 0.1 ; 2) a= 0.2; 3) a= 0.3; 4) a= 0.4; 5) a= 0.5; 6) a 

= 0.6; 7) a= 0.7; 8) a= 0.8; 9) a = 0.9 
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Figure 5.11 Ozawa- Flynn-Wall plots derived from the 99.5/0.5 w/w PMMA/Ce:Y AG mass 

loss curves for the fo llowing degrees of conversion: 1) a= 0.1; 2) a = 0.2; 3) a = 0.3; 4) a= 

0.4; 5) a= 0.5; 6) a = 0.6; 7) a = 0.7; 8) a = 0.8; 9) a = 0.9 
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Figure 5.13 Activation energy vs. extent of degradation for PMMA and the PMMA/ 

Ce:YAG composites with 0.5 and 5 wt.% Ce:YAG 
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5.8 Luminescence properties 

The photoluminescence excitation and em1ss10n spectra of PMMA and the PMMA/Ce:Y AG 

composites are respectively presented in Figures 5. 14 and 5.15. The excitation spectra of the 

PMMA/Ce: Y AG composites monitored at 550 run show a very broad band centered at 460 nm, 

and the emission spectra monitored at 450 nm show a band at 550 nm. Figure 4.16 shows the 

energy-level diagram of Ce3+:Y AG and its excitation (Ex) and emission (Em) processes [20]. A 

free Ce3
+ ion w ith a 4f1 electronic configuration has two ground states, namely 2F512 and 2F112. 

When the electron is excited from the 4f level to the 5d state, the 5d e lectron of the excited 4fl 

5d 1 configuration forms a 20 term, which is spli t by spin-orbit coupling and the two lower 

energy levels of 20 312 and 20 512 states are fo rmed [21 ,22]. The excitation band observed at 460 

run is attributed to 2F512- +2 0 312, and the emission band can be attributed to 20 312-
2F512. The 

luminescent intensity is related to the average distance between the luminescent centres [23]. The 

intensity of both the excitation and emission spectra increases with an increase in the amount of 

Ce:Y AG in the sample, which is to be expected. The neat PMMA does not show any band in the 

investigated wavelength range because it is an amorphous material without luminescence 

centers. 
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Figure 5.14 Excitation spectra of PMMA and PMMA/Cc: Y AG composites 
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The maximum emission wavelength (A.ma,x = ssonm) reported in Figure 5.17 increases with 

increasing Ce:YAG loading up to 2 wt.% Ce:YAG, but it levels off for higher Ce: YAG contents 

in the sample. This shift is al so referred to as the red shift. The red shift normall y indicates that 

the lowest 5d electron has shifted to a higher energy leve l, and there is a change in the lattice 

parameter of the garnet phase and the crystal field around the Ce3
+ ions [3,24,25]. The increase 

in Ce: Y AG loading did not induce any shift in the excitation band, ind icating that the red shift of 

the emission band does not come from any significant variations in the energy position of the 5d 

electronic states of the Ce3
+ ions, both in terms o f their population and type. The XRD analysis 

(Figure 5.1) showed no change in the cell parameter of the garnet phase when Ce: Y AG was 

embedded in the polymer, and therefore the observed red shift in the emission band can be 

attributed to different environments around the Ce: Y AG particles. Yenkatapresad et al. [26] 

demonstrated that the emission bands of phosphors can be tuned by varying the optical properties 

of the matrix. 
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Figure 5.17 Position of the maximum of the emission band of the PMMA/Ce:YAG 

composites as function of Ce: Y AG amount 

The PMMA/Ce: Y AG composites were assembled with blue light emitting diodes (LEDs) 

in order to test the composite efficiency and to verify its potential use as a white light source. 

113 



The emission spectra and the relati ve Commission Internationale de l'Eclairage (CIE) 1931 

colour space of the resulting light are reported in Figures 5. 18 to 5.20. The emission spectrum of 

the resulting light shows two peaks. The fi rst sharp peak centered at 450 nm is attributed to the 

blue LEDs, and the second broad band centered at 550 nm is due to the emission of the 

composites (enlarged in Figure 5. 19). The addition of and increase in Ce:Y AG loading in the 

composites decreased the emission intensity at 450 nm, indicating the enhancement of the 

absorption ability for blue light [27]. 

