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Summary 
 

In our present-day society, an ever-increasing demand exists for high bandwidth 

data transmission systems for communication purposes. This has triggered an enormous 

technological effort into high speed communication systems such as satellite links, ADSL 

and optical fibres. For instance, the Internet traffic between Europe and the United States 

is nowadays predominantly provided by trans-Atlantic inorganic glass optical fibres. Low-

speed copper wire based systems are increasingly replaced by fibre optics in the “last 

mile” applications. The excellent properties of polymeric optical fibres with respect to  

flexibility, ease of handling and installation are an important driving force for their 

implementation in high bandwidth, short-haul data transmission applications such as 

fibre to the home, local area networks and automotive infotainment systems.  

In these high bandwidth applications, so-called graded-index polymer optical 

fibres (GI-POFs), possessing a refractive index gradient over their diameter, are often 

required. In general polymer-dopant systems, copolymers or polymer blends are used to 

generate the desired refractive index gradient which often results in high attenuations 

dependent on the materials used. The high optical losses in these materials originate 

from the additional Rayleigh scattering due to compositional fluctuations. Here, the 

excess Rayleigh scattering in doped polymers, polymer blends and copolymers has been 

investigated extensively both from a theoretical and experimental viewpoint.  

Based on thermodynamic principles, it was shown that the excess Rayleigh 

scattering loss due to concentration fluctuations in the above described polymer systems 

is highly dependent on the refractive index mismatch (∆n) and on the Flory-Huggins 

interaction parameter (χFH) between the different components. It was shown, that in all 

systems, i.e. doped polymers, polymer blends and copolymers, the scattering loss can be 

minimised for a sufficiently large negative χFH and sufficiently small ∆n.  

In accordance with previous studies, it was found that doped systems based on 

poly(methyl methacrylate) (PMMA) and bromobenzene or diphenyl sulfoxide exhibit a 

low Rayleigh scattering loss, which explains their use in GI-POFs. The use of polymer-

dopant systems also has several disadvantages. For instance, the introduction of a dopant 

seriously reduces the glass transition temperature (Tg) of the resulting optical waveguide. 

Moreover, diffusion of the dopant molecules in the polymer matrix can occur and 

therefore, the refractive index gradient in a polymer-dopant system is not stable in time. 
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A refractive index gradient in a miscible polymer blend has a strongly enhanced   

time and temperature stability. Two model systems of miscible polymer blends, namely 

deuterated PMMA with poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA) and 

deuterated poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) with PTFPMA, were 

therefore investigated using small-angle neutron scattering (SANS). It was shown that the 

compositional fluctuations in a miscible polymer blend can be minimised by suitable 

combinations of thermodynamic properties (a large negative χFH) and the refractive 

indices of the constituents (a small refractive index mismatch). For instance, the 

scattering loss due to compositional fluctuations was reduced by a factor of 100 using a 

blend of PTFEMA/PTFPMA. However, large scale heterogeneities with a typical length 

scale of several hundreds of Ångströms were found, which were not expected based on 

thermodynamic considerations. These large scale structures result in high additional 

scattering losses in miscible blends (several hundreds dB·km-1) which reduces their 

practical usefulness in graded-index optics. 

The scattering losses in copolymer systems with broad and narrow composition 

distributions were also investigated via SANS. It was observed experimentally that a high 

amount of composition drift in a copolymerisation results in high scattering losses. In 

random  copolymers, extremely low scattering losses were obtained by proper selection of 

the monomeric units. The total intrinsic loss limit of random copolymers is even lower 

than that of the polymer-dopant systems. Consequently, random copolymers are 

extremely suitable candidates for the production of low-loss polymer optical waveguides. 

A particular copolymer of methyl methacrylate (MMA) and 1-adamantyl 

methacrylate (AdMA) was investigated more extensively. This particular copolymer is 

potentially useful in automotive or avionics applications were an enhanced temperature 

resistance is required. The glass transition temperature of the copolymer can be tuned 

from 105 to approximately 225°C, depending on the amount of  AdMA. The theoretical 

loss limit for these copolymers (< 170 dB·km-1) is well below the maximum attenuation 

acceptable in automotive applications, i.e. 500 dB·km-1.   

Finally, emissive waveguides for lighting applications were also investigated. 

Polymeric optical waveguides are required from which light is extracted in a well-defined 

manner. Therefore, a novel route to obtain such emissive polymer optical waveguides 

with an enhanced control over the emitted light was investigated. Colloidal polymeric 

particles were dispersed into a polymer light guide using centrifugal fields. It was shown 

that the light intensity and spatial light distribution can be tuned by the number of light 

scattering elements, their size, distribution and composition. By increasing the refractive 

index mismatch between the light scattering elements and the polymer matrix, it was 

possible to couple light out along the normal with a well-defined angular distribution. 
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In conclusion, it was shown that a proper selection of polymeric materials results 

in optical waveguides with a low attenuation and that additional properties such as a high 

bandwidth or an improved thermal stability can be introduced without an excessive 

increase in scattering loss. Moreover, it was also shown that a well-defined introduction of 

light scattering elements is potentially useful to obtain controlled emission of light in 

polymer optical waveguides for illumination applications. 
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Nomenclature 
 
a  particle radius      [m] 

ai   scattering length density      [cm-2] 

bi   coherent scattering length      [cm] 

bv
2   contrast factor       [cm-4] 

Cu(90)  Cabannes factor      [-] 

f  frictional coefficient      [J·s] 

fi  molar fraction of monomer i in feed   [-] 

Fi  molar fraction of monomer i in copolymer  [-] 

Fc  force subjected on a particle due to a centrifugal field [N] 

Fg  gravitational force      [N] 

gc   Gibbs free energy per unit cell     [J] 

HH,Hv,Vv,VH Rayleigh ratios      [cm-1] 

i(q)  intensity per unit volume = ℜ(q) = dσ/dΩ(q)  [cm-1] 

i(0)  intensity per unit volume at q = 0    [cm-1] 

I  light intensity       [mW] 

I0  incident light intensity     [mW] 

k  force constant      [kg·cm-2] 

kij  propagation rate constant     [-] 

KL  contrast factor for light scattering    [cm-1] 

KN  contrast factor for neutron scattering   [cm-1] 

L  transmission distance     [m] 

m  particle mass       [kg] 

Mi
0  number of monomers i at start of copolymerisation [-] 

Mm   molar mass of polymer repeating unit    [g·mol-1] 

Mw   weight average molecular weight of the polymer   [g·mol-1] 

Mn   number average molecular weight of the polymer  [g·mol-1] 

ncore  refractive index of fibre core     [-] 

nclad  refractive index of fibre cladding    [-] 

ni  refractive index of component i    [-] 

Q  molecular weight distribution = Mw/Mn   [-] 

q  scattering vector       [Å-1] 

r  distance from centre of rotation    [m] 

ri  reactivity ratio in copolymerisation reaction  [-] 



 x   Nomenclature 

R  monomer ratio at start of copolymerisation reaction [M2
0/M1

0] 

S(q)  structure factor as a function of scattering vector  [-] 

S(0)   structure factor at q = 0     [-] 

t½  initiator half-life time     [hr] 

T   temperature        [K] 

Tb  boiling point       [K] 

Tm  melting point       [K] 

Uu  total amount of scattered light by a volume V  [cm-1] 

v  sedimentation velocity of a particle in a centrifugal field [m·s-1] 

v0   reference volume of a unit cell     [cm3] 

vi  volume of a repeating unit     [cm3] 

vp  propagation speed of light     [m·s-1] 

V  volume of a scattering system    [cm3] 

zi  degree of polymerisation of species i   [-] 

 

Greek symbols 

α  attenuation       [dB·km-1] 

αa  absorption loss      [dB·km-1] 

αc  scattering loss by concentration fluctuations  [dB·km-1] 

αρ  scattering loss by density fluctuations   [dB·km-1] 

αs  scattering loss      [dB·km-1] 

αtot  theoretical loss limit      [dB·km-1] 

βT  isothermal compressibility     [Pa-1] 

βmax  maximum bandwidth     [MHz·km] 

γ(r)  radial correlation function     [-] 

∆n  refractive index difference     [-]  

∆t  modal dispersion      [s-1] 

<∆u2>  mean square fluctuation in chemical composition [-] 

dσ/dΩ(q) scattering cross section as a function of q   [cm-1] 

dσ/dΩ(0) scattering cross section at q = 0    [cm-1] 

ε  absorption coefficient     [m2·mol-1] 

η  viscosity       [Pa·s] 

ηi  dielectric constat at position i    [-] 

χFH   Flory-Huggins interaction parameter    [-] 

λ   wavelength       [nm] 

ϕ   volume fraction       [-] 

µ  reduced mass       [kg] 



Nomenclature   xi 

νf  fundamental frequency of C-H stretching absorption [cm-1] 

ρ   density       [kg·m-3] 

ρm   density polymer repeating unit / dispersant / particle [kg·m-3] 

ℜ  Rayleigh ratio       [cm-1] 

σ  attenuation coefficient     [m-1] 

σs  attenuation coefficient for scattering, turbidity  [m-1] 

σs,c  turbidity by concentration fluctuations   [m-1] 

σs,ρ  turbidity by density fluctuations    [m-1] 

ξ   correlation length       [Å] 

θ   scattering angle      [rad] 

θc  critical angle for total internal reflection   [°] 

θf  angle of reflection      [°] 

θi  angle of incidence      [°] 

θmax  maximum acceptance angle of light   [°] 

θr  angle of refraction      [°] 

ω  angular velocity      [rad·s-1] 

 

Physical Constants 
c0 speed of light in vacuum   2.99792458·108 [m·s-1] 

g standard acceleration of gravity  9.80665  [m·s-2] 

kB  Boltzmann constant     1.3807·10-23   [J·K-1] 

NA  Avogadro’s number     6.0221·1023   [mol-1] 

na refractive index of air   1.0003   [-] 

R gas constant     8.3143   [J·mol-1·K-1] 

 

Abbreviations 
ADSL  asynchronous digital subscriber line 

CCD  charge-coupled device 

CTA  chain transfer agent 

DSC  differential scanning calorimetry 

EMI  electromagnetic interference 

GI-POF graded-index polymer optical fibre 

GOF  glass optical fibre 

GPC  gel permeation chromatography 

LAN  local area network 

LCST  lower critical solution temperature 

LED  light emitting diode 

N.A.  numerical aperture 



 xii   Nomenclature 

POF  polymer optical fibre 

RCF  relative centrifugal field 

rpm  rotations per minute 

SANS  small-angle neutron scattering 

SEM  scanning electron microscopy 

Tg  glass transition temperature 

TGA  thermogravimetric analysis 

TMDSC temperature modulated differential scanning calorimetry 

T.I.R.  total internal reflection 

 

Material abbreviations 

AIBN  α,α'-azobisisobutyronitril 

AdMA  1-adamantyl methacrylate 

BB  bromobenzene 

BzA  benzyl acrylate 

BzMA  benzyl methacrylate 

DBPO  dibenzoyl peroxide 

DPSO  diphenyl sulphoxide 

DVB  divinyl benzene 

MMA  methyl methacrylate 

MMA-d8 deuterated methyl methacrylate 

PAdMA poly(1-adamantyl methacrylate) 

PC  polycarbonate 

PMMA poly(methyl methacrylate) 

PMMA-d8 deuterated poly(methyl methacrylate) 

PS  polystyrene 

PTFEMA poly(2,2,2-trifluoroethyl methacrylate) 

PTFEMA-d7 deuterated poly(2,2,2-trifluoroethyl methacrylate) 

PTFPMA poly(2,2,3,3-tetraflurorpropyl methacrylate) 

SAN  styrene-acrylonitrile 

Sty  styrene 

TFEMA 2,2,2-trifluoroethyl methacrylate 

TFPMA 2,2,3,3-tetrafluoropropyl methacrylate 

THF  tetrahydrofuran
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General Introduction 
 

  
 

    

1.1   The information age 
 

Nowadays, we are surrounded by advanced communication technologies based on 

highly sophisticated systems for the generation, transport, visualisation and storage of 

data. An almost instant exchange of information between people all over the world is 

possible through modern communications technology such as telephony, the Internet 

and video conferencing. Inhabitants of the industrialised world have rapidly become 

accustomed to the convenience associated with these technologies and the demand for 

more and faster data streams grows explosively. For instance, the total demand for 

bandwidth or information density increases by tenfold every ten years1 and the bandwidth 

demand for Internet and video conferencing alone grows yearly with about 60%2. 

 

Copper is still used predominantly in short distance data communication 

throughout the world. However, to a large extent copper conductors can no longer cope 

with the high bandwidth demands of future communication systems3,4. Therefore, in 

recent years a shift is observed from copper wiring systems towards high bandwidth fibre 

optics systems5.  

Some additional differences between copper wiring and optical fibres are shown in 

Table 1.1 of which the most relevant are briefly discussed here6-9. Signal transmission in 

copper conductors relies on electrons being transported. Because of the resulting 

magnetic fields surrounding the conductors, separate copper wires have to be carefully 

insulated to prevent signals from interfering with each other, the so-called 

electromagnetic interference (EMI). Since optical fibres carry light pulses, they are 

immune to EMI. Furthermore, optical fibres can easily be used in moist areas or areas 
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where risk of explosions caused by electrical sparks exist10. Moreover, the size and weight 

of optical fibres are relatively small compared to copper wiring systems as is illustrated in 

Figure 1.1. 

 
Table 1.1: Comparison of properties of copper and optical fibre data communication systems6-9;  

++ : very good, +: good, -: unsatisfactory. 

 
Copper 

Conductor 

Glass Optical 

Fibre 

Electromagnetic Interference - ++ 

Electrical Insulation - ++ 

Immunity to eavesdropping - + 

Risk in hazardous environments - ++ 

Low weight - + 

Ease of installation + - 

Bandwidth + ++ 

System cost + - 

 

 
 
Figure 1.1: Copper conductor  (top) compared to a glass fibre optic cable (bottom) 11. The bandwidth 

of one fibre in the fibre optic cable is already many times larger than that of the whole 

copper cable. 

 

1.2   Optical waveguides in data communication applications 
 

1.2.1  Polymer and inorganic optical fibres 
 

Light was already used early in our history to transfer messages. In the times of 

the ancient Greeks, sunlight reflected of mirrors was used to send messages between 
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observation posts5. Of course, this type of communication only worked in direct line-of-

sight and was heavily dependent on atmospheric conditions, e.g. fog or heavy rain would 

seriously limit its application. The first mention of intentional optical waveguiding inside 

a material dates from the 19th century12. Daniel Colladon, a professor at the university of 

Geneva, captured light in a jet of water by total internal reflection. His idea was used on a 

large scale to illuminate fountains during several exhibitions, amongst others, the 

Universal Exposition in Paris, 188912. A contemporary of Colladon, Jacques Babinet, 

extended the idea of light guiding to the use of “a glass shaft curved in whatever manner” 

but it took many years before glass of a suitably high purity could be made that allowed 

the light to be transmitted for considerable distances12,13. The earliest applications of 

optical waveguides evolved around illumination of hard to reach places, e.g. to obtain cold 

light sources during surgery or dental examinations12. With increasing material purity, 

longer transmission distances became possible, and applications in the field of data 

communication opened up in the middle of the 20th century5,12. 

Optical fibres are often subdivided based on the materials of which they are made. 

Glass optical fibres (GOFs), consist of an inorganic glass core that transmits the signal. In 

polymer or plastic optical fibres (POFs) the core is made of a polymer material. The core 

material has a great impact on the properties of the resulting optical fibre. A detailed 

comparison between polymer and inorganic glass optical fibres is given in Table 1.26,14,15.  

 
Table 1.2: Typical properties of step-index pol(methyl methacrylate), polystyrene, polycarbonate 

and inorganic glass optical fibres6, 14-16. 

 PMMA PS PC inorganic 

Attenuation [dB·km-1] 125 (650 nm) 200 1000 (650 nm) 0.2 (1300 nm) 

Bandwidth [MHz·km] < 10 < 10 < 10 100-10 000 

Numerical Aperture [-] 0.3-0.5 0.4-0.6 0.4-0.6 0.1-0.25 

Mechanical Properties flexible flexible flexible fragile 

Fibre diameter [mm] 0.25-1 0.25-1 0.25-1 0.009-0.125 

Processability easy easy easy special tools 

Maximum operating temperature 

[°C] 
85 80 125 ≈  150 

 
So far, highly purified inorganic glass core materials are still unsurpassed in their 

low transmission loss or low attenuation. However, fibres made of glass need to have very 

small diameters to obtain flexibility due to its high modulus14. Furthermore, glass fibres 

are very brittle and very sensitive to damage to the surface. This implies that connecting 

glass optical fibres is a time-consuming process that requires high precision tools and 
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skilled workers. Polymer materials have a much lower modulus than inorganic glasses 

and therefore, can possess much larger diameters and still retain their flexibility16. 

Polymer optical fibres also possess a higher numerical aperture (N.A.). As a result the 

acceptance angle, or the light gathering capacity, is large compared to glass optical fibres. 

The combination of a large core diameter and high numerical aperture facilitates fibre 

installation, which is a dominant cost factor. Accordingly, the installation costs for a POF 

system are much lower than for an inorganic glass fibre network. For instance, cheap 

injection moulded type of connectors are used to establish POF links instead of the high 

precision ceramic ferrules required for GOF links4,17. What is more, no expensive lens 

systems are required to couple the light into the fibre, due to the high N.A. This makes 

POFs a suitable candidate in short distance data communication applications in which a 

relatively large number of connections has to be made. Possible applications for plastic 

optical fibre systems are found in local area networks (LAN’s), fibre-to-the-home 

applications, fibre optic sensors and the automotive or aviation industry.  

 

1.2.2  Recent developments in polymer optical fibres 
 

The large core diameter of POFs facilitates installation, but it also introduces a 

high modal dispersion in POFs. In a large core step-index polymer optical fibre different 

light modes introduce pulse broadening, which decreases the bandwidth (Appendix A). 

An increased bandwidth is achieved in so-called graded-index polymer optical fibres (GI-

POFs) by modulation of the refractive index over the fibre core. Usually, the refractive 

index profile is already established in the polymer preform from which the fibres are 

drawn. During fibre drawing the profile is maintained and a GI-POF is obtained.  

