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Abstract 

Silsesquioxanes are a novel hybrid material that have advantageous properties intermediate of 

polymers and ceramics, due to their inorganic-organic molecular structure. Current research 

has focused on the potential of this hybrid to enhance conventional materials. Through the 

incorporation of Silsesquioxanes in their various forms when used as coatings, additives and 

copolymers dramatic property enhancements have been seen. Recent research has been aimed 

at investigating whether these enhancements are also seen when Silsesquioxanes are blended 

with polymeric systems. In research to date property enhancements have been reported, but at 

present there is limited fundamental understanding of the relationship between the 

components which are promoting these enhancements. 

This study aims to investigate the effects on PMMA when solution blended with Vitolane™ 

resin containing Silsesquioxanes with high acrylate functionality. Through FTIR, DSC and 

SEM it was found that the inclusion of this species did have an effect on PMMA.  Most 

noticeably a decrease in Tg was seen in the lower inclusion compositions, 1wt%-10wt% 

Vitolane™, but with little visual evidence of Vitolane’s presence within PMMA, highlighting 

the complex nature of the relationship between the two components. Initially it has been 

concluded that the Silsesquioxanes within Vitolane™ cause a plasticization effect in the 

lower inclusion compositions. 
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Chapter 1  

1.1 Introduction 

The demand for hybrid materials and specifically the interest in ceramic-polymer hybrid 

materials have increased in recent years. Silsesquioxanes, which have inorganic and organic 

components, have been seen to exhibit favourable properties of the two classes of materials. 

Therefore having the potential to be exploited in a wide range of applications. 

 

 

 

Figure 1.1 Silsesquioxanes in Cage and Ladder Formation
1
 

Silsesquioxanes have been shown to be advantageous especially in Vitolane™ Resin, the 

output of a manufacturing method developed by Cambridge based company TWI. The resin 

which contains Silsesquioxanes in their various forms can be added to coatings, additives and 

bulk polymers in order to enhance properties such as increased stiffness, improved abrasion 

and solvent resistance as well as barrier properties. In the case of being incorporated in 

coatings, in order to improve abrasion resistance, tailoring the molecular structure allows for 

chemical bonding within the network and for high levels of cross-linking. Vitolane has also 

been seen in applications requiring improved heat resistance, where ceramic like properties of 

the molecule increase the softening points of the material they are incorporated into. The 

nature of the molecule also means that these properties can be tailored by selecting 

appropriate functionalities (R groups) to enable effective performance in the required 

application. Vitolane has been designed to be versatile with formulations that are compatible 

with specific types of materials. For example by tailoring one of these molecules with acrylic 

                                                           
1
 Diagram taken from www.vitolane.com - TWI 
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functionality it becomes compatible with acrylate polymers. Silsesquioxanes also have the 

advantage of having a lower tendency to phase separate and only present the risk of 

clustering then that of fillers currently in use (Li et al, 2001). This class of material also has 

manufacturing benefits such as being produced in a liquid form, meaning that they can be 

introduced in the early stages of formulation. TWI report the success of the technology can be 

attributed to the use of a silicon with an atomic radius of 0.118nm which is bound into the 

polymer matrix within the Vitolane. It is also stated that by using this silicon Vitolane has 

increased enhancement ability when compared to conventional methods which disperse 

ceramic particles of 9nm or more into the network but have known limitations. TWI have had 

considerable interest in this product from a number of industries including electrical, 

packaging and aerospace (TWI, 2007). 

Poly(methyl methacrylate), PMMA, is one of the most widely used polymers and has been 

since its commercial introduction in 1936. More commonly known by its many trade names 

such as Plexiglas and Perspex its popularity has been based on its characteristic properties 

including its very high level of optical clarity, stiffness, brittleness and environmental 

resistance. With such properties it has been seen in a variety of applications, many of which 

are as a impact resistant replacement of glass and within the biomedical industry (Ehrenstein, 

2001).  

This study aims to investigate the effects on PMMA when solution blended with a Vitolane 

resin consisting of Silsesquioxanes with a high acrylate functionality. This will be achieved 

by employing three analytical techniques, FTIR, DSC and SEM to gain an insight on the 

possible interactions and relationships between the two on a molecular level. 
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1.2 Literature Review 

Silsesquioxanes consist of a silicon-oxygen framework with attached functionality groups in 

the forms of pendants, so named due to each silicon atom being bound to 1.5 oxygen atoms 

(on average) and one R group. The general formula for this type of molecule is (RSiO1.5)n, 

where R represents the pendant group. Generally R can be a wide range of functionalities, 

either a hydrogen or organic group including; alcohols, esters, phenyl, aryl, methyl, vinyl, 

alkyl or any of their derivatives (Ribeiro do Carmo et al ,2006; Striolo et al ,2005;Provatas et 

al ,1997; Baney et al 1995; Li et al, 2001).  A large proportion of recent research has focussed 

on the cage structure, but Silsesquioxanes also exist in random, partial cage and ladder. The 

cage structure, where n>4  (n corresponds to empirical formula), are more commonly known 

as Polyhedral Silsesquioxanes, POSS. POSS are tetrahedral structures where the silicon 

molecules are positioned on the corners with the oxygen molecules interspersed between 

them as seen below in figure 1.2 . Due to the molecules ability to have a wide range of 

incorporated functionalities it has been found that a high level of compatibility with other 

materials can be achieved such as with polymers, biological systems and surfaces. This has 

also led to the ease of modification of the molecule, with the allowed tailoring the material 

can be suitable for a wide range of applications (Soong et al, 2007; Li et al 2001; Baney et al 

1995).  

 

 

 

 

 

 

 

Figure 1.2 : Common Forms of POSS Molecules, Random Cage, Cage and Partial Cage.
2
 

 

                                                           
2
 Diagram taken from Li et al(2001) 
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The organic-inorganic microstructure gives the Silsesquioxanes properties intermediate of 

ceramics and polymers, hence being classed as a hybrid material. Enhancements in thermal 

and thermomechanical stability, fire retardant properties, dielectric constant, optical 

transparency and mechanical toughness are a few of the reported when compared to that of 

the single materials (Xu et al, 2001; Aldrich, 2001). By combining the two classes of 

materials in the hybrid nature of Silsesquioxanes it is hoped that the most beneficial 

properties of the each can be tailored into one material, such as the processability, toughness 

and cost of polymers with the thermal and oxidative stability of ceramics (Schwab and 

Lictenhan, 1998). The properties are due to the unique molecular structures which can be 

formed, depending on production method, with belief that with differing species differing 

lead properties can be seen ( Li et al,2001). 

Initially production consisted of complex multistep processes which generally resulted in low 

yields and required large quantities of silane with long associated reaction times. Studies 

carried out by Provatas et al (1997)  have demonstrated newly developed  and improved 

methods which have brought about the use of complete hydrolytic condensation of their 

trifunctional monomers si4O6  as reported by Fina et al (2005). Alternatively Xu et al (2001) 

state that hydrolysis trialkoxysilanes followed by alkali or acid catalyzed  condensation can 

also be used.  Li et al (2001) reviewed Silsesquioxanes, along with their synthesis and  

reported that with the increased  research of these molecules there are numerous ways to 

facilitate tailoring their structures within this method. They also went on to characterise these 

methods into two main groups of reactions, depending on the starting materials. The first 

refers to reactions which initially form Si-O-Si bonds and then go on to form the cage 

structures. The POSS are obtained from monomers of a XSiY3 nature (where X is a stable 

substituent such as CH3, phenyl or vinyl; and Y is a highly reactive substituent such as Cl, 

OH or OR). This group of reactions also include the formation from linear, cyclic or 

polycyclic siloxanes which are also derived from these monomers. The second group of 

reactions refer to manipulation of the substituents associated with the silicon atom without 

affecting the Si-O-Si backbone.  

With the long list of favourable properties and the potential enhancements seen when 

incorporated with other materials Silsesquioxanes have a wide range of applications. 

Commonly used in sol-gel-polymerisation they have also found widespread use as surface 

mimics of heterogeneous silica and also liquid crystal polymers. POSS molecules have also 
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been known to be utilised as effective nano-fillers. Silsesquioxanes have also been used in 

numerous industries for applications such as precursors to ceramics, areospace materials, 

photoresists, semi conductor devices, optical fibre coatings, catalyst carriers as well as 

protective coatings and dental adhesives (Provatas et al, 1997; Li et al 2001; Xu et al, 2001; 

Phillips et al 2004).  