The chromaticity coordinates, calculated from the emission spectra of the resulting lights, 

are reported in the CIE chromaticity diagram (F igure 5.20). The mixture of blue light and yellow 

light leads to the generation of white light. The CIE (x,y) coordi nates of the lights, obtained 

when combining the blue LEDs with the composites loaded with up to 2 wt.% Ce:Y AG, are 

located in the blue region, and for the composite containing 5 wt.% Ce:YAG they are located in 

the white region, which makes them more suitable fo r white LED devices. This behaviour can be 

attributed to a better balance of light between the emission from blue LEDs and the emissions 

from the phosphor, which is necessary to obtain white light with a proper colour rendering index 

and colour temperature [20]. The fairly well dispersed Ce: Y AG partic les can also provide better 

balance of light. 
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5.9 Conclusions 

The purpose of the work reported in thi s chapter was to investigate the influence of the presence 

of different amounts of yttrium aluminium garnet doped with cerium (Ce:Y AG) on the 

mechanical , thermomechanical properties, thermal degradation behaviour of PMMA as well as 

luminescence properties of PMMNCe: YAG composites. The PMMNCe:YAG composites 

maintained their transparency until 0.5 wt.% Ce:YAG load ing, while higher filler loading(> 0.5 

wt.%) resulted in a loss of transparency. The interaction between PMMA and Ce:YAG was 

through the electron donor-acceptor interaction between the carbonyl oxygen lone pair and the 

yttrium cation (Y3+). The storage modulus, loss modulus and glass transition temperature of 

PMMA increased with the addition of, and increase in, Ce: Y AG content as a result of the 

increased stiffness of the composites and immobilization of the polymer chains. The add ition of 

Ce:YAG up to 0.5 wt.% had no effect on the impact strength of PMMA. wh ile the samples 

containing more than I wt.% Ce:YAG showed an increase in impact strength. The increase 

impact strength was due to the fairly well di spersed and smaller Ce: Y AG clusters which allowed 

the transfer of the applied stress between the polymer and the filler. The addition o f Ce:Y AG 

seemed to significantly increase the thermal stability of PMMA at 5 wt.% loading, probably due 

to fairly well dispersed Ce: Y AG particles which formed more effective interaction with the fi ller 

so that the polymer and free radical chains were immobilized and/or the vo latile degradation 

products were trapped through their interaction with the filler particles.The CIE (x,y) coordinates 

of the light obtained when combining the blue LEDs with the composites loaded with 5 wt.% are 

obtained in the white region, making them suitable for applications in white light emitting 

diodes. 
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Chapter 6: Morphology, mechanical, thermal and luminescence 

properties of polycarbonate (PC)/yttrium aluminium 

garnet doped with cerium (Ce: Y AG) composites 

prepared by melt compounding 

6.1 X-ray diffraction (XRD) 

The XRD pattern of Ce: Y AG and the PC/Ce: Y AG composites are reported in Figure 6. 1. The 

diffraction pattern of Ce:YAG shows a single Y AG phase with sharp peaks that are related to its 

crystall ine structure, typical of the garnet phase [ I], while PC shows a broad diffraction band 

around 17° and two weak bands of lower intensity that have been reported in other studies [2,3). 

The diffraction pattern of the composite loaded with 0.1 wt.% Ce: Y AG is similar to the pattern 

of neat PC due to the small amount of fi ller. However, for 0.3 and 0.5 wt.% Ce:YAG loading the 

d iffract ion patterns of the composites show a low intensity diffraction peak of the garnet phase at 

33°, and its intensity increases with increasing Ce:Y AG loading. A ll the peaks related to the 

garnet phase are observed in the samples loaded with I. 2 and 5 wt.% Ce:YAG, and their 

positions did not shift with respect to those of the powder, confirming that no structural 

modification occurred when the fi ller was embedded in the polymer, and that there was no 

change in the cell parameters of the garnet phase. 