 

Several techniques to obtain a parabolic-like refractive index profile in a preform 

for a GI-POF have been investigated, utilising for instance polymer-dopant systems18,19, 

copolymers20,21 or miscible polymer blends22. Doped polymer systems are so far the most 

successful in terms of commercial exploitation due to their low optical loss.  

 

The intrinsic optical loss of polymers in the visible wavelength region is mainly 

caused by absorption losses by higher harmonics of carbon-hydrogen (C-H) vibrations 

and Rayleigh scattering. Overtones of the fundamental C-H absorptions in the infrared 

intrude in the visible wavelength region and account for high absorption losses. In 

perfluorinated materials23-25 such as Cytop® (Asahi Glass) or Teflon AF (Dupont) all 

hydrogen atoms at the monomer repeating unit are completely replaced by fluorine. 

Consequently, all overtone vibration absorptions are shifted out of the visible wavelength 
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region. Low optical losses of only 20 dB·km-1 of Cytop® based perfluorinated GI-POFs 

are achieved26. Unfortunately, the prices of perfluorinated monomers and polymers 

remain high due to the low yield involved in their synthesis16,27. Therefore, room for 

further improvement using more conventional polymeric materials exists, especially if 

non-perfluorinated counterparts are developed with similar optical losses. 

   

For applications in the automotive industry, the temperature resistance of polymer 

optical fibres needs to be improved to withstand operating temperatures of at least 

125°C14,28. The heat resistance of POFs can be improved by either applying an insulating 

layer around the fibre, or by using a core material with a high glass transition 

temperature. A polymeric material that can be processed with current techniques and that 

combines a high thermal resistance with a low optical attenuation is much sought after. 

 

1.3   Optical waveguides in lighting applications 
 

Optical waveguides are also used in lighting and illumination. Especially light 

guides prepared from polymeric materials possess a low weight, but high strength-to-

weight ratio. This was already understood by DuPont in the 1930’s when they proposed 

poly(methyl methacrylate) as a replacement for quartz illuminators12,29. Furthermore, 

polymers are easily processed and hence result in a flexible layout design using standard 

processing techniques as for instance compression moulding, extrusion and injection 

moulding. The use of polymeric materials in lighting applications opens up a large 

number of applications in for instance lightweight mobile devices but also in the field of 

signage and displays as a replacement for high voltage neon devices, which are rigid, 

fragile and limited in length30. 

 

Some of the many examples where fibre optic lighting by polymers is installed are 

for instance: motorway signalling31, the fountains at Duck Island in St. James Park, 

London and the Louvre museum in Paris. Furthermore, also the Efteling in Kaatsheuvel 

and the Euro Tower in Frankfurt are at night illuminated by fibre optic lighting (see 

Figure 1.2)32,33.  

Optical waveguides in lighting or illumination applications are split up in two 

distinct categories, the end or point-source lighting and the side or line-lighting. The 

former involves transmission of light from the proximal to the distal end, analogously to  

optical fibres in data communication. The latter term is used to describe light guides that 

combine the properties of light transmission and light emission, in which the desired 

emission direction of the light is often perpendicular to its propagation direction. 
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Figure 1.2: Examples of actual fibre optic lighting systems in the field; 2 and 4 mm diameter end-

light fibres woven into the roof of the main entrance of the Efteling, Kaatsheuvel, The 

Netherlands (left) and 30 side-emitting optical fibres each 11 mm diameter and 13 m in 

length at the top of  the Euro Tower, Frankfurt, Germany (right) 33. 

 
Commercially available step-index polymer optical fibres are suitable for most end-

lighting applications, since only transmission of the light is required. Total internal 

reflection of the transmitted light must be overcome to extract light along the length of 

the waveguide. Techniques to produce laterally emitting waveguides optical fibres are 

described both in scientific and patent literature34,35. However, these techniques show 

some limitations with regards to the applied processing techniques and the spatial 

distribution of the emitted light. 

 

1.4   Objectives 
 

Polymer optical waveguides are potentially excellent materials for emerging data 

communication and lighting applications. However, in data communication applications 

the currently available polymeric fibres and waveguides demonstrate some limitations in 

confining the light inside the fibre without energy losses and pulse broadening. Here, it is 

therefore attempted to develop new materials and materials combinations for optical 

fibres that combine properties such as a high bandwidth with additional requirements 

such as low optical loss and environmental stability for applications in home, office as 

well as mobile environments. 

Often, multi-component systems such as doped polymers, polymer blends and 

copolymers are used to introduce the above-described combinations of desired features in 

optical waveguides. However, the use of these materials often results in a strong increase 

in attenuation due to scattering. This so-called Rayleigh scattering is caused by small, sub-
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wavelength irregularities in refractive index in the core of the fibre caused by either 

density or concentration fluctuations. Especially in copolymers, polymer blends and 

doped polymers additional Rayleigh scattering due to composition fluctuations occurs 

compared to single-component systems. This potentially results in a high attenuation that 

limits practical application16,36. Therefore, it is one of the objectives of this study to 

establish guidelines that aid in the selection of polymeric materials for optical waveguides 

with a reduced Rayleigh scattering loss.  

Furthermore, once it is possible to establish these guidelines, another objective of 

this study is to translate them into practical systems as are for instance required in 

demanding applications such as the automotive industry, for which both a high thermal 

resistance as well as a relatively low optical attenuation are needed. 

Other applications such as lighting or sensor applications require part of the light 

to be coupled out of the optical waveguide in a precise and controlled way. Therefore it is 

also an aim of this study to investigate polymeric optical waveguides with expanded 

design possibilities for existing and new applications in illumination systems.  

 

1.5   Survey of the thesis 
 

The Rayleigh scattering of polymer-dopant systems, polymer blends and 

copolymers is investigated both from a theoretical and experimental point of view. In 

Chapter 2, a theoretical framework is worked out to link materials properties such as 

attenuation to, for instance, polymer phase behaviour and to establish guidelines for a 

proper materials selection. In Chapters 3, 4 and 5, experimental scattering studies on 

polymer-dopant systems, miscible polymer blends and copolymers are performed. It is 

attempted to identify the proper materials combinations to introduce desired properties 

without introducing high attenuations due to scattering losses. Moreover, it is attempted 

to establish a link between theoretical predictions and practical systems. 

 In Chapter 6, the established guidelines are further explored for the use of POFs 

in the field of data communication in automotive and avionics applications. New core 

materials of thermoplastic polymers with a high glass transition temperature are 

investigated to obtain long-term heat resistant step-index polymer optical fibres with a low 

loss.  

Finally, in Chapter 7 a novel route to obtain emissive polymer optical waveguides 

for lighting applications is described. Therefore, a model system is investigated in which 

light scattering, polymeric particles are dispersed in a controlled manner in a polymer 

light guide to obtain an enhanced control over the emissive properties.  
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Parts of this thesis have been published and are presented at international 

conferences37,38. 
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Optical Loss in Amorphous Polymer Systems 
 

 

 

 

2.1   Introduction 
 

2.1.1  Optical loss in polymeric materials 
 

An important characteristic of transmissive optical waveguides, such as polymer 

optical fibres, is their transmission distance. The transmission distance of an optical 

signal is dependent on the data rate, light source, detector sensitivity and the extent to 

which the signal is attenuated while being transmitted1. The light intensity (I) after 

propagating distance L [m] is described by the well-known law of Lambert-Beer2-4: 

 

LeII σ−= 0  (2.1) 

 

with I0 the intensity of the incident light and σ the so-called attenuation coefficient [m-1]. 

The attenuation loss (α ) [dB·km-1] is expressed by the following relationship2,5: 

 

σα
10ln
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 (2.2) 

 

The causes of light loss in polymer optical fibres in the visible wavelength region 

are summarised in Figure 2.16. The total optical loss is determined by a combination of 

both intrinsic and extrinsic contributions. Each separate contribution is in its turn made 

up of optical losses due to scattering and absorption. The extrinsic contributions are 

caused by imperfections and contaminations introduced during the polymerisation and 
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the fibre production. Among others, residual amounts of additives used during the 

polymerisation, e.g. catalysts, stabilisers, chain transfer agents, etc. will attenuate the 

transmitted light7. Therefore, during polymerisation, as little additives as possible must 

be used. Consequently, bulk polymerisation is the preferred polymerisation technique7,8. 

intrinsic

extrinsic

absorption

Rayleigh scattering

absorption

scattering

higher harmonics of C-H vibrations

electronic transitions

transition metals

organic contaminants

fluctuations in core diameter

dust and microvoids

orientational birefringence

core/cladding boundary imperfections

 
Figure 2.1:  Causes of optical loss in polymer optical fibres6. 

 

Furthermore, fibre imperfections introduced during the processing of the 

polymer, will also result in optical losses. Dust, microvoids and orientational 

birefringence will cause wavelength independent scattering, while imperfections at the 

interface of core and cladding of the fibre or variations in the diameter of the core will 

allow light rays to escape. Extrinsic optical losses are minimised by optimisation of the 

polymerisation and fibre spinning procedures. 

The minimum theoretical optical loss of a polymeric material is determined by the 

intrinsic contributions to the optical loss and is set once a material has been chosen. The 

intrinsic absorption losses in the visible wavelength region are determined by higher 

harmonics of molecular vibrations in the infrared (IR) region and tails of electronic 

transition absorptions in the ultraviolet (UV) region of the light spectrum8. Also intrinsic 

scattering losses occur which are a result of Rayleigh scattering. The intrinsic loss of 

polymeric materials in the visible wavelength region is discussed in more detail in the 

next sections of this chapter.  

 

2.1.2  Carbon-hydrogen overtone vibration absorption losses 
  

Absorptions due to stretching and bending vibrations of atom bonds in polymers 

occur in the infrared region of the light spectrum. The fundamental frequency (νf) at 

which the absorptions take place is calculated from equation (2.3)9: 
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µπ
ν 24

k
f =  (2.3) 

 

with k the force constant and µ the reduced mass of diatomic molecules given by: 
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in which m1 and m2 are the atomic weights.  

Additional absorptions occur at approximate multiples of the fundamental frequency 

which will intrude into the visible wavelength region where POFs based on for instance 

poly(methacrylates) or polystyrene are operated. The intensities of these absorptions will 

decrease by one order of magnitude with each harmonic. Since hydrogen is the lightest 

atom, the fundamental frequency for the carbon-hydrogen (C-H) vibration is located at 

relatively short wavelengths (at 3.2 µm in poly(methyl methacrylate) (PMMA) for 

instance)8. Therefore, the higher harmonics cause a significant amount of absorption in 

the visible wavelength region as shown in the absorption spectrum 0f PMMA in Figure 

2.2. The 5th, 6th and 7th harmonic are observed at 627, 549 and 492 nm respectively7,10. 

 
Figure 2.2:  Loss spectrum of poly(methyl methacrylate) 11. 

 

The absorption of light in a polymer is described by the law of Lambert-Beer10: 
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Here, ρ is the polymer density [kg·m-3], Mm the molar mass of the polymer repeating unit 

[kg·mol-1] and ε the absorption coefficient [m2·mol-1]. When multiple C-H bonds in a 

polymer repeating unit contribute to the absorption, the attenuation due to C-H 

absorption is calculated from equation (2.2)10. 
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Here, αa is the absorption loss due to C-H overtone vibrations [dB·km-1], nc the number of 

C-H bonds in the molecule [-] and εc the absorption coefficient for a C-H bond  [m2·mol-1]. 

Kaino8 measured the absorption loss in poly(methyl methacrylate) optical fibres (96 

dB·km-1 at 650 nm) from which the value of εc is determined to be 1.01·10-7 m2·mol-1 at 

that wavelength. From here it is possible to estimate the absorption loss by C-H overtone 

vibrations for other polymers provided that their density and the structure of the polymer 

repeating unit are known.  

 
2.1.3  Electronic transition absorption losses 

 

Just as all organic materials, polymers also absorb light in the ultraviolet region, 

caused by transitions in the energy levels of the bonds present within the molecules8. 

Absorption of a photon causes an upward transition, followed by excitation of the 

electronic state of the material. Electronic transition peaks appear in the UV-region and 

their absorption decreases exponentially with wavelength12. Their absorption tails may 

enter the visible wavelength region. For poly(methacrylate) based POFs the electronic 

transition losses at wavelengths above 500 nm are smaller than 1 dB·km-1 and are 

therefore usually neglected8. 

 

2.1.4  Rayleigh scattering losses 
 

Rayleigh scattering is caused by irregularities in the polymeric material of the 

order of one-tenth of the wavelength (λ) or less. They are proportional to λ-4 and therefore 

decrease strongly with increasing wavelength8. The remainder of this chapter will 

describe in more detail the Rayleigh scattering in amorphous homopolymers and various 

polymeric systems caused by both fluctuations in material density and composition.  
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2.2  Rayleigh Scattering in amorphous polymers 
 
2.2.1  Light scattering  
 

In equations (2.1) and (2.2) the attenuation coefficient (σ) of a material was defined 

and related to the attenuation loss (α ). The attenuation coefficient for scattering (σs), also 

referred to as the turbidity, represents the total energy that is scattered per volume of the 

scattering medium13. The absolute value of σs is obtained by integration of the total 

amount of unpolarised light that is scattered by the system (Uu) over the complete angular 

range2,14: 

 

∫=
π

θθπσ
0

sin2 dUus  (2.7) 

 
Here, θ is the angle between the directions of the incident and scattered light [rad]. The 

scattered intensity from a volume V at angle θ in isotropic media with no long range 

order, is given according to the scattering theory of Debye and Bueche as15-18:  
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The scattering vector (q [Å-1]) is denoted by:  

 

2
sin

4 θ
λ
π=q  (2.9) 

 
with λ the wavelength [Å].   

 

Amorphous polymers do not possess a regular lattice structure as crystalline 

materials do. Light scattering will result from fluctuations in refractive index caused by 

local changes in density or composition. Fluctuations in the refractive index can be 

described by a radial correlation function [γ (r)]13,16: 
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In this equation ηi and ηj are deviations of the mean value of the dielectric constant at 

positions i and j in the polymer. Positions i and j are a distance r apart. The notation < >r 
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indicates that an average is taken of all pairs of points a distance r apart and <η2>av is the 

value of the fluctuations averaged over all pairs of dielectric constants. 

 

2.2.2  Single component systems 
 

The total amount of scattered light is described by different scattering components 

expressed as Rayleigh ratios depending on their polarisation direction19. 

 

( )HVHVu HHVVU +++=
2
1  (2.11) 

 
In equation (2.11) V and H denote the vertical and horizontal components of the 

scattered light respectively. The subscript V or H indicates that the measurement is 

performed with incident vertically or horizontally polarised light respectively. The 

numerical factor ½ appears in equation (2.11) because of the use of unpolarised incident 

light19. 

In an isotropic medium2,16: 

 

VH HV =  (2.12) 

 
and 

 

θθ 22 sincos vVH HVH +=  (2.13) 

 
The component VV for incident and scattered waves having the same polarisation may be 

split up in a term for the scattering caused by anisotropic fluctuations (HV) and 

contributions from isotropic fluctuations (VV
iso): 

 

v
iso

VV HVV
3
4+=  (2.14) 

 
Combining equations (2.11) to (2.14) with equation (2.7) results in the following 

expression for the scattering attenuation coefficient: 
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The first term between brackets is the contribution of isotropic fluctuations to the 

turbidity, while the second term is related to anisotropy fluctuations. In a homopolymer 

system, the isotropic contributions result purely from fluctuations in material density 
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(VV
iso = VV

D). When polymers with isotropic monomeric units, such as poly(methyl 

methacrylate) are used, the contribution of anisotropy fluctuations is small compared to 

isotropic density fluctuations20 and equation (2.15) is reduced to: 

 

( ) θθθπσ
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ρ dV D
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Here, σs,ρ is the scattering attenuation coefficient for density fluctuations. 

An amorphous material retains its structure when it solidifies from the melt and 

may therefore be treated as a supercooled liquid7. The isotropic contribution due to 

density fluctuations of the light scattering follows from the thermal density fluctuation 

theory using Clausius-Mossotti’s expression13,16: 
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with n the refractive index [-], kB the Boltzmann constant (1.3807 · 10-23 [JK-1])21 and βT the 

isothermal compressibility [Pa-1]. As shown in equation (2.17), the scattering from a single 

component system is independent of the scattering angle θ. Substituting equation (2.17) 

in equation (2.16) results in: 
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Combination of equation (2.18) with equation (2.2) leads to an expression for the 

scattering loss due to density fluctuations (αρ) in single component systems such as 

homopolymers. 
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One clearly sees from equation (2.19) and its graphical representation in Figure 2.3 that 

the scattering loss will increase with increasing refractive index and is indeed inversely 

proportional to λ4. The scattering losses caused by density fluctuations are on average 

small at the wavelengths where these waveguides are operated, e.g. approximately 10 

dB·km-1 at 650 nm. 
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The contributions of the anisotropy to the scattering are accounted for by 

multiplying equation (2.18) by the so-called Cabannes factor Cu(90)13,19: 
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with ρu(90) the ratio of the parallel to the vertical component of the scattered light at 90° 

using unpolarised incident light. For instance, for the nearly isotropic repeating unit of 

PMMA the Cabannes factor is 1.1, while that of polystyrene (PS) is 2.7 due to the presence 

of the benzene ring7. The scattering losses in PS are higher than in PMMA6 due to the 

higher anisotropy in the polymer repeating unit of polystyrene compared to PMMA, as 

well as the higher refractive index (n = 1.58 for PS and n = 1.49 for PMMA). 
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Figure 2.3:  Scattering loss in homopolymer systems according to equation (2.19);  T = 298 K,  ββββiso = 

2.55·10-10 Pa-1, n = 1.30, n = 1.45 and n = 1.60 as denoted in the figure. 