Although research dates back to 1946 when Scott isolated the first silsesquioxane species, 

(CH3SiO1.5)n , an increased interest in researching and developing these molecules has only 

occurred in recent years. As reported by Baney et al (1995). 

A majority of this research has been concerned with the incorporation of POSS molecules 

into other materials, especially polymers. This has involved copolymerisation and also 

blending. 

 

As detailed by Li et al (2001) there have been a wide range of Silsesquioxane species which 

have been incorporated into polymer systems either by grafting or copolymerisation. Due to 

fact that no major changes to the processing procedures are needed POSS inclusion via these 

methods is relatively easy.  Li et al also report that the inclusion of POSS cages into polymers 

in this way have brought about dramatic improvements in the polymer properties, such as 

increased temperature resistance, reduction in flammability and increase in oxidation 

resistance among others. Haddad et al (1996) investigated a Styryl-POSS copolymer where it 

was found the inclusion of POSS influence the solubility and enhanced thermal properties. In 

particular it was found that the polymer softening temperature could effectively be tailored 

with varying amounts of POSS inclusion, up to a range of 200°C. It was also found that the 

decomposition temperature was higher in the copolymers with higher POSS content. Schwab 

and Lichtenhan (1998) demonstrated that POSS could be easily polymerized in numerous 

ways including condensation , radical and ring opening polymerisation processes. This study 

also showed that the inclusion of 10mol% POSS in cyclopentyl-POSS-methacrylate/butyl 

methacrylate caused an increase of 130°C in the Tg when compared to atactic poly(butyl 

methacrylate). This alteration in Tg was further increased when 20mol% POSS was included. 

Additionally it was found that only a relatively small amount of POSS was needed to cause 

enhancements to the original material such as increased resistance to oxidation, reduced 

flammability, increased miscibility, reduced heat evolution and increased oxygen 

permeability. 
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With the success seen with POSS copolymers research is now concentrated on blending these 

molecules with polymeric systems to investigate the effect on the parent material and seeing 

if the advantageous properties already seen in the POSS produce more effective polymeric 

materials. Initial studies have focussed on miscibility between the polymer and POSS. 

Kopesky et al (2005) investigated the incorporation of an acrylic species of POSS into 

PMMA. The key aim of this study was to determine the effect of well dispersed POSS-

Nanoparticles on the thermomechanical properties of PMMA. Within the study two 

variations, modified and unmodified, of the chosen species were also tested to see to what 

extent this would also affect the outcome. In order to characterise any changes of the polymer 

DSC, DMA and melt viscosity were employed. Loadings of 0.05 to 0.30 volume fraction in 

0.05 increments were produced in both variations of the POSS species and were 

manufactured through solution blending with THF. It was reported that the inclusion of the 

POSS species when molecularly dispersed plasticized the PMMA. Loadings between 0.05 

and 0.10 resulted in near complete miscibility where a considerable drop in the PMMA’s Tg 

were recorded. Loadings below and beyond this range were seen via DSC and DMA to cause 

significant phase separation. With such a small range of miscibility the results gained suggest 

a delicate interaction between to the two components. A subtle difference was also seen 

between the two variations of the POSS species, with a larger decrease in Tg seen in the 

unmodified species. This not only shows that the species of POSS could affect the polymer 

but also processing methods, as described in previous literature, can also have an effect on 

the extent of alteration to the properties. 

 

Several later studies have complimented the work by Kopesky et al (2005), such as Fina et al 

(2005) and Soong et al (2007) by investigating blending POSS species with other polymers. 

Within the study carried out by Fina et al (2007) Polypropylene (PP) was blended with an 

alkyl-POSS species. Similar to Kopesky et al two variations within this species were 

investigated, in this instance the effect of varying chain lengths. There was strong agreement 

with Kopesky et al’s findings that good dispersion and miscibility was only found within a 

small range of lower loadings. Again it was also found that one variation had a greater effect 

than the other. POSS species with longer alkyl chain lengths were seen to alter the 

morphology substantially. It was also found that one species tested increased the 

crystallisation temperature by up to2-3°C and act as nucleating agent. The POSS species with 
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shorter chain lengths was also shown to have an effect and was found to enhance spherulitic 

morphology. The outcomes of this study also back Kopesky et al’s suggestions that the 

interaction between polymer and POSS are complex when blending and require further 

investigation to fully understand the nature of this relationship.  

 

PVC based blends have also been investigated.  Soong et al (2006,2007) carried out several 

studies discovering that a Methacryl-POSS species caused plasticization effects on PVC. 

Following the conclusions and outcomes of the initial study further investigation of this effect 

was undertaken and took in to consideration the extent of possible usefulness by comparing 

the performance to that of a conventional plasticizer used in industry. The plasticizer in 

question is that of Dioctylphate (DOP) which although effective at decreasing the brittle 

nature of PVC has several well known limitations which include volatility, leeching and early 

onset polymer degradation. It was found that the POSS species did act as a plasticizer without 

the limitations of DOP but only when fully miscible with PVC. As found in many other 

publications miscibility was an only found in inclusion , in this case of up to 15 wt%. Due to 

this small range of miscibility the suitability of POSS as an industrial plasticizer was bought 

into question and addressed by a new blend composition being produced. The new blend 

consisted of a combination of POSS and DOP. On completion it was seen that even with 

minute volumes of DOP the levels of miscibility were greatly increased, from 15wt% to 

25wt%. Not only was this the case but it was also reported that the Tg of the POSS-DOP-

PVC blend was reduced to such a level that the material became partially rubbery at room 

temperature and exhibited favourable  ductile tensile behaviour. On comparison of the 

plasticization effects of the two blend compositions it was noted that although the same lower 

Tg was obtained the mechanical behaviour in low rate compression and tensile tests was 

significantly different with the POSS-DOP-PVC to that of just DOP-PVC. This suggests that 

the composition of both POSS and DOP together could have potential in tailoring the 

mechanical properties of PVC to specific applications. 

  

The majority of studies reviewed have agreed that the incorporation of POSS species has 

indeed brought about alterations in polymer properties, highlighting that these alterations are 

highly dependent on the species and variation of species of POSS. There is also strong 

agreement that although there are benefits and huge potential for the resultant blends there are 

still numerous limitations and issues which need to be overcome. One large limitation is the 
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levels of miscibility which can be obtained, where the potential of enhancements are at their 

greatest, where at the moment miscibility is only reached within a small range of loadings, 

normally at the lower levels of loading, although the exact optimum levels have yet to be 

determined. 

 

1.3 Aims and Objectives 

This study aims to concentrate on the morphological alterations seen with the inclusion of 

Vitolane resin, incorporating an acrylate-POSS with high abrasion resistant properties, on 

PMMA when the two components have undergone solution blending in varying 

compositions. This study has incorporated several techniques and processes from the research 

of Kopesky et al (2005) in order to allow for comparison between the effects of differing 

POSS species, but also to further investigate the levels of miscibility which can be achieved. 

This study looks to investigate the lower loadings of the POSS resin in greater detail than that 

previously researched in the above study, with blends of compositions of 1wt%, 2wt%, 

4wt%, 6wt%, 8wt%, 10wt% and also 20wt% and 30wt%. 

 

Initially FTIR will be employed to establish the nature of interactions, if any present, between 

the two components. This method will also be used as a compositional check. By 

identification of type and location of possible interactions FTIR will form part of an overall 

analysis to facilitate a greater understanding of the fundamental principles of the 

enhancements to mechanical properties and alterations seen in previous literature.  

 

DSC will also form part of this analysis to aid in the identification of thermal effects of 

Vitolane on PMMA within the blend. Any variation within the Tg can be a strong indicator of 

the nature of interaction which may be experienced when the two components are blended.  

 

SEM will provide visual analysis into the relationship of Vitolane within the PMMA 

morphology, with an insight into the states Vitolane takes in the varying composition. 