6.2 Transmission electron microscopy (TEM) 

Figure 6.2 shows the TEM images of the PC/Ce:YAG composites filled with different amounts 

of Ce:Y AG. The TEM images of the PC/Ce:YAG composite containing 0.5 wt.% Ce:Y AG 

(Figure 6.2(a,b )) show isolated Ce: Y AG particles in the polymer matrix. This is because of the 

small amount of fi ller in the composite which was scarcely detected in the XRD for the samples 

containing less than I wt.% fi ller. This composite was also less transparent than those containing 

smaller amounts of fi ller (Figure 6.3). Figure 6.2(c,d) shows a large Ce:YAG agglomerate which 

is the reason for the clear loss in transparancy observed in Figure 6.3. 
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Figure 6.2 

Ce:YAG 

Figure 6.3 

transparency 

TEM images of PC/Ce:YAG composites with 0.5 (a,b) and 5 (c,d) wt.% 

Picture of PC and the PC/Ce: Y AG composites to illustrate their 

6.3 13C cross-polarization magic-angle spinning nuclear magnetic resonance {1 3C {'H} 

CP-MAS-NMR) spectroscopy 

13C{ 1H}CP-MAS-NMR measurements were performed in order to investigate the interaction 

between PC and the Ce: Y AG particles. The NMR spectra of PC and the PC/Ce: Y AG composites 

loaded with 0.5 and 5 wt.% Ce:Y AG are reported in Figure 6.4 together with the assignment of 

the 13C chemical shifts of the polymer. The spectra show fi ve resonances: peak I at 149 ppm is 

related to the quaternary carbons of the aromatic rings and to the carbonyl carbon, peak 2 at 127 

ppm to the aromatic carbon meta to the oxygen, peak 3 at 120 ppm to the aromatic ca rbon ortho 
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to the oxygen, peak 4 at 42 ppm to the quaternary carbon bonded to the methyl groups, and peak 

5 at 3 1 ppm to the methyl carbons [4]. In the presence of Ce:YAG there is no change in the 

chemical shift and in the signal shape of PC, which shows that there was no chemical interaction 

between the polymer and the filler so that only physical interactions were possible. 

The proton and carbon spin lattice relaxation times in the rotating frame, T 1p(H) and 

T 1p(C), were determined through solid-state NMR measurements in order to detect dynamic 

changes in the polymer induced by the presence of the Ce:YAG. The Ti p is sensitive to molecular 

motions in the kHz region and it is inversely proportional to the spectral density of motion. 

These motions reflect the dynamic behaviour of a polymer chain in a range of a few nanometers. 

The relaxation time values for PC and PC/Ce:YAG composites prepared with 0.5 and 5 wt.% of 

Ce: Y AG were obtained from each peak in the 13C spectra and reported in Table 6. 1. The T 1p(H) 

values of the composites containing 0.5 and 5 wt.% Ce: Y AG are of the same order of magnitude 

and s lightly higher than that of pure PC, which indicates that the material can be considered 

homogenous on a nanometer scale. The presence of and an increase in Ce: Y AG loading did not 

have any influence on these values, thus the fil ler did not immobil ize the polymer chains, 

probably due to the poor dispersion of the filler in the polymer. 
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Figure 6.4 13C{1H}CP-MAS NMR spectra of PC and of PC/Ce:YAG composites with 0.5 

and S wt.% Ce:YAG 
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The T 1p(C) values for the d ifferent peaks in Table 6. 1 vary randomly. The values fo r 

carbons I and 5, that are rel ated to the quaternary carbons of the aromatic rings and to the methyl 

carbons, were strongly affected by the presence of Ce:Y AG at 0.5 wt.% loading. For these 

signals, a decrease in T 1p(C) values was observed, indicating that a minor contribution to the T1 p 

relaxation arises from each molecular group that modulates the 1H- 13C dipolar coupling. These 

variations can account for specific interactions through an electron donor-acceptor interaction 

between the carbonyl oxygen lone pair on the polymer chains and the yttrium cation (Y3+) on the 

surface of Ce: Y AG. This interaction was also observed between the carbonyl oxygen lone pair of 

PMMA and the yttrium cation (Chapter 5). The T1p(C) values of carbons 1 and 5 for the 

composite loaded with 5 wt.% Ce:Y AG are similar to those of pristine PC. This behaviour could 

result from the balance between the packing of the aromatic rings in the polymer and a local 

disordering effect due to the electron donor-acceptor interaction. 