 

2.2.3   Binary miscible blends of homopolymers 
 

Miscible polymer systems are preferred to obtain low scattering losses in polymer 

optical waveguides composed of multiple components. The miscibility of a polymer 

system is determined by the Gibbs free energy of mixing (∆G) that is defined as:  

 

STHG ∆−∆=∆  (2.21) 

 
∆H and ∆S are the change in enthalpy and entropy due to mixing respectively. 
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Using a lattice model, as suggested by Flory and Huggins, the following well-

known relationship is derived for the Gibbs free energy of mixing for strictly binary 

systems22:  
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with N the number of lattice sites, T the temperature [K], gc the Gibbs free energy 

of mixing per unit cell [J], ϕ = ϕ2 = (1-ϕ1), the volume fraction of component 2 in the 

binary mixture [-], χ the interaction parameter of the system and zi the degree of 

polymerisation of component i. The degree of polymerisation is calculated as the ratio of 

the volume of a polymer chain and the volume of a unit cell, i.e. : 
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with Mw the mass average molar mass of the polymer [g·mol-1], NA Avogadro’s number 

(6.0221·1023 [mol-1])21 and v0 the volume of a unit cell [cm3]. The interaction parameter is 

a single parameter that describes the interactions in a binary mixture between segments 

of type 1 and type 2. The interaction parameter can be a function of both temperature and 

composition [χ(T,ϕ)]. In the original derivation by Flory and Huggins the interaction 

function is considered to be independent of concentration and is denoted in this 

discussion as the Flory-Huggins interaction parameter (χFH). 

 

For a polymer system to be miscible, the Gibbs free energy of mixing must be 

negative (∆G < 0). This criterion is not sufficient on its own. For the homogenously 

mixed phase to be stable as well, the second derivative of the Gibbs-free energy of mixing 

to the composition (ϕ) has to be positive: 
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One will immediately see from equation (2.22) that the entropic contribution to 

∆G will be negligibly small for a blend of two polymers with high degrees of 

polymerisation. For a polymer blend, miscibility is only obtained for small positive or 

negative values of the interaction parameter. 
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The following correlation function was proposed by Ornstein and Zernike to 

describe the scattering by concentration fluctuations in binary homogeneous systems13: 
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Here, ξ is the so-called correlation length of the fluctuations [Å], i.e. a measure for the 

range over which the fluctuations extend. Integration of equation (2.8) using this 

description for the correlation function then leads to the Ornstein-Zernike description of 

the scattered intensity23: 
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with i(q) and i(0) the scattered intensity per unit volume as a function of scattering vector 

q and at scattering vector q = 0 respectively. The scattered intensity per unit volume that is 

measured in light scattering experiments is more commonly referred to as the Rayleigh 

ratio (ℜ)24. Therefore equation (2.26) can also be expressed as: 
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The scattering magnitude at q = 0 is related to the free enthalpy of mixing by23: 
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Here, K is a constant specific to the scattering technique used, e.g. light-, X-ray- or 

neutron-scattering.  

 

Rearranging of equation (2.28) leads to the following equation: 
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Here, S(0) is the dimensionless structure factor at q = 0. The structure factor correlates 

the scattering of a system to interactions between different types of scattering centres e.g. 
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different kind of molecules. The structure factor is independent of the scattering 

technique that is used, whether that is light-, X-ray- or neutron-scattering. 

 

From equation (2.22) it follows that: 
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if it is assumed that the Flory-Huggins interaction parameter is independent of the 

composition ϕ. 

Combining equation (2.29) and (2.30) reveals the following relationship, that is used to 

calculate the Flory-Huggins interaction parameter from experimental scattering data. 
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Additional to the scattering loss observed in homopolymer systems by density 

(Vv
D) and anisotropy (HV) contributions, scattering losses as a result of concentration 

fluctuations (VV
C) occur in a multi-component system: 
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On average the contributions by concentration fluctuations will be much larger 

than density fluctuations and therefore the latter are often ignored in these systems. No 

angular dependency of VV is expected in the absence of large size heterogeneities in the 

polymer system, i.e. small correlation lengths of the concentration fluctuations compared 

to the wavelength of the light2,16. The scattering attenuation coefficient for concentration 

fluctuations (σs,c) is calculated from the forward scattering due to concentration 

fluctuations (VV
C). 
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The amount of scattered light is calculated by multiplication of the structure factor by the 

contrast factor for light. Analogously, the amount of forward scattered light is calculated 

by multiplying the structure factor at zero scattering angle by the contrast factor for light: 
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The contrast factor for light (KL) is defined as23: 
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Substitution of equations (2.31), (2.34) and (2.35) in equation (2.33) leads to the following 

expression for the scattering loss caused by concentration fluctuations (αc) in polymer 

blends: 
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Here, ϕ∂
∂n is approximated by the refractive index difference ∆n. In this approach the 

angular dependency of the scattered light is not taken into account and the forward 

scattering, generally the largest component, is integrated over the entire angular range. 

This might result in an overestimation of the scattering loss. A graphical representation 

of equation (2.36) is shown in Figure 2.4. 
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Figure 2.4:  Scattering loss in polymer blends as a function of the negative Flory-Huggins interaction 

parameter (χχχχFH)))) and the refractive index mismatch (∆∆∆∆n) according to equation (2.36); n = 

1.45, λλλλ= 650 nm, v0 = 190·10-30m3, ϕϕϕϕ = 0.5 and z1 = z2 = 1000. 
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It is shown in Figure 2.4 that the scattering loss due to compositional fluctuations 

decreases with increased miscibility in the system, i.e. a larger negative Flory-Huggins 

interaction parameter and also with decreasing refractive index mismatch between the 

polymers in the miscible blend. By optimisation of these parameters, the scattering loss 

in a polymer blend due to compositional fluctuations can be reduced significantly, even 

below 10 dB·km-1.  

When the value of χFH approaches zero the scattering losses increase strongly. For 

a system of equal composition (ϕ = 0.5) and when both components have an infinite 

degree of polymerisation (zi = ∞), the value χFH = 0 represents the critical value of the 

interaction parameter, (χFH)c. It is calculated from the critical condition, when both the 

second and third compositional derivative of the Gibbs free energy are equal to zero: 
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From these prior conditions the values of the critical volume fraction (ϕc) and critical 

interaction parameter are derived: 
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When the interaction parameter reaches its critical value at the critical 

concentration phase separation occurs, hence the strong increase in scattering in Figure 

2.4 at that value.  

 

In Figure 2.5 the influence of the molecular weight (a) and composition (b) of the 

blend on the scattering loss is shown. It becomes evident that there is only a small 

influence of both composition and molecular weight. 

 



24   Chapter 2 

Figure 2.5:  Scattering loss in polymer blends as a function of the negative Flory-Huggins interaction 

parameter (χχχχFH) ) ) ) according to equation (2.36) for n = 1.45, ∆∆∆∆n = 0.08,  λλλλ= 650 nm, v0 = 

190·10-30m3. (a) z1 = z2 = 1000, ϕϕϕϕ = 0.5 () and z1 = 1000, z2 = 10000, ϕϕϕϕ = 0.5 (---), (b) z1 

= z2 = 1000, ϕϕϕϕ = 0.5 () and z1 = z2 = 1000, ϕϕϕϕ = 0.1 (---). 

 

2.2.4  Polymers and dopants 
 

Frequently, inert low molecular weight compounds (dopants) are applied to 

introduce additional properties into optical waveguides. Several references are available in 

which a dopant is immobilised in a polymer matrix below its glass transition temperature 

to obtain a refractive index gradient in a polymer optical fibre or its preform25,26. The 

Flory-Huggins lattice theory can also be applied to these systems. Thus equation (2.36), 

derived for polymer blends, is also applied to calculate the scattering loss for polymer-

dopant systems.  

 

The graphical representation of equation (2.36) for a polymer-dopant system in 

Figure 2.6, shows that the scattering loss is much less dependent on the interaction 

parameter, i.e. the miscibility, than is the case for a polymer blend. Since the dopant is 

the minority component the system is far removed from the critical concentration and 

resulting critical interaction parameter. Furthermore, on average low scattering losses are 

expected in polymer-dopant systems. 
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Figure 2.6:  Scattering loss in arbitrary polymer-dopant systems as a function of the negative Flory-

Huggins interaction parameter (χχχχFH) ) ) ) and the refractive index difference (∆∆∆∆n) according to 

equation (2.36) for ϕϕϕϕ = 0.1, z1 = 1000, z2 = 1,n = 1.45, λλλλ= 650 nm and v0 = 190·10-30m3. 

 

2.2.5   Copolymers 
 

Also copolymers are frequently applied to add new or improved properties to 

optical waveguides. The monomer reactivity is an important characteristic in a 

copolymerisation reaction and has a large influence on the properties of the resulting 

copolymer27. In Figure 2.7 the different types of copolymers discussed here are presented 

schematically.  

 

Figure 2.7:  Copolymer configurations; closed and open circles represent different monomers. 

 

When the reactivity ratios for the monomeric species are very different, long 

blocks of equal monomeric units are formed into the polymer backbone. Since polymers 

in general are not compatible, blocks of identical components will cluster together and 

form relatively large size domains in the polymer matrix. Because of these larger 

structures an increased light scattering is expected. Therefore, blocky copolymers are 

usually avoided for use in low loss optical fibres. 
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In perfectly alternating copolymers monomeric units of each species are built into 

the polymer chain in a consecutive order. The overall composition of all chains is 

uniform. Therefore, no large size heterogeneities are expected to occur in such a system 

and light scattering is mainly caused by density fluctuations. However, compared to 

single component systems, interactions between the different monomeric units, will 

influence the scattering of the system28-31. 

In random or statistical copolymers the reactivity ratios for both monomers are 

almost identical. No large blocks of either monomer are present. A statistical distribution 

of short lengths of identical monomers can occur inside the chain (see Figure 2.7).  

 

The description of the scattering behaviour of copolymers, besides that of well 

defined block copolymers, has not received much attention in literature. However, 

Dettenmaier has related the structure factor of a copolymer system to the chemical 

composition distribution in a similar way as for a polymer blend system2. 
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Here, z is the average degree of polymerisation and <∆u2> describes the mean square 

fluctuation in chemical composition of the copolymer system.  
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(2.42) 

 

with ni the number of polymer chains that have the composition ui units of comonomer 1 

and (1- ui) units of comonomer 2. 

 
Equation (2.41) only predicts macroscopic phase separation in the copolymer 

system but does not predict microphase separation, which can also occur and influence 

the scattering behaviour32-34. Keeping this in mind, equation (2.41) will be used 

nonetheless to obtain a first estimate of the scattering losses in copolymer systems. 

Therefore, equation (2.41) is substituted in equation (2.34) and subsequently in equation 

(2.33) to result in the following expression for the scattering loss due to the chemical 

composition distribution in copolymer systems: 
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Here, ∆n is approximated by the refractive index difference between the corresponding 

homopolymers.  

In the ideal case, <∆u2> will be equal to zero and no contribution to the scattering 

loss will result from compositional fluctuations. However, two contributions will result in 

a deviation from the ideal situation, namely compositional heterogeneity between 

different chains and statistical heterogeneity within the polymer chain30. The latter 

contribution is inversely proportional to the average degree of polymerisation (z) (see 

Appendix B). Since for polymers z is generally large, the contribution due to statistical 

heterogeneity is relatively small35,36. Therefore, as a first estimate only the influence of the 

mean square fluctuation in chemical composition on the scattering loss is considered.  

In Appendix B values for <∆u2> are calculated for several chemical composition 

distributions. The obtained value for <∆u2> of 0.689·10-3 corresponds to a narrow 

chemical composition distribution. For increasingly broader compositions <∆u2> 

increases to 39.28·10-3 and 90.60·10-3. The scattering loss calculated from equation (2.43) 

using these values of the mean square fluctuation in chemical composition is shown in 

Figure 2.8 as a function of the negative Flory-Huggins interaction parameter. 
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Figure 2.8:  Scattering loss in copolymer systems as a function of the negative Flory-Huggins 

interaction parameter (χχχχFH) ) ) ) and the mean square fluctuation in chemical composition 

(<∆∆∆∆u2>) according to equation (2.43) for z = 2000, n = 1.45, ∆∆∆∆n = 0.04,  λλλλ= 650 nm and v0 

= 190·10-30m3. 
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It is clearly observed that the model predicts macroscopic phase separation since 

the scattering loss asymptotically goes to infinity at the values for the Flory-Huggins 

interaction parameter for which (z·<∆u2>)-1 = 2χFH. Τhe curve corresponding to the 

smallest copolymer composition distribution, <∆u2> = 0.689·10-3, shows the overall 

lowest scattering loss which was explained qualitatively above for copolymers with 

uniform compositions. 

The curves corresponding to <∆u2> = 39.28·10-3 and <∆u2> = 90.60·10-3 are 

indistinguishable which led us to plot the scattering loss as a function of <∆u2> at a 

constant Flory-Huggins interaction parameter in Figure 2.9.  
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Figure 2.9:  Scattering loss in arbitrary copolymer systems as a function of the mean square 

fluctuation in chemical composition (<∆∆∆∆u2>) and the refractive index mismatch (∆∆∆∆n) 

according to equation (2.43) for z = 2000, n = 1.45, ∆∆∆∆n = 0.04,  λλλλ= 650 nm, χχχχFH = -0.05 

and v0 = 190·10-30m3. 

 

This plot shows that the scattering loss levels off to a constant value that decreases 

with decreasing difference in refractive index. Once a relatively broad compositional 

distribution is obtained in the copolymer, further broadening will not affect the optical 

scattering loss. This can be understood as follows. Copolymers with broad compositional 

distributions actually form polymer blends. From previous calculations depicted in Figure 

2.5 it is shown that the scattering loss for polymer blends is hardly dependent on the 

composition or molecular weight. 

 

 

 



Optical Loss in Amorphous Polymer Systems  29  

2.3  Conclusions 
 

Here, the different contributions to the optical loss in amorphous polymeric 

systems were discussed with an emphasis on the losses introduced by light scattering. 

The intrinsic scattering losses in a polymeric material are the result of refractive index 

fluctuations caused by local variations in density and composition. In single component 

systems, such as homopolymers, only density fluctuations contribute to the intrinsic 

scattering loss. It was derived that the magnitude of the scattering loss increases with the 

refractive index. On average, the scattering losses due to density fluctuations can be kept 

small, below 10 dB·km-1, at the wavelengths were high intensity light sources are 

available.  

Compositional fluctuations that occur in doped polymers, polymer blends and 

copolymers cause additional scattering losses compared to homopolymer systems. Using 

the Flory-Huggins lattice theory it has been shown that the scattering loss of polymer 

blends and polymer-dopant systems can be quantified as a function of thermodynamic 

and material properties. It is possible to reduce the scattering loss due to concentration 

fluctuations in polymer blends to less than 10 dB·km-1 if a material with the appropriate 

combination of a small refractive index difference and high miscibility, i.e. a large 

negative Flory-Huggins interaction parameter, is used.  

The same theory also predicts that polymer-dopant systems exhibit a small excess 

scattering loss caused by concentration fluctuations (< 10 dB·km-1) for a broad range of 

refractive index differences and interaction parameters between the components.  

Finally, a quantitative description of the scattering loss expected from different 

types of copolymer systems was presented. Excess scattering losses by concentration 

fluctuations are again highly affected by the refractive index difference and the Flory-

Huggins interaction parameter in the same manner as the aforementioned systems. 

However, an additional requirement to obtain low scattering loss copolymer systems is 

that a narrow compositional distribution is generated. 
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3.1  Introduction 
 

A large research effort was devoted in the past to the production of graded-index 

preforms that are subsequently spun into graded-index polymer optical fibres (GI-POFs). 

The most successful route so far to produce GI-POFs are based on so-called polymer-

dopant systems with a parabolic compositional gradient over the diameter of the fibre1,2. 

In a polymer-dopant system an inert low molecular weight organic component, 

the dopant, is distributed in a polymer matrix. Several methods have been studied to 

obtain a parabolic-like refractive index gradient in a polymer preform. The interfacial-gel 

polymerisation technique is shown schematically in  Figure 3.11.  

 

Figure 3.1: Schematic representation of the interfacial-gel polymerisation technique; dopant is 

represented by the open circles. 

 
In this method, a polymer tube is filled with a mixture of a monomer, polymerisation 

initiator, chain transfer agent and the dopant. The monomer mixture swells the inside of 

the polymer tube and a gel phase is formed. Polymerisation proceeds faster in the gel 

Polymer  
tube 

gel phase 

Monomer +
dopant 
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phase than in the monomer mixture in the central part of the tube. With increasing 

conversion the polymer layer that is formed on the inner wall of the polymer tube 

thickens. The dopant is selected such that it has a larger volume than the monomer and a 

smaller solubility in the polymer. Therefore, diffusion by the dopant into the polymer 

layer is limited. Consequently, with increasing conversion the concentration of the dopant 

at the centre of the polymer rod increases.  

Properties that are important for a good dopant in this process are among other 

things a higher refractive index than the polymer, a good miscibility in both monomer 

and polymer, a low volatility and a larger molecular volume than the monomer3. Because 

the dopant possesses a higher refractive index than the polymer matrix, a refractive index 

gradient is formed in this process that decreases from the centre to the periphery of the 

formed polymer rod. 

 

In this chapter, the Rayleigh scattering of specific polymer-dopant systems is 

determined experimentally. The scattering losses for these systems are calculated 

according to the procedure outlined in Chapter 2.  

 

3.2  Experimental small-angle scattering techniques 
 

Several small-angle scattering techniques can be applied to determine the Rayleigh 

scattering in polymer systems. Here, a brief overview is given of the typical characteristics 

of these scattering techniques. The general scattering principle that is applied in all 

scattering techniques uses a well-collimated incident beam of radiation of a certain 

wavelength λ and records the variation in scattered intensity by the sample as a function 

of the scattering angle θ. The resulting scattering pattern is analysed to provide 

information about the size and shape of the internal structure of the sample under 

investigation.  

The wavelengths differ in each of the scattering techniques that are available, i.e. 

light, X-ray and neutron scattering differ. Therefore, also the length scales that are probed 

in a sample differ with each technique. This is illustrated in Table 3.1 in which some 

characteristic properties of small-angle static light-, X-ray- and neutron-scattering are 

compared4. 

Because of the long wavelengths applied in light scattering experiments, this 

technique is especially sensitive to extrinsic causes of scattering, such as dust and 

orientation in the samples. Therefore, it is laborious and time consuming to prepare 

samples for light scattering experiments, especially when the materials under 

investigation are solids. Wavelengths applied in X-ray and neutron scattering on the other 
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hand are much shorter (see Table 3.1) and dust particles do not influence the scattering 

behaviour, facilitating sample preparation enormously. 

 
Table 3.1: Some characteristics of different types of radiation applied in small-angle scattering 

techniques. 