 

The use of all three techniques used in conjunction with each other will enable a more in 

depth understanding of the morphological effects of the blending of this species of 

Silsesquioxane on the PMMA polymer system. It is hoped that the results gained will aid in 

expanding the knowledge on Silsesquioxanes drawn from previous studies. 
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Chapter 2 

Experimental Methods  

21. Materials 

 Vitolane
TM

 POSS samples with high acrylate functionality provided by TWI in an as delivered 

transparent resin form. PMMA 75000 g/mol by Sigma Aldrich in pellet form. For the solution 

blending procedures Tetrahydrofuran (THF, C4H80) ≥99%, and Hexane Fraction [CH3(CH2)4CH3],  

≥95% were provided by Sigma Aldrich. 

It should be noted that when testing commenced the nature of the acrylate functionality provided was 

limited due to pending patent status of Vitolane technology. For this reason when discussing the 

nature of Silsesquioxane species being tested the functionality has been based on a general formula 

for acrylate.  

2.2 Sample Preparation 

In order to establish the most effective production route of the Vitolane-PMMA blends several 

procedures were conducted. It was important to use a method which was both time efficient and 

produced a good quality product, but importantly was appropriate with the limited volumes of 

Vitolane provided whilst allowing comparability with previous research. For this reason solution 

blending was highlighted as one of the methods which could be used with relatively small amounts of 

resin and was implemented for all blends. An issue arose from the previous research carried out by 

Kopesky et al, a lack of production detail, which was overcome by trialling several sub conditions 

within solution blending in the initial phase of testing. Those that were provided, such as drying and 

vacuum oven temperatures were followed; 

I. Vitolane and PMMA collectively dissolved in THF 

II. Individual components dissolved in THF with 

a. Bulk mixing and 

b. Drop mixing 

There were also two varying methods of retrieving the blend from the solution 

III. Film Cast 

IV. Precipitation 

 

Eight compositions were produced, by weight percentage, from 1-10wt% in 2wt% increments along 

with 20wt% and 30wt% Vitolane inclusion to allow for comparability with past literature and to also 

investigate the effect in the lower ranges to a greater extent (previously reported that miscibility was 
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found at ≤10wt% but only large increments studied). In the initial phase of testing all of the described 

processes were carried out on a single blend composition (2wt%) with the results determining the 

production route used for the remaining compositions. 

 

I. In appropriate ratios both the Vitolane and PMMA were dissolved in 100ml of THF. To 

ensure that no or a reduced rate of premature evaporation of the solvent did not occur the 

container was covered (by foil). The mixture was left to dissolve for a period of 48 hours. The 

level of dissolution was inspected by eye, complete dissolution was taken when there was no 

evidence of precipitates or visible solute globules and only a clear and viscous liquid was 

seen. A further 24 hour period of magnetically controlled mixing at a constant rate was 

completed to ensure complete dispersion of the two components. 

II. The Vitolane and PMMA were dissolved as separate components, again in 100ml of THF 

each. This method was developed to see if a higher level of mixing could be obtained. Each 

solvent was left for 48 hours where only a transparent liquid could be seen in both cases. The 

blend was produced by mixing the two components together, still dissolved in the THF. This 

was done via two methods; 

a. Bulk mixing consisted of simply adding the two volumes together and magnetically 

spinning to ensure complete and constant mixing could occur (attempt to restrict the 

formation of phases within the liquid state). 

b. A drop mixing procedure consisted of magnetically spinning the PMMA-THF while 

small amounts of the Vitolane-THF were pipette (2-3ml) at 2 minute intervals. This 

again was an attempt to obtain thorough mixing. Once all the Vitolane-THF was 

added the complete mixture remained for a further 15 minutes of magnetic mixing. 

III. Upon completion of condition I the viscous liquid was decanted into a large foil boat and left 

in a fume cupboard for 72 hours, allowing for evaporation of the solvent. A relatively thin 

film was produced and then subjected to a further 48 hours in a vacuum oven at 110°C to 

remove any remaining solvent which may have been trapped within the blend. Unfortunately 

on inspection of the end material it was obvious that considerable phase separation had 

occurred with large areas of transparency and other areas of decreased transparency with a 

large volume of voids present. This indicated a failure of effective mixing and subsequently 

this condition was ruled out for further use. 

IV. In response to the limitations of condition III a precipitation method was trialled. To facilitate 

precipitation of the liquid solution a non-solvent solute, Hexane fraction, was used. Upon 

contact with the solution an immediate reaction took place and a large precipitate was 

produced, in a semi-solid state. After 30 minutes the mass was removed and left to dry in the 
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fume cupboard to allow for evaporation of the solvent. As with the previous conditions this 

material was heated in a vacuum oven. A solid porous mass was produced. 

All end materials produced in the various methods were then all subjected to heat pressing, at 

120°C, creating a thinner flat uniform sample which would allow analytical testing. It should 

be noted that the times implemented on all of the conditions correspond to those in the study 

by Kopesky et al. 

 

In order for full comparison the neat PMMA that was tested was also subjected to the production 

process, including being fully dissolved in THF, vacuum oven drying and heat press. 

 

2.3 Analytical Methods 

Three analytical methods were employed to investigate a variety of aspects concerning the 

effect of the inclusion of Vitolane on PMMA’s molecular structure. To allow for comparison 

a method previously used by Kopesky et al was incorporated, DSC, along with SEM and 

FTIR to allow for a more in depth investigation of the morphology to be conducted. 

 

2.3.1 Scanning Electron Microscopy (SEM) 

A Joel 6060 SEM was used to image the cross sectional topography of each composition and 

neat PMMA. This was to investigate if Vitolane, in any form, was visible within the PMMA 

microstructure and aid in identification of whether miscibility had occurred. Due to the 

polymeric nature of the blends the sample had to be first sputter coated in gold to allow for 

the electron charge to be dissipated and prevent any damage to the sample. Concentrated and 

high strength electron beams are capable of melting the polymer and therefore permanently 

changing and removing any natural features.  

Each sample was imaged at a range of magnifications, from x40 up to x1200. Several areas 

within each sample were also imaged to gain a representative view of the sample as a whole 

due to inherent variability from the small scale production routes. Due to the already detailed 

limitation of a polymeric material in SEM x1200 was set as the upper limit due to damage 

occurring above this. 
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Fig 2.3.1: Schematic of Inner Components of a SEM 

 

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)  

The functional groups within a component will vibrate at a specific region within the infrared 

(IR) spectrum. This vibration can be identified by passing an IR beam through the component 

and detecting the amount absorbed, indicating the wavelength and therefore IR band that this 

functional group corresponds to. Identification of functional groups can then be found in a 

library of  known groups and their bands. The method also allows for calculation of relative 

volume within the component, in that the higher the absorbency recorded the greater amount 

is present (Williams &1987).  

The use of this technique within this study is two-fold;  

1. Highlighting possible interactions between the two components – changes within the 

spectra such as a peak shift could indicate the bond groups where alterations might be 

occurring. 

2. As a compositional check – it is expected that as the inclusion of Vitolane is 

increased its associated peaks will become more apparent. 

Within this block of testing two operating modes were run,  100 scans at a resolution of 4 and 

200 scans at a resolution of 4 [(Res4:100) (res4:200)]. In each case a thin section of sample 

was placed on the diamond and clamped down using the Golden Gate attachment of a Nicolet 

Magna IR 860 ATR and scanned three times within each condition. The use of the two 

scanning rates  was to ensure a high level of accuracy and reliability. 

It should be noted that each sample was briefly etched with THF to ensure that the true 

composition was being tested after the heat press which may have caused contamination of 

the surfaces which were in contact with the press.  
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Fig 2.3.2: Schematic of Inner Components of a FTIR
1
 

 

 

2.3.3 Differential Scanning Calorimetry (DSC)  

This thermoanalytical technique was used in order to locate the glass transition temperature 

(Tg) of each blend. From previous literature and the nature of blends if the Tg alters from that 

of the original material it can be an indication of miscibility. It could also be evidence that the 

inclusion is causing effects within the original material such as variation of the mechanical 

properties.  

Each sample was subjected to three runs of the same heating and cooling regime, within an air 

atmosphere. This was to ensure that any previous melt history from the production processes 

was erased, as this commonly gives false results. 

A Perkin Elmer DSC7 with a TAC 7/DX low temperature chiller was used to programme a 

heating regime; 

i. Heating the sample from ambient temperature (25°C) to a maximum of 140°C at a 

rate of 10°C per minute. 

ii. The sample was held at this elevated temperature for one minute 

iii. Cooling rate of 10°C per minute back to ambient temperature was applied. 