Table 6.1 Relaxation time values for all the peaks in the 13C spectra of PC and the 

PC/Ce: Y AG composites loaded with 0.5 and 5 wt.% Ce: Y AG 

Carbon T1p(H) I ms T1p(C) I ms 

ppm 0 % 0.5% 5% 0 % 0.5% 5% 

1 149 4.9 ± 0.2 5.3 ± 0.3 5.3 ± 0.3 95.3 ± 0.3 48.4 ± 0.4 100.1 ± 0.2 

2 127 4.9 ± 0.2 5.6 ± 0. 1 4.6 ± 0.3 10.9±0.2 17.1 ± 0.2 13.0 ± 0.2 

3 120 4.4 ± 0.2 4.8 ± 0.2 4.2 ± 0.2 11.2 ± 0.2 9.9 ± 0.2 11.4 ± 0.2 

4 42 3.9 ± 0.2 5.2 ± 0.2 6.4 ± 0.3 28.4 ± 0.3 30.6 ± 0.2 32.2 ± 0.2 

5 31 6.6 ± 0.3 5.0 ± 0.3 4.8 ± 0.2 30.5 ± 0.2 18.4 ± 0.2 27.8± 0.2 

6.4 Dynamic mechanical analysis (DMA) 

Figure 6.5 shows the storage modulus curves of PC and the PC/Ce:YAG composites as a 

fu nction of temperature, while Table 6.2 reports the E" values at I 00 and 170 °C. Below the 

glass transition temperature the storage modulus of PC increases with the addition Ce:Y AG. 

However, the extent of thi s increase is not proportional to the amount of Ce: Y AG particles in the 

polymer (Table 6.2). This is probably because the hard, brittle polymer and the Ce:Y AG 

particles have very similar stiffness values in this temperature range. Above the glass transition 
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temperature the storage modulus was generally higher for the PC/Ce: Y AG composites, but there 

was no clear trend in the effect of the filler on the E' values at higher loadings (Table 6.2). The 

maximum increase in storage modulus was observed at 0.1 wt.% Ce: Y AG loading, which is 

probably due to the reinforcing effect of the good di spersion and small sizes of the Ce: Y AG 

particles, as was discussed in section 6.2. The storage modulus of the samples containing 0.3 and 

0.5 wt.% Ce:YAG was lower, and at 0.5 wt.% Ce:YAG the storage modulus was almost the 

same as that of pure PC. At the highest filler loadings (2 and 5 wt.%) there was no clear trend on 

the influence of the filler on the E' values. lt is therefore di fficult to give a specific description 

and explanation of the influence of Ce:YAG on the storage modulus of PC, and a complex set of 

factors (e.g., weaker interaction between the polymer and the fill er as a result of the presence of 

filler agglomerates, sample inhomogeneity) may have contributed to the observed results. Suin et 

al. (5] observed a direct increase in storage modulus of PC throughout the investigated 

temperature with an increase in clay loading. They attributed this to the reinforc ing effect 

imparted by the high aspect ratio of the clay platelets which caused a greater degree of stress 

transfer at the interface. However, Motaung et al. observed a decrease in storage modulus of PC 

with the addition of titania [6] and zi rconia (7] nanoparticles at I and 2 wt.% loadings, which 

they attributed to a plasticizing effect of the nanoparticles on the polymer matrix. 

Figure 6.5 
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Table 6.2 DMA results of PC and the PC/Ce: Y AG composites 

Sample 10-•u E' I Pa 10-ll E' I Pa Tg I °C from Tg I °C from 

at 100 °C at 170 °C E" curves tan o curves 

PC 1.6 ± 0.1 0.9 ± 0.0 147. 1 154. 1 

99.9/0.1 w/w PC/Ce:YAG 2.2 ± 0.0 2.8 ± 0.1 146.9 154. 1 

99.710.3 w/w PC/Ce: YAG 1.8 ± 0.0 1.9 ± 0.3 147.2 154.5 

99.510.5 w/w PC/Ce:YAG 2.0 ± 0.1 0.8 ± 0.0 147.0 154.6 

98/2 w/w PC/Ce: Y AG 1.7 ± 0.3 2.7 ± 0.2 147.4 154.7 

9515 w/w PC/Ce: Y AG 1.7 ± 0.0 1.6 ± 0.0 146. I 154 .1 

The loss modulus and tan 8 curves of PC and the PC/Ce: Y AG composites are shown in 