Parameter Light X-rays Neutrons 

Scattering by: Electrons Electrons Nuclei 

Typical measuring times: Minutes  Seconds – minutes Minutes-hours 

Contrast based on: Refractive index Electron density Scattering length 

Typical wavelengths: [nm] 400-700 0.15 0.15-2.5 

Typical length scales probed: [nm] 250-25000 0.1-2500 0.5-1000 

Absolute intensity measurements: Possible5 Possible Routinely 

 
Furthermore, light scattering is very dependent on the polarisation direction of the 

applied radiation. The radiation in X-ray scattering has much higher energies compared 

to light scattering. Chemical bonding has little effect on this high-energy radiation. 

Therefore, there is a negligible influence of the differences between the polarisation 

directions of incident radiation and molecular orientation6.  

Neutron scattering resulting from the interaction of a neutron with a nucleus of 

zero spin leaves the neutron spin unchanged, the so-called non-spin-flip scattering7. Only 

in the exceptional situation that a sample contains nuclei with an unpaired spin, e.g. iron, 

rare earths, etc., the neutron spin can be turned around, resulting in polarisation effects8. 

Hence, neutron scattering applied to organic systems is also polarisation independent. 

The prime motivation for choosing small-angle neutron scattering to study the 

scattering behaviour of the model systems was the possibility to perform absolute 

intensity measurements routinely and because of the relatively straightforward sample 

preparation. In order to get acquainted with some typical terms and characteristics  of 

neutron scattering, the reader is referred to Appendix C.  

 

The Rayleigh ratio referred to in light scattering experiments, is called the 

scattering cross section, dσ/dΩ(θ) [cm-1], in a SANS experiment. Here, dσ is the number 

of neutrons scattered per unit time into a small solid angle dΩ 8,9 The scattering cross 

section is often wrongfully referred to as the intensity I(θ) of the scattered signal. It is 

however, related to the intensity10 (see Appendix C for more details on the scattering cross 

section): 
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The scattering cross section, or the Rayleigh ratio, is directly related to the 

structure factor, S(θ), of the system.  
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The structure factor is a system property and is independent of the scattering 

technique that is applied. Here K is a constant that is specific to the scattering technique 

that is applied and is called the contrast factor for that technique. In a mixture of two 

components contrast factors for respectively light (KL) and neutron-scattering (KN) are 

defined respectively as11: 
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In the above relations n is the refractive index [-], v0 a reference volume [cm3], λ the 

wavelength [Å], ϕ the volume fraction of component 2 in the system [-] and bv
2 the 

contrast between the components in the system. The contrast factors take into account 

the different properties that are important in a specific scattering technique. Therefore, 

once the structure factor has been obtained by one technique, e.g. neutron scattering, it is 

possible to obtain the amount of scattering of the system in one of the other techniques, 

by multiplication by the appropriate contrast factor according to equation (3.2). 

A final remark concerns the contrast between components in neutron scattering, 

expressed in bv
2. Contrast in neutron scattering is obtained through the use of isotopic 

substitution. Therefore, in one of the components of the selected model systems, 

hydrogen atoms must at least partially be replaced by deuterium to obtain contrast. 

 

3.3  Experimental 
 
3.3.1  Materials 

 

Methyl-d3 methacrylate-d5 (MMA-d8), the initiator di-tert-butyl peroxide, chain 

transfer agent n-dodecanethiol and dopant bromobenzene (BB) were provided by Aldrich 

Chemical Company, Steinheim, Germany. Diphenyl sulfoxide (DPSO) was obtained from 

Merck, Hohenbrunn, Germany. 
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3.3.2  Polymer synthesis and sample preparation  
 

Polymer-dopant systems were prepared by completely dissolving either diphenyl 

sulfoxide or bromobenzene in the appropriate amount in a solution of MMA-d8, initiator 

(di-tert-butyl peroxide; 0.5 wt%) and chain transfer agent (n-dodecanethiol; 0.5 wt%). The 

homogeneous solutions were subjected to several freeze-thaw cycles to remove air. 

Polymerisation was performed in Teflon sealed glass ampoules under argon atmosphere 

at 90°C for a minimum period of 16 hours. Subsequently, the post-polymerisation was 

carried out for 24 hours at 20°C above the expected glass transition temperature (Tg) of 

the polymer. All polymer samples were compression moulded into circular plates of 

approximately 1 mm thickness and cooled slowly to room temperature at elevated 

pressures, since it was predicted by Wendorff and Fischer that using this procedure 

density fluctuations in the amorphous systems are minimised12. 

 

3.3.3   Small-Angle Neutron Scattering 
 

Small-Angle Neutron Scattering (SANS) experiments were performed at the LOQ 

instrument of the ISIS pulsed spallation neutron source, Rutherford Appleton 

Laboratory, Chilton, UK. The range of wavelengths used was 2.2 ≤ λ ≤ 10.0 Å at 25 Hz, 

corresponding to a scattering vector range of 0.007 ≤ q ≤ 1.4875 Å-1. The beam at the 

sample position was either 8 or 10 mm in size. Sample exposure time was typically 1 

hour. The scattered intensities were measured using a 3He-CF4 filled ORDELA area 

detector with an active area of 64 x 64 cm and an external, annular, high-angle, 

scintillator detector. The raw data, were divided by sample thickness and transmission 

and corrected for detector efficiency and background scattering from the sample holder4. 

The scattering signals of the pure components that make up the samples, were subtracted 

in the appropriate volume ratio from the obtained scattering of the samples to account for 

incoherent scattering and density fluctuations. Finally, to convert the data to absolute 

intensities the scattered intensities were multiplied by a calibration factor. This factor was 

determined by quantitatively comparing the radius of gyration obtained from the 

scattering curve of a standard sample to its theoretical value. The standard sample was a 

solid polymer blend consisting of 49.0% w/w deuterated polystyrene dispersed in a 

protonated polystyrene matrix with an apparent molecular weight of 77500 g·mol-1. The 

“background” for the standard was a random copolymer 49.0% w/w deuterated 

polystyrene and 51.0% w/w protonated polystyrene. 
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3.3.4  Characterisation 
 

The glass transition temperatures of the polymer-dopant systems were determined 

using a Perkin Elmer Pyris-1 Differential Scanning Calorimeter (DSC). A standard 

heating rate of 10°C·min-1 was used. The measurements were conducted under a 

constant airflow of 50 ml·min-1. The glass transition temperature was determined as the 

point on the curve halfway of the complete change in specific heat capacity in the middle 

of the two extrapolated baselines. 

 

3.4  Results 
 

3.4.1   Polymer-dopant systems  
 

In this study two typical dopants were selected, namely diphenyl sulfoxide (DPSO) 

and bromobenzene (BB). Both dopants fulfil the requirements for a good dopant 

mentioned before3,13,14 and were previously used in combination with poly(methyl 

methacrylate) (PMMA) to obtain graded-index polymer optical fibres. Some relevant 

parameters of the selected dopants, are listed in Table 3.2 and their molecular structure is 

shown in Figure 3.215.  

 

Table 3.2:  Refractive index ( n ), density (ρρρρ), melting point ( Tm )  and boiling point ( Tb ) of the 

selected dopants 3,15.  

Dopant 
n 

[-] 

ρ 
[g·cm-3] 

Tm 

[°C] 

Tb 

[°C] 

BB 1.560 1.49 -30.8 156 

DPSO 1.606 1.17 70.5 210 

 

S

O
Br

I II
 

Figure 3.2: Chemical structures of the selected dopants; bromobenzene (BB) (I) and diphenyl 

sulfoxide (DPSO) (II). 

 

Isotopic substitution of hydrogen by deuterium was required to obtain contrast 

between the polymer and the dopant in small-angle neutron scattering. The scattering 

behaviour of systems containing deuterated PMMA with either DPSO or BB was 
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investigated. The doped polymers applied in this chapter serve as model systems. 

Therefore, no macroscopic compositional gradient was introduced in the samples and 

only samples of homogeneous concentrations in the range of 0.05 to 0.38 volume percent 

dopant were investigated.  

The doped polymer samples were optically clear. In Figure 3.3 the glass transition 

temperatures of the doped polymer samples are shown as a function of the dopant type 

and volume fraction.  

Figure 3.3: Volume fraction dopant (ϕϕϕϕ) and glass transition temperature (Tg) of doped PMMA-d8 

samples; BB: bromobenzene ( ), DPSO: diphenyl sulfoxide ( ). 

 
One clearly sees that adding a dopant to a polymer decreases the glass transition 

temperature significantly. The amount of Tg-depression is dependent on the type of 

dopant that is used. Bromobenzene seems to lower the Tg of the polymer system more 

strongly than DPSO does. The glass transition temperatures of the polymer samples were 

also determined after compression moulding to assure that the dopant concentration did 

not change during processing. Identical values for the glass transition temperatures were 

found. 

At too high concentration of DPSO and after storage for several weeks some 

crystallisation of this component occurred. This was concluded from an increased 

turbidity of the sample containing 38 vol% DPSO. Furthermore, an endothermic peak 

appeared at the melting temperature of DPSO. This melting peak was not present in the 

transparent sample directly after polymerisation (see Figure 3.4).  

The glass transition temperature of the doped polymer system had increased by 

roughly 9°C to 29°C indicating that less of the dopant was dissolved in the polymer 

phase. These results show that with the use of small molecules that tend to crystallise 

liquid-solid phase separation can occur in doped polymer systems. 
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Figure 3.4: Differential Scanning Calorimetry results; from top to bottom: the melting peak of pure 

DPSO, the PMMA-d8/DPSO sample comprising 38 vol% DPSO after storage at room 

temperature for several weeks and directly after preparation. Curves are arbitrarily 

shifted along the vertical axis. 

 

3.4.2   Small-Angle Neutron Scattering 
 

In Figure 3.5 the small-angle neutron scattering curve of poly(methyl 

methacrylate) doped with 5 volume percent bromobenzene is shown.  
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Figure 3.5: Coherent small-angle neutron scattering curve for the PMMA-d8 / BB system comprising a 

volume fraction dopant ϕϕϕϕ = 0.05. 
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It is observed that the scattering caused by compositional fluctuations is almost 

none existing. The negative values obtained at the lowest q-values are most probably 

artefacts caused by the subtraction of the background signals. The background signals 

that are subtracted are of the same order of magnitude as the signal itself. 

 
The contrast between the components of the binary system (bv

2) is calculated from 

the scattering length densities (ai) [cm-2] according to: 

 
2

21
2 )( aabv −=  (3.4) 

 
The scattering length densities are given by4: 

 

∑= i
m

Am
i b

M
N

a
ρ  (3.5) 

 
In equation (3.5) ρm is the density of the polymer repeating unit [g·cm-3], which is 

approximated as the bulk density of the polymer (ρ), NA is Avogadro’s number 

(6.0221·1023 [mol-1])15, Mm is the molar mass of polymer repeating unit [g·mol-1] and bi the 

coherent scattering length [cm]. Values for the coherent scattering length are tabulated in 

literature and for the applied nuclei in this thesis they are also tabulated in Appendix 

C4,16. The contrast and the parameters required to calculate it are shown in Table 3.3 and 

Table 3.4.  

 

Table 3.3:  Volume of the polymer repeating unit (vi), bulk density (ρρρρ), molar mass (Mm), coherent 

scattering length  (ΣΣΣΣbi) and calculated scattering length density (ai) for the doped 

polymer systems.  

Repeating 

unit 

vi ·1024 

[cm3] 

ρ 

[g·cm-3] 

Mm 

[g·mol-1] 

Σbi · 1012 

[cm] 

ai 

[1010 cm-2] 

MMA-d8 150.7 1.190 108 9.821 6.517 

BB 174.4 1.495 157 2.800 1.606 

DPSO 286.9 1.171 202 5.100 1.780 

 
Table 3.4: Scattering length densities (ai) and calculated contrast factors (bv

2) for doped PMMA-d8 

systems. 

Polymer Dopant 
a1 

[1010 cm-2] 

a2 

[1010 cm-2] 

bv
2 

[1020 cm-4] 

PMMA-d8 BB 6.517 1.606 24.12 

PMMA-d8 DPSO 6.517 1.78 22.44 
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The contrast in the PMMA-d8/BB system is high and therefore the small 

magnitude of the scattering signals cannot be accounted for by an insufficient contrast. 

Plotting the scattering cross section, dσ/dΩ(q), on a double logarithmic scale as is done in 

Figure 3.6 provides more information on the origin of the scattering as described in 

Appendix C.  

Figure 3.6: Coherent small-angle neutron scattering curves plotted on a double logarithmic scale for 

the PMMA-d8 / BB system comprising a volume fraction dopant ϕϕϕϕ = 0.05 (a), ϕϕϕϕ = 0.10 (b). 

Solid lines are fits by the Ornstein-Zernike model. 

 

By comparison of Figure 3.6-a and -b, it is seen that the scattering curves of 

deuterated PMMA doped with 5 and 10 vol% bromobenzene are almost indistinguishable 

from one another.  

 

The Ornstein-Zernike model (Chapter 2)16 was used to describe the data from 

Figure 3.6. The scattering cross section at zero scattering angle, dσ/dΩ(0), and the 

correlation length, ξ, were derived from the fit. The obtained parameters are shown in 

Table 3.5. 

 

Table 3.5: The volume fraction of BB (ϕϕϕϕ), scattering cross section at q=0 (dσσσσ/dΩΩΩΩ(0)) and the 

correlation length (ξξξξ) from an Ornstein-Zernike fit for  the PMMA-d8/BB system. 

ϕ 

[-] 

)0(
Ωd

dσ
 

[cm-1] 

ξ 

[Å] 

0.05 0.08 1.20 

0.10 0.17 1.00 
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Figure 3.7 shows the coherent small-angle neutron scattering data of deuterated 

PMMA doped with four different concentrations of diphenyl sulfoxide.  
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Figure 3.7: Coherent small-angle neutron scattering curves plotted on a double logarithmic scale for 

the PMMA-d8 / DPSO system for compositions comprising a volume fraction DPSO 0.05 

( ), 0.10 ( ), 0.14 ( ) and 0.21 ( ); solid lines are fits by the Ornstein-Zernike model. 

 

It is evident that the scattering cross sections for all plotted compositions of 

PMMA-d8/DPSO blends are very small. The scattering of the PMMA-d8/DPSO system 

behaves very similar to the bromobenzene doped PMMA. In Figure 3.7 the coherent 

scattering curves of the DPSO doped PMMA-d8 are fitted with the Ornstein-Zernike 

model. The resulting parameters are given in Table 3.6. 

 

Table 3.6: The volume fraction of DPSO (ϕϕϕϕ), scattering cross section at q=0 (dσσσσ/dΩΩΩΩ(0)) and the 

correlation length (ξξξξ) from an Ornstein-Zernike fit for  the PMMA-d8/DPSO system. 

ϕ 

[-] 

)0(
Ωd

dσ
 

[cm-1] 

ξ 

[Å] 

0.05 0.05 1.94 

0.10 0.11 2.45 

0.14 0.18 2.75 

0.21 0.29 3.14 
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Only the scattering curve of the sample containing 38 vol% DPSO shows a 

significantly deviating scattering cross section from the other concentrations for that 

dopant, which is seen in Figure 3.8.  
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Figure 3.8: Coherent small-angle neutron scattering curve for the PMMA-d8 / DPSO sample 

comprising 38 vol% DPSO. Solid line is a fit by the Ornstein-Zernike + Debye-Bueche 

model. 

 

The scattering cross section for this sample at first levels off to the expected 

plateau value, analogously to the samples with lower dopant concentration. At low q-

values dσ/dΩ  increases again, possibly to a second plateau value. However, this plateau 

value is not reached because of insufficiently low q that is obtained at the LOQ instrument 

for this particular sample. This indicates that at least two length scales are present in this 

sample. In Section 3.4.1 it was shown that in this particular sample a second, crystalline 

phase appeared. Both phases are observed in the scattering cross section of this sample. 

 
The scattering at low q is described with the random two-phase Debye-Bueche 

model16: 

 

( )2221
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The total scattering curve was accurately described by a simple combination of the 

Ornstein-Zernike and Debye-Bueche model: 
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The subscripts OZ and DB denote that the appropriate parameter is obtained from either 

the Ornstein-Zernike or the Debye-Bueche part of the model respectively. The parameters 

obtained from the curve fit are tabulated in Table 3.7, split up to the part of the model they 

were extracted from. 

 

Table 3.7: Parameters obtained by the fit of equation (3.7) to the coherent scattering curve of 

PMMA-d8/DPSO 62/38 v/v. 

 
)0(

Ωd
dσ

  

[cm-1] 

ξ 

[Å] 

Ornstein-Zernike 1.15 3.5 

Debye-Bueche 36 144 

 

3.4.3   Calculated scattering loss of the polymer-dopant systems 
 
The attenuation caused by scattering is calculated by integration of the total 

amount of unpolarised light that is scattered by the system: 

 

∫=
π

θθπα
0

4

sin2
10ln

10
dUuc  (3.8) 

 

The scattering from neutron radiation is unpolarised. Therefore, the scattering 

loss is directly calculated from the experimentally recorded scattering curve by 

substituting for UU in equation (3.8) the appropriate fit of the scattering curve.  
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The contrast factor for light scattering is defined as: 
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Here, ∆n is the refractive index difference between polymer and dopant. The factor 2 now 

appears in equation (3.10) instead of 4 because of the use of incident unpolarised light17. 

Furthermore16:  

 

2
0 vN bvK =  (3.11) 

 

The reference volume (v0) is set equal to the smallest repeating unit in the system. For 

both polymer-dopant systems this is the PMMA-d8 repeating unit, as shown in Table 3.3, 

where the volumes of the repeating units are tabulated as calculated from equation (3.12). 

 

A

m
i N

M
v

ρ
=  

(3.12) 

 

The scattering curves of the polymer-dopant systems studied in this chapter were 

described by the Ornstein-Zernike model. The resulting scattering losses are given in 

Table 3.8. The refractive indices of the polymer-dopant systems are calculated using the 

well-known Lorentz-Lorenz equation18: 
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Table 3.8: Volume fraction BB (ϕϕϕϕ), refractive index calculated according to the Lorentz-Lorenz 

equation18 and scattering losses at 650 nm (ααααc) in PMMA-d8 doped systems (∆∆∆∆n = 0.07). 

ϕ 
[-] 

n 

[-] 

αc 

[dB·km-1] 

0.05 1.488 2 

0.10 1.492 5 

 

The values for the calculated scattering loss of the systems of deuterated 

poly(methyl methacrylate) with diphenyl sulfoxide are shown in Table 3.9.  