 

                                                           
1
 Diagram taken from http://www.nhml.com/i/resources_NHML_ftir_spectroscopy_fig2.gif 
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It was hoped that the traces produced would reflect those obtained in previous literature 

where the inclusion of a POSS species caused a noticeable change in the polymer Tg. 

 

 

 

 

 

 

 

 

 

Figure 2.3.3: Schematic Diagram of Sample and Reference Pans within Differential Scanning Calorimetry
2
 

 

Due to the nature of the traces produced in DSC a calculation method must be applied to 

obtain the Tg. A common method is that of ‘The Richardson Method’ which shall be used in 

this study. In the work of Richardson (1975, 1989) a calculation was developed where the 

curve is effectively standardise to allow for identification of the Tg. In order to standardise 

the curve several steps must be taken, as seen in figure 2.3.4 .  

1. Trace as produced by DSC software 

2. Insert a tangent on the lower portion of the curve  

3. Insert a tangent on the upper portion of the curve 

4. Insert tangent on the middle section of the curve 

5. Insert a line perpendicular to the x-axis within the middle region. This will create two 

regions enclosed by the inserted tangents. This line must be moved in order to 

balance the two areas. Once balance a reading of Temperature can be taken. 

 

 

 

 

 

 

 

 

 

                                                           
2
 Diagram taken from :http://www.evitherm.org/Files/982/TherAna_Depository_MeasurementMethods_DiffHeatFluxScanCalorimeter.jpg 
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Figure 2.3.4 : Processes of Richardson Method to Calculate Tg From DSC Trace 
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Chapter 3 – FTIR Results and Discussion 

3.1. Results 

3.1.1. Neat Components within the Blends 

The initial results recorded were those of the two separate components, Vitolane resin and neat 

PMMA. Each component was scanned three times at two scan speeds; 100 and 200 both at a 

resolution of 4. Due to the numerous spectra being practically identical only one spectra has been 

shown to indicate the results gained. These initial spectra have been taken to allow comparison and 

identification of any changes which may occur as the loading of Vitolane increases in the blends. 

When comparing the spectra of the two components it should be understood that most groups will be 

located within the ‘finger print’ region and may cause incorrect identification, where locations may be 

similar. The ‘finger print’ region refers to that of the lower values below ~2000cm
-1

 and in order to 

facilitate accurate allocations the overall peak profile in this region needs to be considered as well as 

the values gained( Williams & Fleming,1987). 
 
 

3.1.1.1 PMMA 

 

Figure 3.1.1.1: FTIR Spectra of Neat PMMA at Resolution 4, 200 Scans 

The two peaks with noticeably high absorbencies are that of C=O and C-O, which can be seen in 

Figure 3.1.1.1 at ~1722 and ~1143 cm
-1

 respectively, as would be expected when the molecular 

composition of PMMA is considered. The other peaks which have been identified are that of C-H 
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bands in varying locations, relating to vibrational modes. For example the C-H groups seen at ~2990 -

2850 cm
-1

 have a ‘stretching’ vibrational mode  whereas the C-H groups seen at 1470-1430 cm
-1

 are 

said to have a ‘deformation’ mode and the weak peak at 752 cm
-1

 is due to a C-H rocking mode . 

These peaks are likely to originate from the methyl group bonded to the central Carbon and the 

methyl group bonded to the Oxygen molecule present, as seen in molecular composition above. It 

should be noted that although there are many peaks in the lower region (lower than 1500cm
-1

) not all 

relate to components and can be taken as secondary absorbencies of those already identified. These 

can also be contributed to the interaction of multiple vibrations within the sample (Williams & 

Fleming 1987).  

3.1.1.2 Vitolane Resin (Polyhedral Silsesquioxane) 

 

Figure 3.1.1.2: FTIR Spectra of Neat Vitolane Resin at Resolution 4 at 200 Scans 

 

As with the spectra gained for PMMA there are also key peaks associated with Vitolane. The most 

obvious peak is that of the Si-O group at 1046.21 cm
-1

, which is the base component of this molecule 

as seen in the molecular structure of Silsesquioxanes. Further peaks associated with Si-O can be seen 

in the 900-600cm
-1

 band. The other peaks which have been identified within the finger print region 

relate to those associated with the acrylate functionality attached to one of the R groups (as stated by 

the manufacturer) of the Silsesquioxane; such as a C-O group located at ~1199 cm
-1

, a C=O group 

located at ~1706 and a C-H group at ~2981. 
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It can be seen that there is also a broad peak present in the 3500cm
-1

 – 3000cm
-1 

region. This band 

relates to a stretching O-H group along with the peak seen at 1410-1260cm
-1

, relating to a bending O-

H group, are both associated with water (Williams & Fleming 1987). There are clearly no O-H groups 

within the molecular composition of the Vitolane sample, but these two bands are likely to be 

attributed to absorbed water within the resin. There are several instances when this could have 

occurred, most likely through the production processes used.  

 The profile of Vitolane is very different to that of PMMA. The peaks are less well defined with 

numerous side peaks seen. The width of the lower peaks is also greater at the lower absorbencies. It 

should be noted that the highest absorbency for a peak within this sample is 0.47, which is 

considerably lower than that of the highest peak in PMMA at 0.69.  

An example of how the ‘finger print’ region can cause confusion can be seen with the presence of 

peaks in both PMMA and Vitolane which are in the same location but have been allocated different 

groups. Due to the overall profile and the knowledge of the molecular structure of both it can be seen 

that they relate to different groups. 

3.1.2 Blend Spectra 

Generally the peaks locations remained the same as associated with PMMA although as the loadings 

of Vitolane increased a peak associated with Si-O emerged as would be expected. The main 

noticeable differences were alterations in absorbencies of the peaks and also the peak profiles. As 

Vitolane inclusion increased the recorded absorbency decreased and also the peaks became more 

undefined compared to that of neat PMMA, with a greater width seen in the lower absorbencies, as 

was seen in the spectra of the neat Vitolane Resin.  This can be seen more clearly in Table 3.1.2.1 

 Peak / Absorbency 

Blend 752 

C-H 

1070 

Si-O 

1143 

C-O 

1434 

CH 

1722 

C=O 

2952 

C-H 

1% 0.15 0.15 0.65 0.19 0.63 0.10 

2% 0.14  0.69 0.19 0.65 0.09 

4% 0.13  0.69 0.19 0.64 0.08 

6% 0.13 0.13 0.69 0.19 0.63 0.08 

8% 0.14 0.14 0.69 0.20 0.64 0.08 

Table 3.1.2.1 – Summary Table of all Peaks and Associated Absorbencies 
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10% 0.17 0.31 0.53 0.15 0.54 0.08 

20% 0.11 0.12 0.38 0.13 0.34 0.05 

30% (Middle) 0.12 0.13 0.44 0.15 0.40 0.06 

30% (Edge) 0.14  0.68 0.19 0.62 0.07 

100% PMMA 0.14  0.69 0.19 0.64 0.07 

 Table 3.1.2.1 – Summary Table of all Peaks and Associated Absorbencies 

It is clearly seen that there are considerable changes in some of the absorbencies in several peaks 

namely those occurring at 1722cm
-1

 and 1143cm
-1

 both of which are associated with the C-O and 

C=O groups of PMMA. Figures 3.1.2.1 and 3.1.2.2 track the alterations in these peaks across all 

compositions. It is clear to see that the biggest changes occur at loadings greater than 10wt% in both 

cases, with an onset of return to the original absorbency for PMMA with loadings of 30wt%. It should 

also be noted that for the 30wt% sample two regions were tested due to noticeable differences in 

appearance, within a middle region and an edge region, and recorded two very different absorbencies 

for both peaks. 