Figures 6.6 and 6. 7, and the glass transition temperature values are reported in Table 6.2. The 

loss modulus curves show the same inconsistencies as was observed and di scussed for the 

storage modulus. The addition of Ce: Y AG had no influence on the glass transition temperature 

of PC (Table 6.2), which indicates that the fi ller had li ttle effect on the polymer chain mobility, 

something which has also been observed from the NMR results. It is usually expected that in 

particulate filled po lymers, the addition of rigid filler to the polymer matrix should restrict the 

movement of the polymer chains, thus leading to a reduction in the damping and a shift of the 

glass transition to higher temperatures. Figure 6.7 shows a significant reduction in the damping 

after the addition of certain amounts of Ce: Y AG, but there was no correlati on between the 

amount of damping and the amount of Ce:Y AG mixed into PC. The absence of a change in the 

glass transition temperature, and the inconsistent change in the amount of damping, confirm that 

the dynamic mechan ical behaviour of the PC/Ce:Y AG composites was influenced by a complex 

set of factors, and that the interaction between PC and Ce:YAG was fa irly weak, because a 

strong interaction would have dominated all the other possible contributing factors and given ri se 

to cons istently higher storage moduli and glass transition temperatures, and consistently lower 

damping. 
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6.5 Thermogravimetric analysis (TGA) 

Figure 6.8 shows the TGA curves of PC and the PC/Ce:YAG composites at different Ce:YAG 

loadings, and some of the temperatures are summarised in Table 6.3. PC shows no mass loss up 

to 420 °C, and its decomposition occurs in a single step between 420 and 530 °C. PC leaves 

about 2 1.2% residue at 650 °C, and thi s has also been observed in a number of studies both in air 

and nitrogen atmospheres [8-1 O]. TGA measures mass loss, and interaction between the volatile 

degradation products and the filler particles would delay the volatilization of the degradation 

products, which would increase the temperature at which mass loss occurs. Normally at high 

temperatures, the long chain backbone of a polymer undergoes molecular scission and forms free 

radicals, which react with each other and with other polymer chains and release volati le products 

causing a mass Joss of the polymer [11]. In our case, the free radicals and volatile degradation 

products did not seem to interact very strongly with the Ce: Y AG particles, because little 

difference was observed between the TGA curves of the di fferent samples. Other authors 

reported both an increase [ 12, 13] and a decrease [ 14-1 6] in thermal stability of PC after the 

addition of nanoparticles. The decrease in thermal stabili ty was related to the catalytic effect of 

the nanoparticles, the particle dispersion in the polymer matrix, and the preparation conditions. 
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Figure 6.8 TGA curves of PC and the PC/Ce: Y AG composites 
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Table 6.3 TGA results for all the investigated samples 

Sample TJo I °C Tmax / °C % Residue 

PC 491.6 496.3 2 1.2 

99.910.1 wlw PC/Ce:YAG 486.2 494.4 21.4 

99.7/0.3 w/w PC/Ce:YAG 49 1.2 501.8 21.6 

99.510.5 wlw PC/Ce:Y AG 492. 1 502.4 21.9 

9911 wlw PC/Ce: Y AG 488.3 495.7 22.4 

98/2 w/w PC/Ce: YAG 489.8 501.6 23.7 

9515 wlw PC/Ce: Y AG 488.4 496.2 26.5 

The amounts of residue observed at 650 °C for PC and all the composites are summarized 

in Table 6.3. The PC/Ce:YAG composites generally left more residue than the neat PC. The 

differences between the residues left by the composites and that left by neat PC correspond well 

with the amounts of Ce: Y AG ini tially mixed into the samples, indicating that the dispersion of 

the Ce:YAG particles was fairl y homogenous in the composites. 

6.6 Thermal degradation kinetics 

In order to get a better understanding of the degradation process and the effect of Ce: Y AG 

loading on the thermal stability of PC, the activation energy (Ea) for mass loss was determined 

fo r the degradation of PC and the PC/Ce:Y AG composites filled with 0.5 and 5 wt.% Ce:Y AG. 

The activation energy is the amount of energy that is required to initiate the them1al degradation 

process, and its values are determined from the slope of the isoconversional plots of In p versus 

l /T shown in Figures 6.9 to 6. 11 taken at heating rates of 3, 5, 7 and 9 °C min-1
• The relationship 

between the activation energies and the extent of mass loss is shown in Figure 6.12. The 

activation energy increased with an increase in extent of mass loss for all the investigated 

samples. We observed the same behaviour fo r the PMMA/MCM-4 1 and PMMA/Ce:YAG 

composi tes, and it was also observed by other authors [ 17-1 9]. This behaviour is generall y 

expla ined as changes in the degradation mechanism with an increase in the extent of mass loss. 

Dong et al. [20] investigated PC-MgO nanocomposites and they attributed the increase in the 
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activation energy of degradation with an increase in the extent of mass loss to the formation of a 

stable char which protects the polymer from further degradation. 