As expected, the scattering losses in both polymer-dopant systems are small. The 

scattering loss increases with increasing amount of dopant which is attributed to 

increasing concentration fluctuations. 
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Table 3.9: Volume fraction DPSO (ϕϕϕϕ), refractive index calculated according to the Lorentz-Lorenz 

equation18 and scattering losses at 650 nm (ααααc) in PMMA-d8 DPSO doped systems (∆∆∆∆n = 

0.121). 

ϕ 
[-] 

n 

[-] 

αc 

[dB·km-1] 

0.05 1.491 4 

0.10 1.497 10 

0.14 1.501 16 

0.21 1.510 26 

 

A scattering loss was calculated from the parameters obtained from the fit of the 

scattering curve of the sample containing 38 vol% DPSO by substituting equation (3.7) in 

equation (3.9) (n = 1.532). The scattering loss is divided up in a contribution by the 

Ornstein-Zernike (106 dB·km-1) and the Debye-Bueche (3080 dB·km-1) part of the model 

respectively (Table 3.7). The total scattering loss of this sample is the sum of both 

contributions and is equal to 3186 dB·km-1, owing to the liquid-solid phase separation 

and the large refractive index mismatch between both components (∆n = 0.121).  

 

3.5   Discussion 
 

Scattering experiments were performed on polymer-dopant systems consisting of 

poly(methyl methacrylate) (PMMA) doped with bromobenzene (BB) and diphenyl 

sulfoxide (DPSO) respectively. The scattering level in the doped polymer systems is low, 

which explains their use in graded-index optics. Two possible explanations are at hand. 

First of all this is attributed to the absence of large heterogeneous regions in the system, 

A similar observation was made by Koike et al. when studying the system of PMMA with 

methyl propionate19.  

Another possibility is that a molecular complex is formed between the dopant and 

the polymer molecules. This way, the bonded dopant molecules no longer account as a 

separate phase giving rise to concentration fluctuations, but rather the complex of 

polymer with dopant acts as a single component system, that only exhibits density 

fluctuations. Indeed Sato et al. suggested that in order to obtain low-loss graded-index 

polymer optical fibres a secondary interaction of the dopant with the polymer matrix is 

desired13. 

The results in this chapter confirm that the scattering loss in homogeneous 

polymer-dopant systems are very low (< 5 dB·km-1) for low dopant concentrations. With 

increasing dopant concentration the scattering losses increase (up to 26 dB·km-1 for a 
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volume fraction of DPSO of 0.21). In a practical GI-POF the dopant is not distributed 

homogeneously but the dopant concentration increases towards the centre of the fibre, 

indicating that the scattering loss also increases towards the centre. 

The absolute values of the scattering losses from the above extrapolations have to 

be interpreted with care. The correlation lengths that are observed in the doped PMMA-d8 

systems are extremely small, approximately 1 – 3 Å, while the distance of a carbon-carbon 

bond is 1.54 Å20. This implies that fluctuations do not extend beyond the repeating units 

in the system. To obtain a more reliable fit longer measurement times must be applied so 

that the statistical error on the data points will be reduced.  

The total theoretical optical loss of the polymer-dopant systems studied in this 

chapter is calculated by adding the absorption losses by carbon-hydrogen overtone 

vibrations to the calculated scattering losses. According to the procedure of Section 2.1.2 

PMMA, DPSO and BB possess absorption losses of 96, 58.5 and 48 dB·km-1 respectively. 

In Table 3.10 the absorption (αa) and scattering losses (αs) for the compositions of the 

polymer-dopant systems that were investigated in this chapter are summarised. Also the 

theoretical loss limit (αtot) is shown. 

 

Table 3.10: Volume fraction dopant (ϕϕϕϕdopant), absorption loss by C-H overtone vibrations (ααααa), the 

scattering loss (ααααs) and the theoretical total loss (ααααtot) at 650 nm. 

Dopant 
ϕdopant 

[-] 

αa 

[dB·km-1] 

αs 

[dB·km-1] 

αtot 

[dB·km-1] 

BB 0.05 94 2 96 

BB 0.10 91 5 96 

DPSO 0.05 94 4 98 

DPSO 0.10 92 10 102 

DPSO 0.14 91 16 107 

DPSO 0.21 88 26 114 

 

Despite the low scattering losses observed in polymer-dopant systems certain 

drawbacks remain which limit their use in graded-index fibre optics. For instance, the 

concentration profile is obtained by fixation of the dopant in the polymer below the glass 

transition temperature. This is not an equilibrium condition and it is both thermally and 

time-wise unstable21. Furthermore, addition of a dopant lowers the glass transition 

temperature (Tg) of the system. The plasticising effect of the dopant seriously limits the 

maximum operating temperature of the optical fibre. The increased mobility in the 

system at temperatures close to Tg allows diffusion of the dopant to occur even more 
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rapidly and the refractive index profile will flatten. Finally, high dopant concentrations 

potentially result in liquid-solid phase separation and consequently high optical losses.  

 

3.6   Conclusions 
 

Scattering losses caused by concentration fluctuations in polymer-dopant systems 

were measured via small-angle neutron scattering by investigating two doped polymer 

systems that are applied in literature, namely poly(methyl methacrylate) (PMMA) doped 

with respectively bromobenzene (BB)14 and diphenyl sulfoxide (DPSO)3. The scattering 

losses that are calculated for the polymer-dopant systems are low when homogeneous 

systems are obtained (<30 dB·km-1). Furthermore, by reducing the refractive index 

difference between the polymer and the dopant the optical loss can be reduced, e.g. from 

10 dB·km-1 for a DPSO doped PMMA (∆n = 0.121) to approximately 5 dB·km-1 for a BB 

doped PMMA (∆n = 0.07) of equal volume fraction dopant.  

However, the drawbacks of polymer-dopant systems, were also clearly illustrated. 

It was demonstrated for the PMMA/DPSO system that phase separation occurred for 

PMMA containing 38 volume percent DPSO, which resulted in a scattering loss 

exceeding 3000 dB·km-1. Also the reduced glass transition temperature of polymer-

dopant systems  with increasing amounts of dopant (Tg = 20°C for PMMA containing 38 

volume percent DPSO) seriously limits the maximum operating temperature of the 

resulting fibres.  
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Scattering Losses in Miscible Polymer Blends  
 

 

 

 

4.1  Introduction 
 

 

A wide variety of experimental routes was investigated in the past to introduce a 

refractive index gradient in polymeric optical waveguides. At the moment, graded-index 

polymeric optical fibres (GI-POFs) are, however, exclusively produced based on polymer-

dopant systems. In general, the prime motivation for the use of these systems is their low 

level of Rayleigh scattering and the resulting low attenuation. The use of polymer-dopant 

systems in graded-index optics has several disadvantages, for instance, with respect to 

stability. The refractive index profile that is introduced by a concentration gradient of a 

dopant in a polymer system is unstable with respect to time, especially at elevated 

temperatures1.  

Other methods to obtain a refractive index gradient are based on for instance 

copolymers2 or miscible polymer blends3. A refractive index profile created by means of a 

polymer gradient in a miscible blend is much more stable even over prolonged periods of 

time at temperatures far above the glass transition temperature of the system since the 

diffusion coefficient of polymer chains is very small3-5. Therefore, miscible polymer 

blends are potentially useful in the production 0f high bandwidth optical fibres. However, 

GI-POFs based on polymer blends are not used in practice as a result of the excessive 

Rayleigh scattering that occurs in these systems. Usually, it is assumed that the use of 

polymer blends always results in polymer optical waveguides with a high loss6. Indeed, 

calculations in Chapter 2 showed that the scattering losses caused by compositional 

fluctuations in miscible polymer blends can potentially be very high, even over 1000 

dB·km-1. However, it is also illustrated in Chapter 2 that the scattering loss can be 
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reduced to below 10 dB·km-1 for a large negative Flory-Huggins interaction parameter 

(χFH) and small refractive index difference (∆n).  

Here, miscible polymer blends are investigated to establish the influence of χFH 

and ∆n on the scattering loss. The Rayleigh scattering of the model systems is determined 

experimentally. Subsequently, the theory discussed in Chapter 2 is applied to calculate the 

scattering loss. Finally, another objective of this chapter is to judge, based on these 

results, whether miscible polymer blends are suitable to be applied in low loss high 

bandwidth optical waveguides. 

 

4.2   Experimental 
 

4.2.1  Materials 
 

Methyl-d3 methacrylate-d5 (MMA-d8) was supplied by Cambridge Isotope 

Laboratories, Andover (MA), USA. Deuterated poly(methyl methacrylate) (PMMA-d8) 

with a weight average molecular weight of 170,000 g·mol-1 was supplied by Polymer 

Standards Service, Mainz, Germany. 2,2,3,3-Tetrafluoropropyl methacrylate (TFPMA) was 

provided by Fluorochem Ltd., Old Glossop, United Kingdom. 2,2,2-Trifluoroethyl-d2 

methacrylate-d5 (TFEMA-d7) and poly(2,2,2-trifluoroethyl-d2 methacrylate-d5) (PTFEMA-

d7) of a weight average molecular weight of 120,000 g·mol-1 were supplied by ARC 

Laboratories B.V., Amsterdam, The Netherlands. The initiator di-tert-butyl peroxide and 

chain transfer agent n-dodecanethiol were provided by Aldrich Chemical Company, 

Steinheim, Germany. Tetrahydrofuran AR (THF) was provided by Biosolve, 

Valkenswaard, The Netherlands.  

2,2,3,3-Tetrafluoropropyl methacrylate was purified prior to polymerisation by 

passing the monomer over a polymerisation inhibitor remover prepacked column 

supplied by Aldrich, followed by vacuum distillation. The other monomers were used as 

supplied. 

 

4.2.2  Polymer synthesis and sample preparation  
 

A mixture of monomer with di-tert-butyl peroxide (initiator, 0.5 – 0.75 wt%) and n-

dodecanethiol (chain transfer agent (CTA), 0.5 – 0.75 wt%) was subjected to several 

freeze-thaw cycles to remove air. Polymerisation was performed in Teflon sealed glass 

ampoules under argon atmosphere at 90°C for a minimum period of 16 hours. 

Subsequently, the post-polymerisation was carried out for 24 hours at 20°C above the 

expected glass transition temperature (Tg) of the polymer. All samples were polymerised 
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at least 20°C above the ultimate glass transition temperature of the system since it is 

shown in literature that polymerisation to high conversions below Tg induces excess 

scattering7. Blends of deuterated poly(methyl methacrylate) and poly(2,2,3,3-

tetrafluoropropyl methacrylate) were prepared by completely dissolving either polymer in 

a solution of the counter monomer, initiator and CTA, and subsequently polymerising 

the homogeneous solution according to the method described above.  

Blends of PTFEMA-d7 and PTFPMA were prepared by co-dissolving specific 

amounts of both polymers in tetrahydrofuran (THF) and subsequently casting the 

solution into a film. The solvent was evaporated at room temperature for 24 hours and 

finally for another 24 hours at 90°C under vacuum and yielded transparent polymer 

films. All polymer samples were compression moulded into circular plates of 

approximately 1 mm thickness and cooled slowly to room temperature at elevated 

pressures to remove residual stresses. 

 

4.2.3  Characterisation 
 

The glass transition temperatures (Tg) were determined using a Perkin Elmer 

Pyris-1 Differential Scanning Calorimeter (DSC). A heating rate of 10°C·min-1 was used. 

The measurements were conducted under a constant airflow of 50 ml·min-1. The glass 

transition temperature was determined as the point on the curve halfway of the complete 

change in specific heat capacity in the middle of the two extrapolated baselines. 

The glass transition temperatures of the blends of deuterated poly(2,2,2-

trifluoroethyl methacrylate) with poly(2,2,3,3-tetrafluoropropyl methacrylate) were 

investigated by physical aging experiments conducted in the DSC8. After the first heating 

run the sample was heated for 30 minutes approximately 15°C below the expected Tg. 

Subsequently, a standard DSC heating run was conducted at 10°C·min-1. Furthermore, 

temperature modulated DSC (TMDSC) experiments were performed on a modified 

Perkin Elmer DSC 7. The underlying heating rate was 1°C·min-1 with an amplitude of 

modulation of ± 0.2°C and a period of 80 seconds. 

The molecular weight and the molecular weight distribution (Q) of the polymeric 

samples were determined with gel permeation chromatography (GPC). GPC was carried 

out using a WATERS Model 510 pump, Model 486 UV detector (at 254 nm), and Model 

410 refractive index detector (at 40°C). The samples were injected  in volumes of 50 µL by 

a WATERS Model WISP 712 autoinjector. The column used was a PLgel guard (5µm 

particles) 50·7.5 mm guard column, followed by 2 PLgel mixed-C (5µm particles) 300·7.5 

mm columns (40°C) in series. The polymer samples were dissolved in tetrahydrofuran 
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(stabilised with BHT) and filtered (PTFE filter; 0.2 µm) prior to injection. THF was also 

used as eluent at a flow rate of 1.0 ml·min-1. Calibration was done using polystyrene 

standards (Polymer Laboratories, M = 580 to M = 7.1·106 g·mol-1). Data acquisition and 

processing were performed using WATERS Millennium32 (v3.2) software. 

Cloud points temperatures for the PMMA-d8/PTFPMA blends were determined 

by light scattering, using a class IIIa Helium-Neon 4 mW Uniphase laser as the incident 

light source. Thin films of the polymer blend, compression moulded at 150°C, were 

placed between thin glass slides and placed on a Linkam Scientific Instruments THMS 

600 hot stage. A photo-diode sensor, placed under an angle of approximately 30° was 

used to detect the scattered light by the sample when phase separation occurs (initial 

detected intensity was zero). The sample was heated at a heating rate of 10°C·min-1. The 

cloud point was determined as the onset of the increase in intensity of the recorded 

signal. 

Small-Angle Neutron Scattering (SANS) experiments were performed at the LOQ 

instrument of the ISIS pulsed spallation neutron source, Rutherford Appleton 

Laboratory, Chilton, UK. The specifications of the LOQ instrument and the procedure for 

data analysis for these experiments were identical to those described in Section 3.3.3. 

 

4.3  Results  
 

4.3.1   Materials selection 
 

The use of polymeric materials for the production of optical waveguides imposes 

severe restrictions on the materials selection. In order to minimise optical attenuation 

several prerequisites have to be met. First and foremost, the polymers must be completely 

transparent and amorphous. In semi-crystalline polymers amorphous and crystalline 

regions co-exist. Since the refractive indices of the amorphous and crystalline regions 

generally differ significantly, substantial light scattering is the result9. Secondly, stringent 

purification must be possible using standard procedures such as filtration, extraction or 

distillation. This often is more easily to perform in the monomeric state than in the more 

viscous polymer or polymer solution. Moreover, it must be possible to produce the 

polymers with as little additives as possible and without the formation of by-products, 

consequently, bulk polymerisation is often the preferred polymerisation technique. This 

requires among other things that the polymer is soluble in its own monomer.  

Generally speaking, poly(methacrylates) fulfil the above requirements and 

therefore large research efforts have been devoted to the application of this class of 

polymers in optical waveguides10-13. Moreover, poly(methacrylate) based optical 
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waveguides have negligible electronic transition losses at the wavelengths of interest for 

communication applications. Low loss windows with respect to the IR overtone 

absorptions are present at wavelengths for which high intensity light emitting diodes 

(LED’s) are available, e.g. GaAlAs LED at 650 nm14.  

Two blends based on poly(methacrylates) were selected as the model systems for 

this investigation, namely poly(methyl methacrylate) (PMMA) with poly(2,2,3,3-

tetrafluoropropyl methacrylate) (PTFPMA) and poly(2,2,2-trifluoroethyl methacrylate) 

(PTFEMA) with PTFPMA respectively. The chemical structures of their respective  

monomers are shown in Figure 4.1. 

Figure 4.1: Chemical structures of the monomers of the model systems under investigation; methyl 

methacrylate (I), 2,2,3,3-tetrafluoropropyl methacrylate (II) and 2,2,2-trifluoroethyl 

methacrylate (III). 

 

The refractive indices of the polymers are shown in Table 4.1. 
 

Table 4.1:  Refractive index (n) and glass transition temperature (Tg) of the polymers of the model 

systems.  

Polymer 
n 

[-] 

Tg 

[°C] 

PMMA 1.490 105 

PTFPMA 1.422 59 

PTFEMA 1.417 63 

  

The refractive index mismatch between the constituents of each blend is 

significantly different, namely ∆n = 0.068 and ∆n = 0.007 for the blends of 

PMMA/PTFPMA an PTFEMA/PTFPMA respectively. 

 

The phase behaviour of PMMA/PTFPMA blends was investigated in a previous 

study15. It was found that the polymers form a homogenous blend over the entire 

composition range, as seen in its phase diagram in Figure 4.2. Phase separation only 

occurs at elevated temperatures.  
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Figure 4.2:  Phase diagrams of PMMA/PTFPMA blends: ( ) Glass transition temperatures of the 

blends (the dashed curve represent the Fox relation16); ( ) cloud points of blends of 

PMMA (Mw=100 kg/mol) and PTFPMA (MW=100 kg/mol); (▲) cloud points of blends of 

PMMA (Mw=100 kg/mol) and PTFPMA (MW=220 kg/mol). The solid curves are the 

spinodal curves15. 

 

Some attempts were also made to investigate the phase behaviour of blends of 

PTFEMA and PTFPMA. Unfortunately, due to the small refractive index difference 

between PTFEMA and PTFPMA (∆n = 0.007) phase separation cannot be observed 

optically in these blends. Furthermore, since the difference in Tg between both 

components is relatively small (∆Tg = 4°C) DSC measurements using a standard 

procedure could not unambiguously determine whether a blend possessed a single Tg.  

For the time being it is assumed that this blend is miscible. A more detailed 

investigation is performed on the blend of deuterated PTFEMA and PTFPMA in the next 

section. It is assumed that the phase behaviour for that blend also represents the phase 

behaviour of the protonated blend. 

 

4.3.2 Phase behaviour of the deuterated model systems 
 

In one component of each system hydrogen is replaced by deuterium to obtain 

sufficient contrast between both polymers for the small-angle neutron scattering (SANS) 

experiments. Thus blends of deuterated poly(methyl methacrylate) (PMMA-d8) and 

poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA), as well as blends of the latter 
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polymer with deuterated poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA-d7) were 

prepared.  