 

Figure 3.1.2.1 : Overall Change in Absorbency of Peak Occurring at 1722cm
-1

 Wavenumbers 
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Figure 3.1.2.2 : Overall Change in Absorbency of Peak Occurring at 1143cm
-1

 Wavenumbers 

 

Figure 3.1.2.3: FTIR Spectra of 4% Vitolane-PMMA Blend at Resolution 4, 200 Scans 
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Figure 3.1.2.4: FTIR Spectra of 10% Vitolane-PMMA Blend at Resolution 4, 200 Scans 

 

Figure 3.1.2.5: FTIR Spectra of 20wt% Vitolane-PMMA Blend at Resolution 400, 200 Scans 

From the range of spectra selected it can be seen that with the inclusion of Vitolane the peak profile 

alters to that compared to neat PMMA. Initially, in the lower loadings, such as shown by 4% 
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Vitolane-PMMA blend where the peaks are very similar to that of neat PMMA, with only very minute 

changes in absorbencies seen in several peaks. It is not until loadings of 10wt% or more of Vitolane 

that considerable changes can be seen. As seen in the spectra of 10wt% (Figure 3.1.2.4) the peaks 

relating to C=O and C-O there is an onset of decrease in absorbencies, reductions of 0.10 and 0.16 

respectively. This reduction of these peaks is further seen in the 20wt% loading (Figure 3.1.2.5) with 

a total reduction of 0.30 and 0.31, respectively. This can be seen to reflect the low absorbencies seen 

in the neat Vitolane spectra.  

When considering the peak profile as a whole it can be seen that the spectra begin to reflect that of 

Vitolane more than that of PMMA, which was seen in the lower loadings. It is clear to see that a 

trough at ~1100cm
-1

 in PMMAs spectra can no longer be seen in spectra of loadings of 10wt% or 

higher. The Si-O peaks becoming more apparent with the higher loadings as would expect. 

As seen in Figure 3.1.2.6, a comparison between neat PMMA, 10wt% and 20wt% Vitolane-PMMA 

blend illustrates the key differences. 

 

Figure 3.1.2.6: FTIR Spectra of Comparison between Neat PMMA, 10wt% and 20wt% Vitolane-PMMA Blend at Resolution 4, 200 

Scans 

Although the greatest changes in peaks were seen to be in 20wt% loading of Vitolane it can be seen 

that the profile changes the most with the 10wt% loadings, where peaks not seen in either neat 

PMMA or 20wt% blend appear, such an example is at 740cm
-1

. When comparing neat PMMA to 

10wt% it is the profile which has experienced the most significantly changes where as when PMMA 

is compared to 20wt% all peaks have become suppressed but follow a similar profile. 
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Along with the differences within the physical appearance of the 30wt% Vitolane-PMMA blend there 

were also differences within the spectra gained. It was decided that due to the visible difference 

between the two regions in this sample that spectra should be gained for each. Most noticeable was 

that two differing spectra were obtained for the same sample. Although both exhibit similar peak 

profiles the edge region peaks are somewhat lower in absorbency. This can be seen in both Figure 

3.1.2.7 and table 3.1.2.2.  

 Peak/Absorbency 

 752 989 1143 1189 1240 1390 1434 1722 2954 2998 

30% Vitolane Edge 0.14 0.18 0.68 0.35 0.25 0.08 0.19 0.62 0.07 0.04 

30% Vitolane Middle 0.12 0.15 0.44  0.19 0.08 0.15 0.40 0.06 0.03 

Table 3.1.2.2: Comparison Table of Two Regions Within 30wt% Vitolane-PMMA Blend with Neat PMMA. 

 

Figure 3.1.2.7: FTIR Spectra of Comparison of the Two Regions Within 30wt% Vitolane-PMMA Blend at Resolution 4, 200 Scans 

 

3.2 Discussion 

The most significant changes when compared to neat PMMA are that of 10wt% and 20wt%, with a 

large divergence of both the level of absorbency and also the peak profile. This would suggest that in 

some capacity the Vitolane is affecting PMMA. Generally if miscibility within blends was occurring a 
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shift in peaks would also be expected to be seen. From the analysis and spectra it can be seen that this 

is not the case, with the peak locations staying relatively stationary throughout. This shouldn’t be 

taken as absolute, as the shifts tend to be very subtle with the possibility of being as small as 0.5cm
-1

 

to several Wavenumbers. For this reason it should be taken into account the resolution at which the 

spectra were gained, at resolution of 4, meaning anything smaller than 4 wavenumbers such as a shift 

would be missed and therefore should not be fully ruled out.  

The differences seen within the 30wt% blend could be due to phase separation as is largely suggested 

by the physical appearance of two regions of varying transparency and the fact that different 

absorbencies at several peaks were recorded. If this is the case it will be confirmed by SEM analysis. 

One aspect which can be drawn on is that of composition. The fact that the peaks alter to such an 

extent with the varying loads of Vitolane shows that the blends do differ in their content. Although the 

lower loadings only alter to a small extent they still diverge from that of neat PMMA. Especially with 

such a decrease seen in the 10wt% and 20wt% loadings it suggests that there is a considerable amount 

present when the sample was tested.  The fact that the peak profiles, that the width increases at lower 

absorbencies further backs this statement in that it starts to reflect the profiles seen in the neat 

Vitolane Resin.  

As stated before the fact that so many peaks are located in the ‘finger print’ region means the true 

extent of the composition, within this study, can only be suggested as stated before some peaks can be 

due to the interaction of multiple vibrational modes. 
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Chapter 4 – DSC Results and Discussion 

4.1 Results 

4.1.1 Neat PMMA 

In order to obtain the baseline in which to gauge the level of change in Tg across all blends 

the Tg of neat PMMA was taken first. It was key to ensure that the Tg recorded was that of 

neat PMMA that had been subjected to the same processes as the blends. This was to ensure 

that an accurate comparison is being made as it is unknown to what extent the processing 

methods would have on this technique or the Tg. 

Each sample underwent multiple runs following the same heating and cooling programme. 

The initial Tg value obtained, calculated via the Richardson Method (1975, 1989), was 

115.1°C, the DSC trace can be seen in Figure 4.1.1.1. With the completion of the further two 

runs it was seen that there was some variation, as seen in figures 4.1.1.2-4.1.1.4. There is also 

a noticeable difference in the trace profile which has been gained, with the latter traces being 

of a smoother appearance. PMMA is known to have a Tg between 105-120°C 

(Ehrenstein,2001) which indicates that the Tg calculated can be taken as reliable. It should be 

noted that the first run shows two endothermic transitions not seen in the repeat runs. This 

can be attributed to likely effects of the production route, where the sample would have had 

voids present remaining even after heat pressing. On heating within the program large 

amounts of movement would have occurred as the voids collapsed, causing fluctuations 

resulting in two apparent Tgs. This is more than likely due to the fact that the subsequent runs 

only showed one Tg. The initial run will have cleared any previous melt history and 

improved the contact with the DSC pan, allowing for more accurate and reliable results to be 

gained. 
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Figure 4.1.1.1: DSC Trace of Neat Processed PMMA First Run 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.1.2: DSC Trace of Neat Processed PMMA 

Second Run 
Figure 4.1.1.3: DSC Trace of Neat Processed PMMA 

Third Run 

Figure 4.1.1.4: DSC Trace of Neat Processed PMMA 

Fourth Run 
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4.1.2 Blend Compositions  

To ensure comparability each blend composition sample was subjected to the same heating 

and cooling programme to the neat PMMA. The same method of calculation was applied. 

Table 4.1.2 shows a summary of all the Tgs gained along with all the raw data collected on 

figure 4.1.2.1.  

 Vitolane Loading of Blend 

 1% 2% 4% 6% 8% 10% 20% 30% 

Mid 

30% 

Edge 

Tg 1 104.6 103.5 109.8 105.7 105.8 108.47 - - - 

Tg 2 110.9 106.8 108.7 108.9 108.6 105.9 112.8 112.2 112 

Tg 3 110.7 106.2 109.1 108.7 108.9 104.7 110.2 111.1 110.5 

Table 4.1.2: Summary of all Tg Obtained for All Blend Compositions 

 

 

Figure 4.1.2.1: Graph to Show all Raw Tg Data for all Blend Compositions and Runs 



28 

 

4.1.2.1 First Runs 
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Figure 4.1.2.2: All Tg traces for First Run of All Blend Compositions 

 

As with neat PMMA there is a noticeable difference between a majority of the first runs with 

that of the subsequent runs. With the possibility of inaccurate or skewed data due to the 

variability seen a separate profile is being considered, figure 4.1.2.3. This enables a 

comparison to a profile gained from the average values calculated from the subsequent runs. 

This will aid in whether the first run data should be excluded when taking an average to gain 

an overall change in Tg profile. 

From this figure an impression of no emerging patterns are given, with both decreases and 

increases in temperatures seen in adjacent compositions. There appears to be a large initial 

drop from neat PMMA with inclusion of 1% Vitolane of 10.5°C which is not sustained with 

greater loadings. At 4wt% there is a single increase back up to 109.8°C but drops once more 

with loadings of 6wt% and 8wt% only to increase marginally with 10wt% Vitolane inclusion. 