Figure 6. 12 shows that the composites have much lower activation energies than the neat 

PC. The activation energy is the minimum energy required to initiate the thermal degradation 

process, and it is related to the temperature dependence of the rate of degradation. The lower 

activation energy values therefore indicate that less energy was required to initiate the 

degradation process, and that the degradation rates of the composites were less dependent on 

temperature. Dong et al. [20] observed that the initial activation energy values of the PC-MgO 

nanocomposites were lower than those of the neat PC. They attributed these observations to the 

catalytic effect the MgO nanoparticles have on the degradation process of PC. The addition of 

Ce: Y AG in our case may have had a simi lar catalytic effect on the degradation of PC. An 

increase in the activation energy values of similar composites was observed in a number of 

studies [2 1-24], and these were attributed to the particles acting as physical barriers, both to 

retard the thermal decomposition of the polymer and to prevent the transport of vo latile 

degradation products out of the composites, both of which would require more energy to initiate 

the thermal degradation process. 
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Figure 6.9 Ozawa-Flynn-Wall plots derived from the PC mass loss curves for the following 

degrees of conversion: 1) a= 0.1 ; 2) a = 0.2; 3) a= 0.3; 4) a= 0.4; 5) a= 0.5; 6) a= 0.6 
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5) a = 0.5; 6) a = 0.6 

132 



0 
E ...., 

.Y. --., w 

800 •-PC 

700 

600 

500 

400 

300 

e- 99.5/0.5 w/w PC/Ce:YAG 
A- 95/5 w/w PC/Ce:YAG 

-. .... .-
0.1 0.2 

.... ... 
-.--·--..... -

0.3 0.4 0.5 0.6 
a 

Figure 6.12 Activation energy vs. extent of degradation for PC and the PC/ Ce: Y AG 

composites with 0.5 and 5 wt.% Ce:YAG 

6. 7 Luminescence properties 

The excitation and emission spectra of PC and the PC/Ce: Y AG composites measured at room 

temperature are reported in Figures 6. 13 and 6.14. The energy- leve l diagram of Ce3+: YAG, 

showing its excitation (Ex) and emission (Em), was shown and discussed in Chapter 5. The 

excitation spectra of the PC/Ce:Y AG composites show a broad band centered at 460 nm, which 

is assigned to the 2F512---+
20 512 electronic transition, while the emission spectra show a band 

centered at 550 nm associated with the 2D512---+
2F512 transitions of Ce3+. The intensity of both the 

excitation and emission spectra increased with increasing Ce: Y AG content, as expected due to 

more Ce:YAG in the sample. 

133 



3.00E+008 

i?:' 2.50E+008 
'iii 
c: '* 2.00E+008 

'O 
Q) 

.!!? 1.50E+008 ro 
E ..... 
0 z 

--PC 
- - 99.9/0.1 w/w PC/Ce:YAG 
- • - 99.7/0.3 w/w PC/Ce YAG 
- • • • 99.5/0.5 w/w PC/Ce:YAG 
- - - - 99/1 w/w PC/Ce YAG 
......... 98/2 w/w PC/Ce.YAG ., .•. , .,.-·- ·'.,·'.,.,., 
- ·- ·- 95/5 w/w PC/Ce:YAG ,.-, ~ 

/ ~ ,· ·, 
/ \'. :<:./ ..... /················ .. ··<........ \ ' 

: ::: :::: // > ... ---·~ ·--- --~~-...... . :\._', '\ 
---------- ~.~>:~ -~~-~·:.:~:.:::.:: ·: ~ -~--:=··:::~ :.: :- ::-.~-~>=~:~?.::: 

O.OOE+OOO ~'"~"'-::~:;:"'::··~:,.;..J.::. ~~::· ·:-~"=-::·::"""';·:::-::;-==::::;:::::::::;;:::::;:==:;::::=;-=-~-~-:.=-~~·~· -~-~··; 
I I I I I 