No suitable solvent was found that dissolved both PMMA-d8 and PTFPMA equally 

well. Casting of the solution and evaporation of the solvent resulted in an inhomogeneous 

blend of both polymers. Therefore, an alternative route to prepare homogeneous blends 

was worked out. Depending on the composition, either PMMA-d8 or PTFPMA was 

completely dissolved in the monomer of the counter component and subsequently 

polymerised as described in the experimental section. The phase behaviour of the 

resulting optically clear blends was investigated and the glass transition and cloud point 

temperatures are shown in Figure 4.3. For the prepared compositions of the blend a 

single glass transition temperature was observed, indicating that the polymers are 

homogeneously mixed on a molecular scale. Furthermore, the glass transition 

temperatures follow the Fox-equation as shown in Figure 4.3.  

Figure 4.3:  Phase diagram of PMMA-d8/PTFPMA blends: ( ) Glass transition temperatures of the 

blends (the dashed curve represents the Fox relation16) and ( ) cloud points of the 

blends as a function of the volume fraction PTFPMA (ϕϕϕϕPTFPMA).  

 

The cloud point temperatures are on average somewhat higher than observed for 

the blend of protonated PMMA and PTFPMA (see Figure 4.2). Unfortunately, the in-situ 

polymerisation method did not provide a precise control over the polymerisation such 

that identical molecular weights for all components of the resulting blends were produced 

(see Table 4.2). The variation in molecular weights between the samples influences the 
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phase separation temperature and must be considered when comparing the cloud point 

temperatures. More importantly, accurate measurements of the cloud point temperatures 

were complicated by the formation of bubbles in the sample during heating, especially 

above 200°C. As a result, the accuracy of the obtained cloud point temperatures is 

limited. Therefore, it is reasonable to assume that the lower critical solution temperature 

(LCST) shows a constant value over a large part of the composition range, similarly to 

what is the case for the hydrogenated blend in Figure 4.1. This implies that PMMA-d8 and 

PTFPMA are miscible up to a temperature of approximately 225°C but phase separate 

above that temperature. Concluding, deuteration of PMMA to a large extent does not 

affect its miscibility with PTFPMA. The increase of the LCST by approximately 25°C 

might even imply a somewhat increased miscibility. 

 

Table 4.2: The volume fraction of PTFPMA (ϕϕϕϕ) in the PMMA-d8/PTFPMA blends, and weight average 

molecular weight for PMMA-d8 [Mw (1)] and PTFPMA [Mw (2)] prepared via the in-situ 

polymerisation technique. 

Polymer 1 Polymer 2 
ϕ 

[-] 

Mw (1) 

[kg·mol-1] 

Mw (2) 

[kg·mol-1] 

PMMA-d8 PTFPMA 0.17 570 100 

PMMA-d8 PTFPMA 0.27 430 100 

PMMA-d8 PTFPMA 0.50 170 120 

PMMA-d8 PTFPMA 0.60 170 120 

PMMA-d8 PTFPMA 0.70 170 120 

 

Blends of PTFEMA-d7 and PTFPMA, prepared via solvent casting from 

tetrahydrofuran were optically transparent. Oudhuis8 showed that phase phenomena in 

blends of polymers with nearly equal glass transition temperatures, could still be resolved 

based on the difference in enthalpy recovery peaks of the pure components. Phase 

separated polymer blends showed a bimodal relaxation peak, while homogeneously mixed 

systems showed a single peak. Therefore, enthalpy relaxation experiments were carried 

out according to the method by Oudhuis that is described in the experimental section. 

Unfortunately, the relaxation peaks of both PTFEMA-d7 and PTFPMA overlapped almost 

completely. Therefore, no distinction could be made between a homogeneously mixed 

and a phase separated system based on their relaxation peaks. Hence, a different DSC 

technique was applied to determine the phase behaviour of the PTFEMA-d7/PTFPMA 

blends. 

The sensitivity of a DSC measurement, i.e. its ability to detect a transition, is 

improved by either increasing the sample size, heating rate or both. However, in both 
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cases the transition broadens and the resolution is decreased. Therefore, temperature 

modulated DSC (TMDSC) experiments were conducted. In a TMDSC experiment the 

sample is subjected to an oscillatory heating ramp that results in increased instantaneous 

heating rates which in turn increases the sensitivity. Simultaneously the resolution is 

improved by using a slow underlying average heating rate17,18.  

With the application of TMDSC, it is possible to distinguish a single glass 

transitions temperature in a blend of PTFEMA-d7 and PTFPMA. Therefore, it is 

concluded that, as expected, PTFEMA-d7 and PTFPMA form a homogeneously miscible 

blend. The glass transition temperatures that were measured are shown in Figure 4.4.  

Figure 4.4:  Glass transition temperatures of PTFEMA-d7/PTFPMA blends (the dashed curve represent 

the Fox relation16).  

 

It is observed that the glass transition temperatures show a deviation from the Fox-

relationship. Deviating behaviour from simple additivity rules is reported in literature 

before and attributed to specific interactions in the system19. No explanation was found 

for the  observed trend in the glass transition temperature in this particular system. 

 

4.3.3 Small-angle neutron scattering of poly(methyl methacrylate) / 
poly(2,2,3,3-tetrafluoropropyl methacrylate) 

 

Small-angle neutron scattering experiments were performed for five compositions 

of the PMMA-d8/PTFPMA blends (with volume fractions PTFPMA ϕ = ϕPTFPMA = 0.17, 

0.27, 0.50, 0.60 and 0.70). In Figure 4.5, the coherent scattering cross sections for the 

various compositions of the PMMA-d8/PTFPMA blends are shown at room temperature.  
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Figure 4.5:  Coherent scattering cross section of PMMA-d8 / PTFPMA blends  at room temperature; 

 ϕϕϕϕ = 0.70 ( ), ϕϕϕϕ = 0.60 ( ), ϕϕϕϕ = 0.50 ( ),  ϕϕϕϕ = 0.27 ( ) and  ϕϕϕϕ = 0.17  ( ). 

 

Rather unexpectedly, two distinct scattering regimes are observed at low and 

intermediate scattering vector q in all compositions except for ϕ = 0.27, implying that two 

length scales are present in these blends. The effect was most clearly observed in the 

blends containing 50 and 60 vol% PTFPMA. The latter composition is shown separately 

in Figure 4.6.  

0.01 0.1

0.1

1

10

 

 

(d
σ/

dΩ
)(

q)
 [c

m
-1

]

q [Å-1]

 
Figure 4.6:  Coherent scattering cross section of PMMA-d8/PTFPMA 40/60 v/v blend at 25°C showing 

the excess scattering at low q. The solid line is a fit by a combined Ornstein-Zernike and 

Debye-Bueche model. 
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The excess scattering at low q cannot be decreased by annealing at 160°C, i.e. more than 

80°C above Tg, for several hours in a nitrogen atmosphere before measuring.  

The temperature dependence of the two separate scattering regimes was further 

investigated to elucidate their physical origin.  
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Figure 4.7: Coherent scattering cross section of PMMA-d8/PTFPMA 40/60 v/v blend at various 

temperatures; 25°C ( ), 160°C ( ), 170°C ( ), 180°C ( ), 190°C ( ) and 30°C after 

measurements at the aforementioned temperatures (  ). 

 

SANS measurements were carried out at temperatures ranging from room 

temperature to 190°C. The results for a blend comprising 60 volume percent PTFPMA 

are shown in Figure 4.7. They reveal that the excess scattering at low q, remains almost 

unchanged over a large temperature range. The height of the plateau, increases with 

increasing temperatures, which is caused by increasing compositional fluctuations since 

the lower critical solution temperature is approached. Therefore, it is assumed that even 

though the excess scattering at low q is a relevant part of the scattering behaviour of the 

system, the thermodynamic information such as the miscibility behaviour and the 

interaction parameter, can be deduced exclusively from the part of the coherent scattering 

curve that reaches a plateau at the intermediate q-regime. 

 
The coherent scattering curves for a blend of PMMA-d8 and PTFPMA comprising 

27 volume percent PTFPMA (Figure 4.8) were described accurately and completely by the 

Ornstein-Zernike model alone. The scattering cross section reaches a constant plateau 

value for small scattering vectors.  
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Figure 4.8:  Coherent scattering cross section of PMMA-d8/PTFPMA 73/27 v/v blend at various 

temperatures; 30°C ( ), 160°C ( ), 170°C ( ), 180°C ( ) and 190 °( ). The solid line 

is a fit by the Ornstein-Zernike model. 

 

All other samples were fit using the combined Ornstein-Zernike and Debye-

Bueche model presented in equation (3.7). Figure 4.6 shows an example of the fit of the 

experimental data with the combined Ornstein-Zernike and Debye-Bueche model for the 

sample comprising 60 vol% PTFPMA. This investigation will at first focus on the part of 

the scattering curve that can be described by the Ornstein-Zernike model. Table 4.3 shows 

the Ornstein-Zernike parameters for blends of PMMA-d8 and PTFPMA obtained from 

these curve fits.  

 

From Table 4.3 one sees that the scattering cross section at zero angle and the 

correlation length of the system increase with increasing temperature. This was already 

observed by the increase in the height of the plateau in the examples in Figure 4.7 and 

Figure 4.8 with increasing temperature. The increased scattering is a result of stronger 

thermal concentration fluctuations, when the lower critical solution temperature (LCST) 

is approached (see Figure 4.3). 
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Table 4.3: The volume fraction of PTFPMA (ϕϕϕϕ), temperature (T), degree of polymerisation (zi), 

scattering cross section at q=0 (dσσσσ/dΩΩΩΩ(0)) and the correlation length (ξξξξ) obtained from 

the Ornstein-Zernike fit of the data and calculated Flory-Huggins interaction parameter 

(χχχχFH) for  the PMMA-d8/PTFPMA blends. 

Polymer 1 Polymer 2 
ϕ 

[-] 

T 

[K] 

z1 

[-] 

z2 

[-] 

dσ/dΩ(0) 

[cm-1] 

ξ 

[Å] 

χFH 

[-] 

PMMA-d8 PTFPMA 0.17 298 5278 737 2.64 11 -0.04667

PMMA-d8 PTFPMA 0.17 303 5278 737 2.74 14 -0.04482 

PMMA-d8 PTFPMA 0.17 433 5278 737 5.88 17 -0.01896 

PMMA-d8 PTFPMA 0.17 443 5278 737 7.04 19 -0.01494 

PMMA-d8 PTFPMA 0.17 453 5278 737 8.49 22 -0.01168 

PMMA-d8 PTFPMA 0.17 463 5278 737 10.3 26 -0.00891 

PMMA-d8 PTFPMA 0.27 303 4009 737 3.09 10 -0.04074 

PMMA-d8 PTFPMA 0.27 433 4009 737 6.90 15 -0.01679 

PMMA-d8 PTFPMA 0.27 443 4009 737 8.60 17 -0.01295 

PMMA-d8 PTFPMA 0.27 453 4009 737 11.32 20 -0.00920

PMMA-d8 PTFPMA 0.27 463 4009 737 14.69 24 -0.00649

PMMA-d8 PTFPMA 0.50 298 1574 877 1.81 8 -0.07228 

PMMA-d8 PTFPMA 0.60 298 1574 877 1.81 6 -0.07232 

PMMA-d8 PTFPMA 0.60 303 1574 877 1.87 7 -0.06994

PMMA-d8 PTFPMA 0.60 433 1574 877 4.17 10 -0.03041 

PMMA-d8 PTFPMA 0.60 443 1574 877 4.27 11 -0.02965 

PMMA-d8 PTFPMA 0.60 453 1574 877 4.61 12 -0.02733 

PMMA-d8 PTFPMA 0.60 463 1574 877 5.56 13 -0.02236 

PMMA-d8 PTFPMA 0.70 303 1574 877 2.00 9 -0.06515 

PMMA-d8 PTFPMA 0.70 433 1574 877 3.78 13 -0.03359 

PMMA-d8 PTFPMA 0.70 443 1574 877 4.23 14 -0.02982 

PMMA-d8 PTFPMA 0.70 453 1574 877 4.97 15 -0.02510 

PMMA-d8 PTFPMA 0.70 463 1574 877 6.14 17 -0.01996 

 

In Chapter 2 the relation between the scattering cross section at zero angle and the 

free enthalpy of mixing was introduced. This relation can be rewritten to the form shown 

in equation (4.1) to demonstrate the relationship between the reciprocal value of the 

scattered intensity at zero angle and the reciprocal value of the temperature. 
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A plot of the reciprocal value of the scattering cross section at zero angle versus the 

reciprocal value of the absolute temperature is shown in Figure 4.9.  
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Figure 4.9:  Reciprocal value of the scattering cross section at q=0 of PMMA-d8/PTFPMA blends 

plotted versus the reciprocal value of the absolute temperature. Solid lines are linear fits 

of the data to extrapolate to dσσσσ/dΩΩΩΩ(0)-1= 0;  ϕϕϕϕPTFPMA = 0.17 ( ), ϕϕϕϕPTFPMA = 0.27 ( ) and 

ϕϕϕϕPTFPMA = 0.7 ( ). 

 

A linear relation is fitted through the measured points. In this fit the values 

measured at room temperature are ignored because for all systems this temperature is 

well below the glass transition temperature and therefore at non-equilibrium conditions. 

At the spinodal temperature, the second derivative of the free enthalpy to the 

composition becomes equal to zero. Therefore, as an approximation the spinodal 

temperature of the system is determined from an extrapolation of the fit to the reciprocal 

temperature for which [(dσ/dΩ )OZ(q=0)]-1 = 0. The results of these extrapolations are 

shown in Table 4.4. 
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Table 4.4: Spinodal temperatures derived from the extrapolation in Figure 4.9 and cloud point 

temperatures from light scattering data. 

Polymer 1 Polymer 2 
ϕ2 

[-] 

Tspinodal 

[°C] 

Tcloud 

[°C] 

PMMA-d8 PTFPMA 0.17 237 ± 37 225 

PMMA-d8 PTFPMA 0.27 220 ± 53 230 

PMMA-d8 PTFPMA 0.70 247 ± 60 230 

 

The spinodal temperatures are satisfactory consistent with the experimental values 

obtained from cloud point measurements and this despite the limited number of data 

points and the extrapolation over a large temperature range. The spread in data points for 

a blend containing 60 volume percent PTFPMA was such that a reliable fit through the 

experimental data could not be obtained. 

 

Using the scattering cross section at zero scattering angle obtained from the 

Ornstein-Zernike part of the model, [dσ/dΩ (0)]OZ, it was possible to calculate a Flory-

Huggins interaction parameter from the experimental data. 
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In Table 4.5 and Table 4.6 the parameters which are needed for the calculation of 

the scattering length densities (ai) and subsequently the contrast factor (bv
2) for the model 

system are tabulated.  

 

Table 4.5:  Volume of the polymer repeating unit (vi), polymer density (ρρρρ), molar mass of the 

repeating unit (Mm), coherent scattering length  (ΣΣΣΣbi) and calculated scattering length 

density (ai) for the polymers of the model systems.  

Polymer 
vi ·1024 

[cm3] 

ρ 

[g·cm-3] 

Mm 

[g·mol-1] 

Σbi · 1012 

[cm] 

ai 

[1010 cm-2] 

PMMA-d8 150.7 1.190 108 9.821 6.517 

PTFPMA 222.0 1.496 200 5.103 2.299 

PTFEMA-d7 200.0 1.453 175 11.53 5.765 
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Table 4.6: Scattering length densities (ai) and calculated contrast factors (bv
2) for PMMA-d8/PTFPMA 

and PTFEMA-d7/PTFPMA blends. 

Polymer 1 Polymer 2 
a1 

[1010 cm-2] 

a2 

[1010 cm-2] 

bv
2 

[1020 cm-4] 

PMMA-d8 PTFPMA 6.517 2.299 17.79 

PTFEMA-d7 PTFPMA 5.765 2.299 12.01 

 

The reference volume (v0) is set equal to the smallest polymer repeating unit in the 

system. In the case of the PMMA-d8/PTFPMA model system this is the PMMA-d8 

repeating unit. The resulting χFH-parameter, for various temperatures and compositions 

is tabulated in Table 4.3. The calculated interaction parameters are all relatively large and 

negative which indicates that a good miscibility is obtained in the polymer blend.  

In Figure 4.10 the Flory-Huggins interaction parameter of the PMMA-

d8/PTFPMA blends is plotted versus the volume fraction of PTFPMA for different 

temperatures above the glass transition temperature of the blend.  
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Figure 4.10:  Calculated values of the Flory-Huggins interaction parameter (χχχχFH) of PMMA-d8 / PTFPMA 

blends as a function of volume fraction and temperature; 160°C ( ), 170°C ( ), 180°C 

( ) and 190°C ( ). 

 

It is observed that for each concentration separately a similar relation between χFH 

and temperature is obtained. Furthermore, it is observed that the interaction parameter is 

not independent of concentration, which was the assumption for using the Flory-Huggins 

description of the interaction parameter. Therefore, a concentration dependent 

interaction parameter should be applied. However, in view of the limited number of data 
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points available, it was not reasonable to derive the concentration dependence from the 

experimental data. 

 

4.3.4 Small-angle neutron scattering of poly(2,2,2-trifluoroethyl 
methacrylate)/poly(2,2,3,3-tetrafluoropropyl methacrylate)  

 

Three compositions (ϕPTFPMA = 0.25, 0.50 and 0.74) of a blend of deuterated 

poly(2,2,2-trifluoroethyl methacrylate) and poly(2,2,3,3-tetrafluoropropyl methacrylate) 

(PTFEMA-d7/PTFPMA), were investigated using small-angle neutron scattering. The 

coherent scattering cross sections that were obtained from these samples are shown in 

Figure 4.11 as a function of concentration and temperature.  

Figure 4.11:  Coherent scattering cross sections of the PTFEMA-d7/PTFPMA model system showing the 

excess scattering at low q: a) at 25°C as a function of composition, ϕϕϕϕPTFPMA = 0.25 ( ), 

ϕϕϕϕPTFPMA = 0.50 ( ) and ϕϕϕϕPTFPMA = 0.74 ( ); b) for ϕϕϕϕPTFPMA = 0.74, as a function of 

temperature, 25°C ( ), 85°C ( ), 115°C ( ) and 165°C  ( ) .  

 
All concentrations showed a strong increase in scattering at low q-values. 