If a line of best fit were to be applied (seen on 4.1.2.3 as a dashed line) these values would 

suggest a steep curve would reflect the behaviour, which on analysis of the other runs seems 

unlikely. It is also difficult to apply the line of best fit due to the lack of values in the higher 

loadings. It is also clear to see from figure 4.1.2.1 that the first run values are considerably 

different to that of the values of run two and three which appear to be in strong agreement 

with each other.  



30 

 

 

Figure 4.1.2.3: Identification of Possible Trends from First Run Tg’s for all Blend Compositions 

4.1.2.2 Blend Compositions – Further Runs 

From table 4.1.2 and figure 4.1.2.1. it can be seen that unlike the first run values both the 

second and the third run values seem to be in strong agreement with each other on the 

calculated Tg value. Due to this agreement an average can be taken confidently to allow for a 

change in Tg profile to be produced, figure 4.1.2.2. (All composition Tg traces can be seen in 

Appendix 2) 

It can be seen that with the inclusion of small amounts of Vitolane there is an effect on the Tg 

of PMMA, this is seen to a maximum decrease at 10wt% inclusion with a reduction of almost 

9°C. When the loading of Vitolane gets more substantial, such as 20wt% or more it can be 

seen that this initial decrease is no longer seen but the Tg starts to increase back to that of 

neat PMMA. The trend also suggests that with even higher loadings, above 30wt% that the 

Tg would be set to return to that recorded of neat PMMA. Although this is the case there are 

several compositions below 10wt% which show less of a decrease than the others, only 

giving a suggestion of a change profile, illustrated by the line of best fit in the following 

diagram. Within the data collected it is noticeable the value obtained for 2wt% does not seem 

to follow the pattern of the other lower loadings. 
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Figure 4.1.2.2: Change in Tg Profile with Identification of Possible Regions 

Conversely within this profile there are two apparent regions emerging once a line of best fit 

has been applied, one region positioned within the lower loadings of Vitolane, ≤10wt%, and 

one at the higher loadings of Vitolane, ≥20wt%. 

4.2 Discussion 

From both the neat PMMA and blend compositions it is clear that the first run results are not 

a true representation of the Tgs. This can be clearly seen in the graph of all raw data, where 

the second and third run values are very similar, whereas the first run results diverge from 

these values considerably. The fact that values couldn’t be gained for the higher loadings also 

strongly suggest that this set of data should be excluded when considering the overall effect 

of Vitolane’s inclusion in PMMA. It is highly likely that the variability seen within the first 

run is due to the blends ability to retain a melt history. There are a substantial number of heat 

treatments and processes which are likely to affect the data obtained in the first run. By 

subjecting the samples to further runs this melt history is cleared through the controlled 

heating and cooling programme within the first run. This means that the results gained in 

these further runs are more than likely the true Tg values without risk of skewing from 

previous processing. 
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For this above reason any conclusions which are drawn from DSC will be from the second 

and third runs, and the change in Tg profile produced from them. As highlighted on the graph 

it can be seen that there is an emergence of two regions, a clear difference between the lower 

loadings to that of the higher loadings. This suggests that there are interactions between the 

Vitolane and PMMA in some capacity. It is thought that there are two possible explanations 

for the appearance of these regions. 

A. Miscibility – At the lower loading region of Vitolane PMMAs Tg is reduced which 

can be indicative of miscibility within a blend. This could suggest partial to complete 

miscibility. The fact that there are two regions present shows that miscibility could 

only be occurring within small intervals of Vitolane inclusion. This would mean that 

Vitolane is more likely to be affecting the molecular structure of PMMA at lower 

loadings. At the higher loadings, with the Tg returning back towards that of neat 

PMMA could be an indication of phase separation. If this is the case it would be 

expected that at the lower loadings no clear presence of Vitolane should be seen. At 

higher loadings visible evidence of Vitolane’s presence should be seen in the SEM 

images collected, illustrating phase separation which occurs with immiscibility within 

blends 

B. Plasticization – Just as likely is the possibility that Vitolane acts as a plasticizer when 

incorporated into PMMA. The profile suggests that at the lower loadings the Vitolane 

is plasticizing the PMMA, which would account for the reduction in Tg. This could be 

due to the nature of the functionality of the Silsesquioxanes with Vitolane, which 

would allow for easy attachment to the PMMA chains. Once attached the POSS 

molecules could be increasing the free space between the PMMA chains, which 

would reduce the stiffness and plasticize the PMMA bringing about a reduction in Tg 

(Callister,2007). It could then also be suggested that the reason the Tg increases back 

to the original value is that in higher volumes the Silsesquioxanes cluster or become 

rejected by the PMMA.  

In both cases due to the nature of DSC it will only be with consideration of the other two 

analytical techniques that the cause of the reduction of Tg within the lower loadings will 

be clarified.  
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Chapter 5 – SEM Results and Discussion 

5.1 Results 

5.1.1 PMMA 

To gain a representative view of PMMA multiple images were taken at varying 

magnifications and locations within the sample. This was to ensure that all features were 

recorded and to see if any variability occurred. By considering the features present in the neat 

PMMA it will allow for the identification of any new features due to the inclusion of 

Vitolane. From figure 5.1.1 SEM images showing characteristic features of PMMA, as shown 

by the work of Rittel (1998), can be seen. The fracture patterns present allow for 

identification of several key features. The direction of the fracture can be seen in image a) as 

indicated by the arrow. Several other characteristic features are that of the presence of a shear 

band b) (1) and crazing (2) both of which are indicative of a shear failure. The uniform 

topography of the sample is to be expected of an amorphous polymer.  

 

Figure 5.1.1 : SEM of Neat Processed PMMA at Magnifications x40 and x60 

 

Due to the nature of the Vitolane resin no base images were gained. 

5.1.2 Blend Compositions 

As with neat PMMA multiple images were taken of each sample in varying locations and 

magnifications. Due to apparent similarity only a selection of the blend images have been 

presented in figure 5.1.2.1 – 5.1.2.5, the remainder of images can be seen in Appendix 3. 

 

 

a) b) 

1 

2 
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Figure 5.1.1.1 : SEM of 1wt% Vitolane Inclusion at Magnifications of x40 and x600 

 

 

 

 

 

 

 

 

Figure 5.1.1.2 : SEM of 4wt% Vitolane Inclusion at Magnification of x40 and x600 

 

 

 

 

 

 

 

 

 

Figure 5.1.1.3 : SEM of 6wt% Vitolane Inclusion at Magnification of x40 and x600 
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Figure 5.1.1.5 : SEM of 10wt% Vitolane Inclusion at Magnification of x40 and x600 

 

When comparing the blend compositions to that of neat PMMA SEM shows that the 

topography is very similar, with the fracture patterns and features inherent to PMMA also 

being present. Both shear bands and crazing can be clearly seen. It is only at 10wt% inclusion 

that there seems to be a subtle variation in that the fractures become more pronounced.  

Variation can also be seen in the 30wt% Vitolane blend as seen in figure 5.1.1.6. Within the 

top layers of this sample it can be seen that there is a region of very different topography to 

that of the rest of the sample. For this reason further investigation at a higher magnification 

was used in an attempt to identify this region. Within this region there is no evidence of 

crazing, shear bands or any recognisable fracture patterns. The texture is no longer relatively 

smooth as has been previously seen, instead there appears to be ‘bubbling’ under the surface. 

This could be evidence of clusters or aggregates of Vitolane as highlighted in the figure 

5.1.1.6 .  
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                             b) 

Figure 5.1.1.6 : SEM of 30wt% Blend sample at a) x40 and b) Zoom in of Region of Interest at x600 Indicating Possible Aggregates 

of Vitolane 
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The use of SEM has also highlighted the importance of heat pressing each of the samples 

after solution blending, precipitation and drying  procedures. Figure 5.2.1.7 demonstrates the 

typical view that would be gained if this step was omitted. It is clear to see that the 

topography and profile of this sample differs greatly from that of the heat pressed samples. 

Within the one region captured at this magnification there are several different textures which 

would have been caused by different cooling rates within the sample.  By heating pressing the 

sample the true topography can be seen unlike this random selection of regions. 