380 400 420 440 460 480 500 

Wavelength I nm 

Figure 6.13 Excitation spectra of PC and PC/Ce: Y AG composites 
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Figure 6.1 4 Emission spectra of PC and PC/Ce: Y AG composites 
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Figure 6. 15 shows the position of the max imum em1ss1on band of the PC/Ce:YAG 

composites. The increase in Ce:YAG loading resulted in a signi ficantly shift of the max imum 

emiss ion band to longer wavelengths and a red shift of 14 nm was observed. The XRD pattern of 
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the composites (Figure 6.1) illustrated that the presence of Ce: Y AG in PMMA had no influence 

on the peak positions of the garnet phase, indicating that the lattice parameter of Y AG was not 

influenced by the presence of the polymer. The observed red shift can therefore not be attributed 

to any change in the lattice parameter of the garnet phase. It is possible that the presence of the 

polymer on the surface changed the environment around the Ce:Y AG as a result of the electron 

donor-acceptor interaction between the carbonyl oxygen lone pair o f PC and the yttrium cation 

(Y3+) on the surface of Ce: Y AG (as observed from the NMR results), thus causing the observed 

shift. Chen et al. [25] suggested that the red sh ift in the spectrum has a sign ificant influence on 

the luminescent properties of white LED. A blue shift in the photoluminescence (PL) spectrum 

was observed in a PMMA/Ce:Y AG composite prepared by in situ polymerization of a mixture of 

methyl methacrylate (MMA) and 2-methacrylic acid (MAA) monomers [26]. However, the 

PMMA/Ce:Y AG composites prepared by melt mixing (Chapter 5) also showed a red shift in the 

spectrum. 
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Figure 6.15 Position of the maximum emission band of the PC/Cc: Y AG composites 

The emission spectra of the resulting light obtained by combining the PC/Ce:Y AG 

composites with a blue LED and the relati ve CIE 1931 colour space are reported in Figures 6.16 

to 6.18. The emission spectrum of the resulting light consists of two bands: the first sharp band 
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centered at 450 nm is due to the blue LED, and the second broad band centered at 550 nm is due 

to the emission of the composite (enlarged in Figure 6.17). The intensity of the emission peak at 

450 nm decreased, while the one at 550 nm increased with an increase in the Ce:Y AG loading. 

The decrease in the emission peak indicates an enhancement in the absorption abi lity for blue 

light. 

The chromatic ity coordinates calculated from the emission spectra of the resulting lights 

are reported in the Commission Internationale de l'Eclairage (CIE) chromaticity diagram (Figure 

6.18). The CIE (x ,y) coordinates of the lights obtained by combining the blue LED, with 

composites loaded with up to 1 wt.% Ce:YAG, are located in the blue region, whi le that of the 

composite loaded with 2 wt.% Ce:YAG is located in the white region. The location of the 

composite in the white region can be attributed to a better balance o f light between the emission 

from the blue LEDs and the emissions from the phosphor which is necessary to obta in white 

light with a proper colour rendering index and colour temperature. This indicates that the 

composite loaded with 2 wt.% Ce:YAG are suitable for white LED devices. However, the CIE 

coordinates of the lights obtained by combining the blue LED with the composite loaded with 5 

wt.% is located in the yellow region. 
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Figure 6.16 Excitation and emission spectra of PC and PC/Ce:Y AG composites obtained 

under blue light 
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6.8 Conclusions 

In this chapter we investigated the morphology, structure, thermo mechanical , thermal 

degradation kinetics and also the luminescence properties of PC/Ce:YAG composites prepared 

by melt compounding as a function of Ce:Y AG content ranging from 0.1 to 5 wt.%. The 

transparancies of the samples decreased with increasing filler content due to the presence of 

larger and more agglomerated Ce: Y AG particles. A weak electron donor-acceptor interaction 

between the carbonyl oxygen lone pair of PC and the yttrium cation (Y3+) on the surface of 

Ce:YAG, was established. The storage and loss modulus were higher fo r the composite samples 

over the whole investigated temperature range, but the extent of increase could not be related 

with the amount of filler in the respective samples. The glass transition temperature was not 

influenced by the presence of filler, and the extent of damping changed inconsistently with the 

amount of fill er in the samples. This supported the notion of a weak interaction between the 

po lymer and fill er. The presence of Ce:Y AG accelerated the degradation process of PC, 

independent of the filler content, and as a result less activation energy was needed to initiate the 

degradation process of PC in these composites. Combination of blue LEDs with the composites 

loaded with > I wt.% Ce:YAG gave off light in the blue region, while with the 2 wt.% Ce:YAG 

composite it gave off light in the white region, which makes the latter suitable fo r applications in 

white light emitting diodes. 
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Chapter 7: Conclusions 

The aim of this study was to prepare polymer composites from poly(methyl methacrylate) 

(PMMA) and polycarbonate (PC) with mesoporous silica (MCM-41 ) and yttrium aluminium 

garnet doped with cerium (Ce:Y AG) with various contents in the range of 0.1 to 5 wt.%. The 

composites were prepared through melt compounding and the morphology, polymer-filler 

interactions, impact and dynamic mechanical properties, and thermal degradation kinetics were 

investigated. 