Therefore, it was attempted to use the combined Ornstein-Zernike and Debye-Bueche 

model to fit the experimental data. However, it was not possible to obtain a definite fit of 

the scattering curve of the PTFEMA-d7/PTFPMA model systems. The  parameters of the 

Debye-Bueche part of the model are highly correlated and values for the scattering cross 

section at zero scattering angle and correlation length did not converge to a unique 

solution. Since the Ornstein-Zernike parameters were only slightly influenced by the total 

fit of the curve, an arithmetic average was determined of these parameters, using 

different starting values or by setting one of the Debye-Bueche parameters to a constant 

value during the iteration process. The poor curve fitting of the Debye-Bueche part of the 

scattering curve has to be attributed to the limited number of data points in the low q-
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range available at the LOQ instrument at ISIS. For a more reliable fit of the total 

scattering curve, measurements at even lower scattering vector need to be carried out. 

The parameters of the Ornstein-Zernike part of the model obtained from the fit of 

the coherent scattering cross sections are given in Table 4.7 for the various concentrations 

and temperatures that were measured.  

 

Figure 4.11 shows that the scattering behaviour of the PTFEMA-d7 / PTFPMA 

model system is hardly dependent on composition or temperature over the range 

measured in this study, which is also confirmed by the Ornstein-Zernike parameters for 

these systems. The values for the scattering cross section at zero angle and the correlation 

length are almost indistinguishable over the temperature and composition range 

measured.  

 
Table 4.7: The volume fraction of PTFPMA (ϕϕϕϕ), temperature (T), degree of polymerisation (zi), 

scattering cross section at q=0 (dσσσσ/dΩΩΩΩ(0)) and the correlation length (ξξξξ) from an 

Ornstein-Zernike fit and calculated Flory-Huggins interaction parameter (χχχχFH) for  the 

PTFEMA-d7/PTFPMA model system. 

Polymer 1 Polymer 2 
ϕ 

[-] 

T 

[K] 

z1 

[-] 

z2 

[-] 

dσ/dΩ(0)

[cm-1] 

ξ 

[Å] 

χFH 

[-] 

PTFEMA-d7 PTFPMA 0.25 298 686 555 1.84 26 ± 3 -0.06055 

PTFEMA-d7 PTFPMA 0.25 358 686 555 1.93 28 ± 3 -0.05761 

PTFEMA-d7 PTFPMA 0.25 388 686 555 1.71 26 ± 3 -0.06566 

PTFEMA-d7 PTFPMA 0.25 438 686 555 1.03 20 ± 3 -0.11241 

PTFEMA-d7 PTFPMA 0.50 298 686 555 1.64 24 ± 3 -0.07002 

PTFEMA-d7 PTFPMA 0.50 358 686 555 1.65 24 ± 1 -0.06936 

PTFEMA-d7 PTFPMA 0.50 388 686 555 1.55 24 ± 2 -0.07424 

PTFEMA-d7 PTFPMA 0.50 438 686 555 1.00 20 ± 2 -0.11642 

PTFEMA-d7 PTFPMA 0.74 298 686 555 1.19 22 ± 3 -0.09692 

PTFEMA-d7 PTFPMA 0.74 358 686 555 1.19 23 ± 2 -0.09692 

PTFEMA-d7 PTFPMA 0.74 388 686 555 1.08 22 ± 2 -0.10688 

PTFEMA-d7 PTFPMA 0.74 438 686 555 0.74 19 ± 2 -0.15926 

 
Analogously to the treatment of the data of the first model system in Figure 4.9, 

the reciprocal value of the scattering cross section of the blends of PTFEMA-d7 and 

PTFPMA, is plotted versus the reciprocal temperature in Figure 4.12.  
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Figure 4.12:  Reciprocal value of the scattering cross section at q=0 of PTFEMA-d7/PTFPMA blends 

plotted versus the reciprocal value of the absolute temperature as a function of 

composition;  ϕϕϕϕPTFPMA = 0.25 ( ), 0.50 ( ) and 0.74 ( ). 

 

Excluding the non-equilibrium values measured below Tg (not depicted) a 

decreasing value for [dσ/dΩ(0)]-1 with decreasing temperature is observed. The relatively 

large errors on the data points and the limited amount of data points make an 

extrapolation to obtain a spinodal temperature unjustifiable. Moreover, from the available 

data it cannot be concluded whether a spinodal temperature exists at all for this systyem. 

This implies that the PTFEMA-d7/PTFPMA system does not phase separate under the 

influence of temperature fluctuations. 

  

The values for the Flory-Huggins interaction parameter, calculated according to 

equation (4.2), are smaller than for the blends comprising PMMA-d8, as can be observed 

by comparing their values in Table 4.3 and Table 4.7. The larger negative Flory-Huggins 

interaction parameter implies an enhanced miscibility. Moreover, the interaction 

parameters tend to decrease systematically with increasing temperature in the measured 

temperature range (see Figure 4.13), implying increasing miscibility with increasing 

temperature. That is the exact opposite of the previous model system. 
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Figure 4.13:  Calculated values of the Flory-Huggins interaction parameter (χχχχFH) of the PTFEMA-d7 / 

PTFPMA model system as a function of volume fraction and temperature; 85°C ( ), 115°C 

( ) and 165°C ( ). 

 

4.3.5  Attenuation due to scattering by compositional fluctuations 
  
From the scattering results of the blends it is evident that the scattering shows two 

distinct regimes, one at low q, that is described by a Debye-Bueche approximation and 

one at intermediate q that is described by the Ornstein-Zernike model. Therefore, also the 

attenuation caused by scattering is divided up into two contributions. The first 

contribution is scattering loss caused by concentration fluctuations, as described solely by 

the Ornstein-Zernike model. The second is the total scattering loss of the system, 

described by the total scattering curve, i.e. a combination of the Ornstein-Zernike and 

Debye-Bueche model.  

 

The parameters required to calculate the optical loss due to Rayleigh scattering 

caused by concentration fluctuations in the PMMA-d8/PTFPMA (∆n = 0.068) and 

PTFEMA-d7/PTFPMA (∆n = 0.007) and the optical losses themselves are shown in Table 

4.8 and Table 4.9 respectively.  
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Table 4.8: The volume fraction of PTFPMA (ϕϕϕϕ), refractive index (n), scattering cross section at q=0 

([dσσσσ/dΩΩΩΩ(0)]OZ) and correlation length (ξξξξOZ) obtained from an Ornstein-Zernike fit of the 

scattering data and calculated optical loss due to concentration fluctuations (ααααc ) at 650 

nm for the PMMA-d8/PTFPMA model system at room temperature; v0 = 150.7 · 10-24 cm3, 

∆∆∆∆n = 0.068. 

Polymer 1 Polymer 2 
ϕ 

[-] 

n 

[-] 

[dσ/dΩ(0)]OZ 

[cm-1] 

ξOZ 

[Å] 

αc 

[dB·km-1] 

PMMA-d8 PTFPMA 0.17 1.4782 2.74 14 94 

PMMA-d8 PTFPMA 0.27 1.4713 3.09 10 105 

PMMA-d8 PTFPMA 0.50 1.4556 1.81 8 60 

PMMA-d8 PTFPMA 0.60 1.4488 1.87 7 62 

PMMA-d8 PTFPMA 0.70 1.4421 2.00 9 65 

 

The Rayleigh scattering losses due to density fluctuations in pure PMMA and 

PTFPMA were determined in previous studies via light and small-angle X-ray scattering 

and were approximately 9 and 4 dB·km-1 respectively15,20. As was assumed, the scattering 

losses due to concentration fluctuations in a blend of these two polymers is much higher 

than the scattering losses due to concentration fluctuations. 

 

Table 4.9: The volume fraction of PTFPMA (ϕϕϕϕ), refractive index (n), scattering cross section at q=0 

([dσσσσ/dΩΩΩΩ(0)]OZ) and correlation length (ξξξξOZ) obtained from an Ornstein-Zernike fit of the 

scattering data and calculated optical loss due to concentration fluctuations (ααααc ) at 650 

nm for the PTFEMA-d7/PTFPMA model system at room temperature; v0 = 200 · 10-24 cm3, 

∆∆∆∆n = 0.007. 

Polymer 1 Polymer 2 
ϕ 

[-] 

n 

[-] 

[dσ/dΩ(0)]OZ

[cm-1] 

ξOZ 

[Å] 

αc 

[dB·km-1] 

PTFEMA-d7 PTFPMA 0.25 1.4182 1.84 26 0.9 

PTFEMA-d7 PTFPMA 0.50 1.4195 1.64 24 0.8 

PTFEMA-d7 PTFPMA 0.74 1.4207 1.19 22 0.6 

 

The scattering loss due to concentration fluctuations for the system with the 

lowest refractive index mismatch (PTFEMA-d7/PTFPMA) is approximately two orders of 

magnitude smaller than that of the system of PMMA-d8/PTFPMA.  

Furthermore, it is shown that the scattering loss due to concentration fluctuations 

in both systems seems to decrease with increasing amount of PTFPMA in the system, 

which cannot be solely attributed to a decrease in refractive index, since in the model 

system based on PTFEMA-d7, PTFPMA is the higher refractive index component. From 

Table 4.3 and Table 4.7 it also becomes clear that on average the correlation lengths and 
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interaction parameters in systems containing high volume fractions PTFPMA are 

smaller, indicating a better miscibility.  

 

4.3.6  Attenuation by the total scattering curve 
 

The experimentally recorded scattering curves showed additional scattering at low 

q-values, implying that two length scales are present in the samples. This is supported by 

the difference in the values of the correlation lengths for the PMMA-d8/PTFPMA blends 

of both the Ornstein-Zernike (ξOZ ≈ 10 Å) as well as the Debye-Bueche (59 ≤ ξDB ≤ 149 Å) 

part of the scattering curves (see Table 4.8 and Table 4.10 respectively). Larger correlation 

lengths indicate that fluctuations in the systems extend over larger distances. However, 

the correlation length does not show the true size of the fluctuations in the system but is 

only a measure, that is used in the correlation function γ(r) (see Chapter 2). Ornstein and 

Zernike21 and Debye and Bueche22 defined descriptions for the correlation function 

(equation (4.3) and (4.4) respectively). 
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In Figure 4.14 the correlation functions of equations (4.3) and (4.4) are plotted versus the 

range (r) over which the fluctuations are correlated in a system of PMMA-d8 and 

PTFPMA at room temperature. 

In Figure 4.14 a representative value for ξOZ and the minimum and maximum 

values for ξDB determined from the curve fits of dσ/dΩ (q) of PMMA-d8/PTFPMA blends 

are used to plot the respective correlation functions. It is noticed that the fluctuations of 

the concentration (Ornstein-Zernike) only extend up to several tens of Ångströms, but 

that the size of the heterogeneities that cause the scattering at small q values can extend 

up to approximately 800 Å. 
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Figure 4.14:  Correlation functions γγγγ( r ) according to Ornstein and Zernike () and Debye and Bueche 

(---) for the PMMA-d8/PTFPMA system; the applied values for the correlation lengths are 

plotted in the figure. 

 

This scattering at small q, i.e. larger wavelengths is especially important in the 

visible wavelength region and therefore cannot be ignored. In Table 4.10 the parameters 

of the fit of the excess scattering at low q-values by the Debye-Bueche model are shown 

for  the PMMA-d8/PTFPMA system.  Together with the parameters tabulated in Table 4.8 

for the Ornstein-zernike part of the curve fit the total scattering loss of the model system 

is calculated.  
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In Table 4.10 the total scattering loss based on equation (4.5) is shown. It is 

observed that the total scattering loss (i.e. Ornstein-Zernike plus Debye-Bueche) can 

become very large because of the excess scattering at low q. Unfortunately, it was not 

possible to conduct a similar calculation for the blends of PTFEMA-d7 and PTFPMA since 

[dσ/dΩ(0)]DB and ξDB could not be determined. 
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Table 4.10: The composition (ϕϕϕϕ), refractive index (n), scattering cross section at q=0 ([dσσσσ/dΩΩΩΩ(0)]DB) 

and correlation length (ξξξξDB) obtained from a  Debye-Bueche fit of the excess scattering at 

low q and total scattering loss (ααααs ) calculated by equation (4.5) at 650 nm of the PMMA-

d8/PTFPMA model system at room temperature; v0 = 150.7 · 10-24 cm3, ∆∆∆∆n = 0.068. 

Polymer 1 Polymer 2 
ϕ 

[-] 

n 

[-] 
[dσ/dΩ(0)]DB 

[cm-1] 

ξDB 

[Å] 

αs 

[dB·km-1] 
PMMA-d8 PTFPMA 0.17 1.4782 6.72 59 335 

PMMA-d8 PTFPMA 0.50 1.4556 25.65 114 873 

PMMA-d8 PTFPMA 0.60 1.4488 29.9 149 971 

PMMA-d8 PTFPMA 0.70 1.4421 2.65 82 150 

 

4.4   Discussion 
 

The scattering behaviour of two miscible polymer blends with a small and a large 

difference in refractive index mismatch between the constituents was investigated. 

Differential scanning calorimetric (DSC) measurements indicated that both model 

systems, i.e. deuterated poly(methyl methacrylate) (PMMA-d8) with poly(2,2,3,3-

tetrafluororpropyl methacrylate) (PTFPMA) and deuterated poly(2,2,2-trifluoroethyl 

methacrylate) (PTFEMA-d7) with PTFPMA are indeed  miscible. This result is confirmed 

by the large negative Flory-Huggins interaction parameters obtained from both blends via 

small-angle neutron scattering (SANS) measurements.  

However, these large negative interaction parameters cannot be explained from 

the chemical structure of the polymers. In fact, large negative Flory-Huggins interaction 

parameters are usually observed in systems containing specific intramolecular 

interactions such as hydrogen-bonds, which is not the case for this system. 

It was also shown that the calculated Flory-Huggins interaction parameters for the 

PMMA-d8/PTFPMA blend were dependent on the composition of the system. In the 

derivation of the original Flory-Huggins lattice theory, the interaction parameter is 

considered independent of the concentration.  

The experimental data were used to calculate the attenuation related to scattering 

by the polymer blends. Two separate approaches were used to calculate these losses based 

on respectively Ornstein-Zernike fits of part of the experimental data and on fits of the 

total scattering curves by a combined Ornstein-Zernike and Debye-Bueche model. In 

practice this corresponds to optical losses associated with scattering due to compositional 

fluctuations and the total scattering respectively.  The values of the optical loss at 650 nm 

due to concentration fluctuations for blends of PMMA-d8 and PTFPMA (60 – 100 

dB·km-1) are of the same magnitude as was found in previous studies of the protonated 

blend by small-angle light and X-ray scattering15 which illustrates that the optical losses 
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are independent of the scattering technique and are also not affected by deuteration of 

PMMA. The compositional scattering losses for the PTFEMA-d7/PTFPMA blends are 

extremely small (< 1 dB·km-1). Reducing the refractive index by approximately a factor 10, 

led to a reduction in excess scattering loss from 100 dB·km-1 to less than 1 db·km-1. Of 

course, these scattering losses are related to a small portion of the complete scattering 

curve and additional losses occur due to an excess scattering at small values of the 

scattering vector, indicating that also a larger length scale is present in these systems. 

Estimates indicate that the loss in some cases might increase by several hundreds of 

decibels per kilometre which shows that this excess scattering at low q-values has an 

enormous effect on the total scattering loss of the systems.  

The excess scattering at low q-values is independent of temperature and relatively 

unchanged by variations in the composition. Therefore, it is assumed that the excess 

scattering is not a result of thermodynamic fluctuations in the system. Of course, the 

scattering losses associated with this additional scattering were also not predicted by the 

theoretical models in Chapter 2. Presumably, a structure is present on a larger scale than 

the thermodynamic fluctuations with typical dimensions up to several hundreds of 

Ångströms. The excess scattering at low q-values is repeatedly reported in literature in 

both solid samples as well as polymer solutions23-25. Rather surprisingly, the physical 

origin of this excess scattering remains rather obscure both in the scientific literature and 

in the systems investigated here. Based on the experimental results one is tempted to 

conclude that these structure have a non-thermodynamic origin. The required annealing 

times to remove these structures can become extremely long since the diffusion 

coefficient of polymer chains is inversely proportional to the square of the molecular 

weight and therefore very small4,5. 

It is evident from the difficulties of obtaining an accurate fit of the data at low 

scattering angle that the q-range available at the LOQ instrument at ISIS could not 

provide all the information obtainable from the samples of the model systems. It is 

imperative to note that to obtain accurate values for the scattering cross section at zero 

angle and the correlation length, the scattering data should show a constant plateau value, 

which is not the case for the Debye-Bueche part of the model. Therefore, the values 

shown in Table 4.10 should be treated with some reserve. To obtain a decisive answer to 

what causes the excess scattering at lower q-values and the accurate calculation of its 

effect on the scattering loss, measurements at even lower scattering vector must be 

carried out, as they can be performed for instance on the D-11 instrument of the Institut 

Laue-Langevin in Grenoble, Francce. 
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4.5   Conclusions 
 

Small-angle neutron scattering  (SANS) experiments were conducted on polymer 

blends of deuterated poly(methyl methacrylate) (PMMA-d8) and poly(2,2,3,3-

tetrafluroropropyl methacrylate) (PTFPMA) and deuterated poly(2,2,2-trifluoroethyl 

methacrylate) (PTFEMA-d7) with PTFPMA. Both model systems showed single glass 

transition temperatures over their entire composition range, indicating that 

homogeneously miscible systems were obtained. The results of the SANS experiments on 

the model systems also showed that both blends form miscible mixtures over a broad 

range of compositions, indicated by large negative Flory-Huggins interaction parameters. 

The PMMA-d8/PTFPMA model system possesses a lower critical solution temperature 

that was demonstrated by both SANS experiments as well as independently carried out 

cloud point measurements. Both experiments were in good agreement and showed the 

demixing temperature to be located at approximately 225°C. The data obtained from the 

PTFEMA-d7/PTFPMA blend give no indication that a demixing region exists in this 

system.  