 

 

 

 

 

 

 

 

 

Figure 5.2.1.7 : SEM of Blend Sample Not Heat Pressed at Magnification x 40 

 

5.2 Discussion 

From the images gained there is a high level of similarity between the blends. A subtle 

difference was seen in the 10wt% blend where the fracture patterns were more pronounced 

but generally all the samples were uniform and possessed characteristics inherent to PMMA. 

The only variation is that of the 30wt% blend, were a small region within the top layer was 

seen. Overall the SEM is largely inconclusive, with only a hint of a suggestion towards the 

morphological effect of Vitolane’s inclusion. The 30wt% sample hints at evidence of 
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Vitolane’s presence within PMMA, which is not seen in any of the other blends. It would 

have been expected that at some point the Vitolane would have become obvious, but this is 

not the case. When matched with the results from DSC, where there was clear identification 

of two regions, that at lower loadings the Vitolane and PMMA may have been miscible and 

immiscible at the higher loadings. With no visibility of Vitolane this no longer seems like a 

possibility. Immiscibility would be clearly identified by phase separation. Differing phases 

are not seen in any of the images collected. Although this seems highly likely there is also no 

evidence of the Vitolane being rejected from the PMMA. This could aid in supporting the 

suggestion that the Vitolane acts as a plasticizer. At the lower loadings the Silsesquioxanes 

within the Vitolane could be interacting with the PMMA chains and therefore would not be 

seen. The appearance of what seem to be aggregates of Vitolane within the 30wt% blend 

could be evidence of some the Silsesquioxanes being rejected and clustering. The results 

gained from SEM and DSC implies that the latter is more likely. This would require further 

investigation, such as more in depth fractography studies which could indicate levels of 

plasticization.  
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Chapter 6 

6.1 Conclusions 

Through the use of FTIR, DSC and SEM it has been established that the inclusion of Vitolane 

resin, a Polyhedral Silsesquioxane compound with high acrylate functionality, has an effect 

on PMMA. The most considerable differences seen in DSC, with some supporting data from 

both FTIR and SEM. 

The use of FTIR has ascertained that the blend compositions are more than likely correct. 

This can be concluded from the changes in peak profiles tracked through increasing 

inclusions of Vitolane. The key differences recorded are that of reductions in peak 

absorbencies as the volume of Vitolane incorporated into the PMMA is increased. It also 

follows that as the volume of Vitolane is increase the overall profile of the spectra within the 

‘finger-print’ region tends towards that of the neat Vitolane spectra. It also corresponds that 

in the lower loadings of Vitolane the profile reflects that of neat PMMA. Curiously it was 

noticed that within the 30wt% loading the two visible regions gained differing spectra.  

Initially it was thought that this was caused by phase separation but in light of the results 

gained from SEM this may not be the case. To conclude the reason for this further 

investigation would be required. Although no peak shifts were detected this should not be 

taken as absolute due to the limitation regarding the resolution used. Again in order to 

identify if any peak shifts are present further more in depth testing would be required. 

The most conclusive results gained within this study are those from DSC. There is a clear 

indication that the Tg of PMMA is altered with the inclusion of Vitolane. The extent of this 

alteration seems dependent on the loading of Vitolane within the blend. An important 

conclusion drawn is that due to a large variation in the first run these values should be 

excluded. The first runs are indicative of being compromised by the effect of previous melt 

history. This history is effectively erased after the first run and is considered to not affect the 

subsequent runs. It was seen from the data deemed viable that two apparent regions were 

present within the overall change in Tg profile. The lower loadings up to 10wt% caused a 

reduction in the Tg, the maximum reduction of 9°C reached at 10wt%. Conversely when 

loadings of Vitolane were over 10wt% this reduction was reversed with the Tg returning that 

of the original value of neat PMMA. The appearance of these two regions was initially 

believed to suggest either levels of miscibility or a plasticization effect. After the images 
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obtained through SEM it seems more likely that the latter is the cause of the alteration of the 

Tg. At lower loadings the POSS are thought to interrupt inter-chain interactions reducing 

PMMAs characteristic stiffness and brittleness and therefore lowering the Tg. This 

conclusion is in agreement with the findings of Kopseky et al (2005) and other previous 

literature in which several species of POSS have been seen to act as plasticizers on various 

polymer systems as discussed in the literature review. It can also be concluded that at higher 

loadings of Vitolane this plasticization effect is diminished which suggests that a clustering 

or aggregate mechanism is triggered and rejection of POSS is possible. This again has been 

found in previous work, where the effect is only seen for a small range of loadings, generally 

this has been at the lower volume of inclusion. In order to confirm this suggestion further 

work would be required to investigate chain interactions. With the possible plasticization 

effect on PMMA it would be worthwhile investigating whether this behaviour is seen in other 

polymer systems. 

The results gained from SEM are singularly inconclusive, with a majority of blends 

displaying the same uniformity and fracture patterns.  When matched with that of DSC they 

give a hint of a suggestion that it is more likely that plasticization is the underlying effect of 

Vitolane on a PMMA system. There is no evidence of an obvious presence of Vitolane in the 

higher loadings as would be expected if immiscibility had been reached. Instead at 30wt% 

there seems to be a very subtle indication of possible aggregates of Vitolane. Due to the tiny 

amount of these seen it could be taken to support the plasticization conclusion. Through the 

use of a fractography study it could be seen whether plasticization is evident within the 

fracture patterns showing increased ductility in the lower loadings. This was not considered 

within the scope of this study but once again would be a worthwhile area for further research.  

Overall it can be concluded that Vitolane does have an effect on PMMA which is dependent 

on the volume of Vitolane included and is in strong agreement with that of previous research. 

It is more than likely that this is a plasticization effect but due to the already highlighted 

limitations this study should be seen as a basis for further research into the fundamental 

principles, behaviour and interactions between PMMA and this particular POSS species.  
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6.2 Limitations 

Within the study there were several limitations which need to be considered and may also 

have attributed to some of the results gained. Many of these limitations have highlighted 

areas of further research. 

A. Only a limited amount of Vitolane resin could be supplied by TWI at a time. In order 

to ensure that all the blends were comparable the batch from which they were made 

needed to be the same throughout. This limited the manufacturing options but also 

ensured that the work carried out was novel. The limited amount of material also 

meant that the number of blends was limited, for this reason only increments of 2wt% 

were considered.  

B. The resolution used in the FTIR testing was at such a level that very subtle peak 

shifts, ≤ 4 wavenumbers, would not be seen. The identification of shift would indicate 

interactions between PMMA and Vitolane and would therefore aid in the conclusions 

drawn. The main reason for the use of the resolution was that of available equipment. 

Although this is a limitation the resolution that was used is sufficient in analysing the 

blend composition. 

C. A considerable time constraint was imposed throughout the study mainly due to 

unforeseen problems faced in initial testing. For this reason only three analytical 

techniques were employed where it had been hoped that mechanical testing could also 

be conducted to gain a deeper understanding of Vitolane’s effect on PMMA. For this 

reason the scope of the study was somewhat limited, even with this taken into account 

it was considered worthwhile undertaking the analytical approach as a large number 

of previous studies have reported on the mechanical behaviour but lack the 

understanding of the underlying principles. Although the scope was limited it was felt 

that it adequately addressed a gap in current research. 
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Chapter 7 

Future Work  

Not only would completing these further studies improve the overall understanding of the nature of 

the possible relationship and interactions which have been suggested but would also aid in the 

understanding of the limitations and possible errors which occurred in this investigation. 

I. Manufacturing Processes – A more in depth look at the exact effect of the varying 

processes, such as melt blending, melt mixing as well solution blending in one study . The 

different procedures will have different heating and cooling regimes which could affect the 

end product.  This could be done by producing several compositions through the varying 

methods and running a series of tests to see if there is any variation. These would include both 

analytical and mechanical testing. 

II. Greater Range of Compositions – This study aimed to investigate further the lower ranges 

where miscibility is a possibility. Although a region of possible miscibility has been indicated 

it would be advantageous to further investigate this lower region in greater detail, reducing 

the increments to 1wt% or 0.05wt% to enable exact location of complete miscibility if it does 

in fact occur. It would also be beneficial to study the effects at much higher loadings such as 

≥ 40wt% to investigate the levels of phase separation or rejection. 