We did manage to address a number of the research questions outlined in Chapter I . The 

first objective of the study was to investigate the effect of MCM-41 incorporation on the 

properties of poly(methyl methacy late) and polycarbonate. We established that the dispersion of 

MCM-4 l and the trapping of the polymer chains in the pores of the filler had a significant 

influence on the properties of the polymer composites. The MCM-41 particles were well 

dispersed in both polymers at low loadings, which also helped in maintaining the transparency of 

the polymers, but at high fil ler loadings large agglomerates were observed with the resultant loss 

in transparency. We did establish that it was possible for part of the polymer chains in both 

polymers to be trapped in the pores of the filler, which contributed to the improvement in the 

determined properties. 

We also established that the impact strength and the dynamic mechanical properties of the 

polymers increased with the addition of the fi ller, but the level of impact strength improvement 

depended on the filler content in the polymer. At high filler load ings the modulus of the 

polymers increased, but the composites had much lower impact strengths; the optimum 

improvement in the impact strength was observed at 1 wt.% fil ler content. A hydrogen bonding 

interaction was established between the carbonyl groups of the two polymers and the si lanol 

group that is found on MCM-4 1, which contributed to the improvement in the properties. 

However, this interaction was obviously not strong enough to prevent agglomeration of the 

MCM-4 1 particles at higher filler contents. The thermal stability of both polymers increased with 

the addition of MCM-4 1, which was mainly due to a delayed mass loss as a result of the trapping 

of the vo lati le degradation products in the pores of MCM-41. 
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The second objective of the study was to investi gate the effect of Ce: Y AG incorporation 

on the properties of PMMA and PC. We found that the filler particles were not too well 

dispersed in both polymers at low loadings, and easily agglomerated at high filler loadings. The 

agglomerates, however, were fairly well dispersed in both polymers. The presence of the filler at 

low loadings therefore had little influence on the impact properties of PMMA and we only 

observed an increase at higher fill er loadings, which reached a limiting va lue at 5 wt.% Ce:YAG 

content, probably because of severe agglomeration at these fi ller load ings. We established that 

the interaction between both polymers and the filler was through an electron donor-acceptor 

interaction between the carbonyl oxygen lone pair and the yttrium cation (Y3+). However, 

PMMA showed stronger interaction than PC, which can be attributed to the carbonyl oxygen on 

PMMA having a stronger partially negati ve charge because the carbonyl oxygen on PC has two 

other oxygen atoms bonded to the carbonyl carbon compared to only one in PMMA. The 

presence of filler did not significantl y increase the thermal stability of the PC, while an 

observable increase in therma l stabili ty was on ly observed at higher fi ller loadings for the 

PMMA composites. This can be due to the stronger interaction between Ce: Y AG and PMMA 

and/or its degradation volatiles. The degradation products of PC are carbon dioxide, phenol and 

bisphenol A, most of which should not strongly interact with Ce:YAG, while that of PMMA is 

methyl methacrylate, which should interact more strongly with Ce: Y AG through its carbonyl 

oxygen. We also established that, at certain fi ller contents, both the PMMA/Ce:YAG and 

PC/Ce:YAG composites can be used in white light emitting diodes. 

Due to limited research results on mesoporous silica with glassy po lymers, this research can be 

extended by using other types of mesoporous silica, e.g. cubic MCM-48, hexagonal SBA 15, and 

mesocellular silica foam (MSU-F) to prepare composites using me lt compounding, and to study the 

influence of the frame structure and pore size of the partic les on the po lymer-fil ler interactions and 

resultant properties .. The dispersion of the nano filler and its interaction with the polymer matrix is 

closely related to the properties of the composite. so the modification of the surface of the 

mesoporous silica with silane coupling agents and its influence on the polymer-filler interactions 

and resul tant properties can also be investi gated. It will further be interesting to see if the new type 

of filler, mesoporous carbon FDU- 15, will have a different in fluence on the properties of the 

composites. 
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