III. Mechanical Testing – Due to unforeseen circumstances only analytical techniques were 

employed and although an effect of Vitolane on PMMA was seen it is not a complete view of 

the full extent of alterations. It would be beneficial to examine the mechanical properties of 

the blends to see if differing levels of Vitolane inclusion cause variations in performance, and 

also to see if this POSS species does indeed act as a plasticizer as found on numerous 

occasions in previous research. 

IV. Incorporation in Other Polymer Systems – To further investigate the possible usefulness of 

the inclusion of Vitolane Resin. By incorporating into a number of other polymers it could be 

seen if Vitolane has greater or lesser effect on different polymers. For comparability it could 

be suggested to test PP and PVC, which have been previously investigated with POSS 

species.  

V. Fractography Studies – To quantify the level of plasticization from varying blend 

compositions from the fracture mechanics seen. 
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VI. Further FTIR – The resolution used was highlighted as a limitation. In order to indentify if 

there are any interactions occurring and their location within the component groups a smaller 

resolution should be used to pick up any shift peaks which may have gone un-noticed.   

 

 



44 

 

References  

 

Journals 

 

Richardson M.J and Savil N.G, (1975), Derivation of accurate glass transition 

temperatures by differential scanning calorimetry, Polymer, 16, 10, pp 753-757. 

 

Richardson M.J and Aras L, (1989), The glass transition behaviour and thermodynamic 

properties of amorphous polystyrene, Polymer, 30, pp 2246. 

 

Soong S.Y, Cohen R.E, Boyce M.C and Mulliken A.D, (2006), Rate dependent 

deformation behaviour of polyhedral silsesquioxane filled and plasticized PVC, 

Macromolecules, 39, pp 2900-8. 

 

Soong S.Y, Cohen R.E and Boyce M.C, (2007), Polyhedral oligomeric silsesquioxanes as 

a novel plasticizer for poly(vinyl chloride), Polymer, 48, pp 1410-1418. 

 

Phillips S.H , Haddad T.S and Tomczak S.J, (2004) Developments in nanoscience: 

polyhedral oligomeric silsesquioxane (POSS)-polymers, Current Opinion in Solid State 

and Material Science, 8, pp21-29. 

 

Provatas A, Luft M, Mu J.C, White A.H, Matisons J.G and Skelton B.W, (1998), 

Silsesquioxanes: Part I: A key intermediate in the building of molecular composite 

materials, Journal of Organometallic Chemistry, 565, pp 159-164. 

 

Fina A, Tabuani D, Frache A and Camino G, (2005), Polypropylene-polyhedral 

silsesquioxanes (POSS) nanocomposites, Polymer, 46, pp 7855-7866. 

 

Kopesky E.T, Haddad T.S, McKinley G.H and Cohen R.E, (2005), Miscibility and 

viscoelastic properties of acrylic polyhedral oligomeric silsesquioxane=poly(methyl 

methacrylate) blends, Polymer, 46, pp4743-4752. 

 

Scott D.W, (1946), Thermal rearrangement of branched-chain methylpolysiloxanes, 

Journal of American Chemistry Society, 68, pp356-358. 

 

Li G, Wanh L, Ni H and Pittman Jr C.U, (2001), Polyhedral oligomeric silsesquioxane 

(POSS) polymers and copolymers: A review, Journal of Inorganic and Organometallic 

Polymers, 11, 3, pp 123- 154. 

 

Xu H, Xie P and Zhang R, (2001), Synthesis of characterization of oligomeric 

silsesquioxane with pendent carboxylic acid groups, European Polymer Journal, 37, pp 

2397-2405. 
 

Schwab J.J and Lichtenhan J.D, (1998), Polyhedral oligomeric silsesquioxane (POSS)-

based polymers, Applied Organometallic Chemistry, 12, pp 707-713. 

 



45 

 

Haddad T.S and Lichtenhan J.D, (1996), Hybrid organic-inorganic thermoplastics: 

Styryl-based polyhedral oligomeric silsesquioxane polymers, Macromolecules, 29, 

pp7302-7304. 

 

Baney R.H, Itoh M, Sakakibara A and Suzuki T, (1995), Silsesquioxanes, Chemical 

Review, 95, pp 1409-1430. 

 

Ribeiro Do Carmo D, Filho N.L.D and Stradiotto N.R, (2007), Encapsulation of titanium 

(IV) into the NH4USY zeolite: Preparation, characterization and application, Materials 

Research Bulletin, 42, pp 1811-1822. 

 

Haddad T.S and Lichtenhan J.D, (1996), Hybrid organic-inorganic thermoplastics: styryl-

based polyhedral oligomeric silsesquioxane polymers, Macromolecules, 29, pp 7302-

7304. 

 

 

Books 

 

Billmeyer Jr F.W, (1984), Textbook of Polymer Science, 3
rd

 Edition, Camada, John 

Wiley & Sons. 

 

Callister Jr W.D, (2007), Materials Science and Engineering An Introduction, 7
th

 

Edition, USA, Wiley & Sons. 

 

Ehrenstein G.W, (2000), Polymeric Materials: Structure-Properties-Applications, 

Munich, Hanser. 

 

Williams D.H, and Fleming I, (1987), Spectroscopic Methods in Organic Chemistry, 

4
th

 Edition, London, McGraw-Hill Book Company.  

 

Websites 

 

TWI, (2007), Vitolane Technology [online], www.vitolane.com, [Accessed 2007]. 

 

Sigma Aldrich, (2001), Silsesquioxanes; chemfiles [online], www.sigma-aldrich.com, 

[Accessed 2006]. 

 

 

 



46 

 

Appendix A – FTIR of All Samples  

A.1 – Vitolane Resin 

Figure A.1.1 – FTIR Spectra of Vitolane Resin Sample 1 at Resolution 4, 200 Scans 

Figure A.1.2 – FTIR Spectra of Vitolane Resin Sample 2 at Resolution 4, 200 scans 
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A.2 Blend Compositions  

 

  

 

 

 

 

 

 

 

 

 

Figure A.2.1 : FTIR Spectra of 1wt% Vitolane – PMMA Blend at Resolution 4, 200 Scans 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Figure A.2.2 : FTIR Spectra of 2wt% Vitolane – PMMA Blend at Resolution 4, 200 Scans 
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Figure A.2.3: FTIR Spectra of 4wt% Vitolane – PMMA Blend at Resolution 4, 200 Scans 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.4: FTIR Spectra of 6wt% Vitolane – PMMA Blend at Resolution 4, 200 Scans 
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Figure A.2.5: FTIR Spectra of 8wt% Vitolane – PMMA Blend at Resolution 4, 200 Scans 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.6: FTIR Spectra of 10wt% Vitolane – PMMA Blend at Resolution 4, 200 Scans 
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Figure A.2.7: FTIR Spectra of 20wt% Vitolane – PMMA Blend at Resolution 4, 200 Scans 

Figure A.2.8: FTIR Spectra of 30wt% Vitolane – PMMA Blend at the Middle of the Sample at Resolution 4, 200 Scans 
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Figure A.2.9: FTIR Spectra of 30wt% Vitolane – PMMA Blend  at the Edge of the Sample at Resolution 4, 200 scans 
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Figure A.3.1: FTIR Spectra of 100% PMMA at Resolution 4, 200 Scans 
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Figure A.3.2: FTIR Spectra of 100% PMMA at Resolution 4, 200 Scans 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3.3: FTIR Spectra of 100% PMMA at Resolution 4, 200 Scans 
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Appendix B – DSC All Samples 

B1- Second Run 
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Figure B1. 1: All Tg Traces for Second Run for All Blend Compositions 
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B2 – Third Runs 
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Figure B2.2: All Tg Traces for Third Run for All Blend Compositions 
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Appendix C – SEM of All Samples 

 

Figure C3.1: 100% PMMA at Magnifications of x250 and x1200 

Figure C3.2: 1% Vitolane - PMMA Blend at Magnifications of x250 and x1200 

Figure C3.3: 4% Vitolane – PMMA Blend at Magnifications of x250 and x1200 
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Figure C3.4: 6% Vitolane – PMMA Blend at Magnifications of x250 and x1200 

Figure C3.5: 8% Vitolane – PMMA Blend at Magnifications of x250 and x1200 

Figure C3.6: 10% Vitolane – PMMA Blend at Magnifications of x250 and x1200 
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Figure C3.7: 30% Vitolane – PMMA Blend at Magnifications of x250 and x1200 
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