The scattering losses due to compositional fluctuations of the model systems were 

calculated from the fits of the experimental scattering data with the Ornstein-Zernike 

model for homogeneous binary mixtures. The scattering losses in the PMMA-d8 / 

PTFPMA model system were smaller than approximately 100 dB·km-1 while those of the 

PTFEMA-d7/PTFPMA model system were smaller than 1 dB·km-1. However, in the 

polymer blends, excess scattering existed at low values of the scattering vector (q), which 

unfortunately resulted in an increased scattering loss of the system. For the PMMA-

d8/PTFPMA system total scattering losses varying from 150 to almost 1000 dB·km-1 were 

calculated. No estimates of the total scattering loss in the PTFEMA-d7/PTFPMA model 

system could be made due to the limited number of data-points available at the low q-

range. On the other hand, it is obvious that the excess scattering at low q has a dramatic 

influence on the total optical loss which limits the practical usefulness of polymer blends 

in graded-index optical fibres. 
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5.1  Introduction 
 

An enormous research effort was devoted in the past to the production of graded-

index polymer optical waveguides in which the refractive index gradient originates from a 

gradient in chemical composition of a copolymer. For instance, the so-called 

photocopolymerisation1 and the interfacial-gel copolymerisation process2 were applied.  

In the photocopolymerisation process a mixture of two or more monomers with 

different refractive indices and reactivities are placed in a glass tube together with a 

photoinitiator for free-radical polymerisation. The glass tube is rotated along its axis while 

being illuminated by a UV-light source that is moved along the glass tube as shown 

schematically in Figure 5.1.  

 

Figure 5.1: Schematic representation of the photocopolymerisation process. 
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Polymerisation starts at the inner wall of the glass container and continues 

towards the centre of the tube with increasing radiation times until a completely solid rod 

is obtained. Due to the difference in monomer reactivity the most reactive monomer 

preferentially reacts in the early stages of the polymerisation, near the glass wall. With 

increasing conversion the copolymer composition changes and since the polymerisation 

takes place from the outside inwards, the polymer composition changes with radial 

position. Because of the differences in refractive index between the monomers, a change 

in composition over the diameter of the polymer rod, also implies a variation in refractive 

index with the radial position. 

The interfacial-gel copolymerisation process (depicted schematically in Figure 5.2) 

highly resembles the photocopolymerisation process with the difference that the glass 

tube is now replaced by a polymer tube.  

Figure 5.2: Schematic representation of the interfacial-gel copolymerisation process. 

 

Polymerisation takes place at elevated temperatures. The monomer mixture 

partially swells the inside of the polymer tube and forms a gel-phase. Due to the 

Trommsdorff effect the copolymerisation takes place faster in the gel-phase than in the 

solution. Again, the more reactive monomer is primarily consumed at the inner wall of 

the polymer tube and with increasing conversion and increasing wall thickness the 

composition of the formed copolymer will change. By carefully selecting the appropriate 

monomers with the correct reactivity ratios and refractive indices it is possible to obtain a 

parabolic-like refractive index gradient in a polymer preform3. 
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As was demonstrated in the previous examples the monomer reactivity is an 

important characteristic in the polymerisation induced diffusion processes. But it is also 

an important characteristic for the chemical composition, i.e. whether random 

copolymerisation is favoured and hence an expected low scattering level,  or whether the 

system tends to form larger block lengths of a single monomer and hence higher 

expected levels of light scattering. 

 

In this chapter, the effect of the compositional distribution on the scattering 

behaviour in copolymer systems is studied experimentally on the basis of model systems. 

Copolymers of methyl methacrylate (MMA) with either benzyl methacrylate (BzMA) or 

with benzyl acrylate (BzA) are investigated. These monomer combinations were selected 

as model systems because much is known about their copolymerisation behaviour with 

MMA and their reactivity ratios differ largely from each other, resulting in copolymers of 

completely different nature. 

Furthermore, the scattering losses obtained in these copolymer systems are 

compared with those obtained in the polymer blends of the previous chapter. Therefore, 

the scattering behaviour is studied of MMA and 2,2,3,3-tetrafluoropropyl methacrylate 

(TFPMA) as well as 2,2,2-trifluoroethyl methacrylate (TFEMA) and TFPMA. The 

scattering behaviour of these systems will also be compared to the results of the model 

copolymer systems. 

 

5.2  Theoretical  
  

The monomer reactivity is an important characteristic in a copolymerisation 

reaction and has a great influence on the properties of the resulting copolymer4. Consider 

a radical copolymerisation reaction between two different monomers M1 and M2. The 

various propagation reactions that can take place are schematically depicted in equation 

(5.1) where kij is the propagation rate constant for the polymerisation between Mi and Mj.  

 

•→+•
•→+•
•→+•
•→+•

1212

2222

2121

1111

21

22

12

11

MMMM
MMMM
MMMM
MMMM

k

k

k

k

 
(5.1) 

 

The reactivity ratios r1 and r2 are defined as the ratios of the propagation rate constants 

(equation (5.2)) and they are a measure for the tendency of homopolymerisation 

occurring over copolymerisation5,6.  
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When r1 > 1 self-propagation (reaction of M1 with M1) is more likely to occur than cross-

propagation (reaction of M1 with M2) while r1 < 1 denotes the opposite. 

If the reactivity ratios of a copolymerising system are known it is possible to 

predict the initial composition of the copolymer via the so-called copolymer composition 

equation5-7: 
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(5.3) 

 

Here, fi is the mole fraction of monomer i in the feed and Fi the mole fraction of 

monomer i in the copolymer. Some special cases for the reactivity ratios are 

distinguished. In the case that r1 = r2 = 1, there is no preference for either self-propagation 

or cross-propagation and a truly random copolymer is obtained. This is graphically shown 

in Figure  5.3 by the dotted line in which the mole fraction of monomer 1 in the feed (f1) is 

plotted versus the mole fraction of monomer 1 in the copolymer (F1).  
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Figure  5.3: Copolymer composition curves for various copolymer systems visualised via the variation 

of the mole fraction of monomer 1 in the copolymer (F1) versus the mole fraction of 

monomer 1 in the feed (f1); r1 = r2 = 1 (…), r1 = r2 = 0 () and r1 = 0.52, r2 = 0.46 (---). 
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For the case when both r1 and r2 are equal to one, the composition in the 

copolymer is always equal to the composition in the feed. In the case that r1 = r2 = 0, no 

homopolymerisation takes place and a perfectly alternating copolymer is made (the solid 

line in Figure  5.3). 

In the case that the reactivity ratios between the monomers differ, the monomer 

with the higher reactivity is preferentially incorporated in the polymer. The monomer 

composition in the feed and as a result the polymer composition changes with increasing 

conversion, a phenomenon known as composition drift. With increasing conversion the 

distribution of the chain composition becomes broader, leading to more heterogeneous 

copolymer systems. In the case that the copolymerisation schemes involve values for the 

reactivity ratios between 0 and 1 a so-called azeotropic composition exists where 

polymerisation can proceed to high conversion at constant copolymer composition. An 

example of a system possessing an azeotropic composition is the copolymerisation of 

styrene (Sty; M1) and methyl methacrylate (MMA; M2). The values for the reactivity ratios 

are r1 = 0.52 and r2 = 0.46 respectively and the azeotrope is located at approximately 53 % 

styrene contents, corresponding to the point where the copolymer composition curve 

crosses the line for the truly random copolymer indicated in Figure  5.37,8. Depending on 

the composition of the monomer feed a copolymer of styrene and methyl methacrylate 

shows a large difference in scattering loss, as is shown in Figure 5.48.  

 

 
Figure 5.4: Observed scattering loss depending on styrene-content in copolymer of MMA and Sty8. 

 

Except at the azeotropic composition, at which copolymers with a uniform 

composition are obtained, relatively large scattering losses occur. The excess scattering 

loss at other monomer feed ratios than the azeotropic composition, is related to the 
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broadening of the copolymer composition distribution that occurs due to composition 

drift. 

 

5.3   Experimental 
 

5.3.1  Materials 
 

Methyl-d3 methacrylate-d5 (MMA-d8) was supplied by Cambridge Isotope 

Laboratories, Andover (MA), USA. 2,2,3,3-Tetrafluoropropyl methacrylate (TFPMA) and 

2,2,2-trifluoroethyl-d2 methacrylate-d5 (TFEMA-d7) were supplied by ARC Laboratories 

B.V., Amsterdam, The Netherlands. Aldrich Chemical Company, Steinheim, Germany 

provided the benzyl methacrylate (BzMA) while the benzyl acrylate (BzA) was obtained 

from Polysciences Europe, Eppelheim, Germany. 

Prior to polymerisation 2,2,3,3-tetrafluoropropyl methacrylate, benzyl methacrylate 

and benzyl acrylate were passed over a polymerisation inhibitor remover column, 

followed by vacuum distillation. The other monomers were used as supplied. 

 

5.3.2   Polymer synthesis and sample preparation  
 

A solution of the monomers with di-tert-butyl peroxide (initiator, 0.5 – 0.75 wt%) 

and n-dodecanethiol (chain transfer agent (CTA), 0.5 – 0.75 wt%) was subjected to several 

freeze-thaw cycles to remove air. Polymerisation was performed in Teflon sealed glass 

ampoules under argon atmosphere at 90°C for a minimum period of 16 hours. 

Subsequently, the post-polymerisation was carried out for 24 hours at 20°C above the 

expected glass transition temperature (Tg) of the individual samples. All polymer samples 

were compression moulded into circular plates of approximately 1 mm thickness and 

cooled slowly to room temperature at elevated pressures to remove residual stresses.  

 

5.3.3  Characterisation 
 

The glass transition temperatures of the copolymers were determined using a 

Perkin Elmer Pyris-1 Differential Scanning Calorimeter (DSC). A heating rate of 

10°C·min-1 was used. The measurements were conducted under a constant airflow of 50 

ml·min-1. The glass transition temperature was determined as the temperature at which 

the heat capacity (Cp) is midway between the extrapolated baselines of the glassy and 

liquid state9. 

Elemental analyses (carbon and fluorine contents determination) were performed 

on the MMA-d8-co-TFPMA copolymers at the Stratingh Institute, department of 
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chemistry and chemical engeneering, cluster organic and molecular inorganic chemistry 

at the University of Groningen. A Euro-EA Elemental Analyzer was used to determine the 

carbon contents in the samples while, the fluorine contents was determined according to 

Schöniger combustion in combination with a fluorine sensitive electrode. 

Small-Angle Neutron Scattering (SANS) experiments were performed at the LOQ 

instrument of the ISIS pulsed spallation neutron source, Rutherford Appleton 

Laboratory, Chilton, UK. The specifications of the LOQ instrument and the procedure for 

data analysis for these experiments were identical to those described in Section 3.3.3. 

 

5.4  Results 
 

5.4.1  Characterisation of the copolymer systems 
 

The chemical structures of benzyl methacrylate and benzyl acrylate are shown in 

Figure 5.5 and some relevant properties of their respective polymers are given in Table 5.1. 
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Figure 5.5:  Chemical structures of the monomers of (I) benzyl acrylate (BzA) and (II) benzyl 

methacrylate (BzMA). 

 

Table 5.1:  Refractive index (n) and glass transition temperature (Tg) of poly(benzyl methacrylate) 

(PBzMA) and poly(benzyl acrylate) (PBzA) 3. 

Polymer 
n 

[-] 

Tg 

[°C] 

PBzMA 1.568 54 

PBzA 1.558 6 

 

The reactivity ratios for the monomeric units in the model systems are shown in Table 

5.2.  
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Table 5.2:  Monomer reactivity ratios for the copolymer model systems. 

M1-M2 r1 r2 

MMA - BzMA 0.93 1.05 

MMA -  BzA 2.53 0.31 

 

The reactivity ratios for MMA and BzMA are approximately equal and therefore result in 

a statistical copolymer, while based on their reactivity ratios a significant composition 

drift is expected in a copolymer of MMA and BzA. This is also evident from the 

copolymer composition curves of the model systems in Figure 5.6. 
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Figure 5.6: Copolymer composition (F1) versus the composition in the monomer feed (f1) for the 

copolymer model systems: MMA-BzMA r1 = 0.93, r2 = 1.05 (---) and MMA-BzA r1 = 2.53, r2 

= 0.31 (  ). 

 

Since small-angle neutron scattering (SANS) is applied to investigate the 

scattering behaviour of the copolymer systems, isotopic substitution of hydrogen with 

deuterium is again performed in one of the monomers. Copolymers comprising 80 

volume percent deuterated methyl methacrylate with benzyl methacrylate and benzyl 

acrylate respectively, were prepared according to the procedure outlined in Section 5.3.2. 

The resulting copolymers possessed glass transition temperatures of 98°C and 85°C 

respectively, which is in good agreement with the glass transition temperatures that are 

expected according to the Fox relation10. 

Copolymers of TFPMA with MMA-d8 and TFEMA-d7 respectively were also 

prepared with volume fractions of TFPMA of 0.20, 0.40, 0.60 and 0.80. The glass 
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transition temperatures of the MMA-d8-co-TFPMA copolymers are shown in Figure 5.7 as 

a function of the TFPMA-fraction in the feed and also follow the Fox-relationship. 
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Figure 5.7:  Glass transition temperatures of P(MMA-d8/TFPMA) copolymers ( ) (the solid line 

represents the Fox relation16). 

 

In Table 5.3 the results of the elemental analyses that were conducted on the 

MMA-d8-co-TFPMA polymers are shown.  

 

Table 5.3:  Theoretical expectations and results of the elemental analyses on copolymers of 

deuterated MMA and TFPMA as a function of the volume fraction TFPMA (ϕ)ϕ)ϕ)ϕ). 

 Theoretical Experimental 

ϕ 
[-] 

wt% C wt% F wt% C wt% F 

0 55.5 0 55.49 - 

0.2 52 9 50.43 9.25 

0.4 49 17 48.22 21.51 

0.6 47 25 47.07 24.90 

0.8 44 32 44.57 31.95 

1 42 38 42.07 38.24 

 

In this table the experimental values of the carbon (C) and fluorine (F) contents in 

the samples are compared to what is expected based on the recipe applied in its 

preparation. It is evident that expectations and experimental results are in close 
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agreement. Therefore, it is concluded that the composition of the copolymers is indeed as 

stated in the recipe. 

 

5.4.2   Small-angle neutron scattering 
 

Small-angle neutron scattering experiments were carried out on the copolymer 

systems that are introduced above. In Figure 5.8 scattering curves for the copolymers of 

MMA-d8 copolymerised in equal amount with respectively BzMA and BzA are shown.  
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Figure 5.8: Structure factors for copolymers of MMA-d8-co-BzA ( ) and MMA-d8-co-BzMA ( ) 

comprising 80 vol% MMA-d8. 

 

To make a direct comparison possible between the scattering of the two 

copolymers, the structure factor, S(q), is plotted instead of the coherent scattering cross 

section (dσ/dΩ(q)). The structure factor is obtained by dividing dσ/dΩ(q) by the contrast 

factor for neutrons (KN = v0·bv
2). The volume of the MMA-d8 repeating unit is chosen as 

the reference volume v0. The parameters required to calculate KN are given in Table 5.4 

and Table 5.5.  

The negative values obtained at the lowest q-values for the BzMA-copolymer 

system are most probably artefacts caused by the subtraction of the background signals.  
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Table 5.4:  Volume of the polymer repeating unit (vi), bulk polymer density (ρρρρ), molar mass (Mm), 

coherent scattering length  (ΣΣΣΣbi) and calculated scattering length density (ai) for the 

copolymer constituents.  

Repeating 

unit 

vi ·1024 

[cm3] 

ρ 

[g·cm-3] 

Mm 

[g·mol-1] 

Σbi · 1012 

[cm] 

ai 

[1010 cm-2] 

MMA-d8 150.7 1.190 108 9.821 6.517 

TFPMA 222.0 1.496 200 5.103 2.299 

TFEMA-d7 200.0 1.453 175 11.53 5.765 

BzA 229 1.17511 162 4.070 1.776 

BzMA 248 1.179 176 3.987 1.608 

 

Table 5.5: Scattering length densities (ai) and calculated contrast factors (bv
2) for copolymer 

systems comprising monomeric units M1 and M2. 

M1 M2 

a1 

[1010 cm-2] 

a2 

[1010 cm-2] 

bv
2 

[1020 cm-4] 

MMA-d8 TFPMA 6.517 2.299 17.79 

TFEMA-d7 TFPMA 5.765 2.299 12.01 

MMA-d8 BzA 6.517 1.776 22.48 

MMA-d8 BzMA 6.517 1.608 24.10 

 

A clear distinction can be made between the scattering behaviour of the two model 

copolymer systems. Since the reactivity ratios for MMA towards BzMA and vice versa are 

almost identical, the monomers react to high conversions in an equal ratio as present in 

the monomer feed. The resulting copolymer is of a very constant composition and 

scatters similarly as a single-component system, exhibiting almost solely density 

fluctuations.  

In the MMA-co-BzA system, MMA is consumed more rapidly than BzA. With 

increasing conversion, as the MMA in the monomer feed becomes depleted, the 

composition of the formed copolymer changes constantly towards a copolymer containing 

a relatively larger amount of BzA. Therefore, a more heterogeneous system is obtained. 

Due to the broad compositional distribution a large excess scattering caused by 

compositional fluctuations in the system is present and clearly visible in Figure 5.8 

Scattering curves for the MMA-d8-co-TFPMA and TFEMA-d7-co-TFPMA 

copolymers show a similar scattering behaviour as the MMA-d8-co-BzMA model system, 

which was not surprising since it was expected that random copolymers were formed12. 

The magnitude of the scattering cross section caused by compositional fluctuations is 

extremely small and independent of the scattering angle, indicating that the size of the 
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fluctuations in the system is small compared to the wavelength of the incident radiation. 

To illustrate this, the scattering cross section of copolymer systems comprising TFEMA-

d7 is shown as a function of the composition in Figure 5.9.  
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Figure 5.9: Structure factors for TFEMA-d7-co-TFPMA polymers as a function of the volume fraction 

TFPMA (ϕϕϕϕ); ϕϕϕϕ = 0.79 ( ), ϕϕϕϕ = 0.60 ( ), ϕϕϕϕ = 0.42 ( ) and ϕϕϕϕ = 0.18 ( ). 

 

Within error margins, which are not shown for reasons of clarity, the scattering 

intensity for all compositions are indistinguishable. A similar behaviour is observed for 

copolymers of MMA-d8 and TFPMA (not depicted). 
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Figure 5.10: Structure factor of (MMA-d8-co-TFPMA) ( ) and (TFEMA-d7-co-TFPMA) ( ) copolymers 

comprising 60 vol% TFPMA. 
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In Figure 5.10 the structure factors of copolymer systems of MMA-d8-co-TFPMA 

and TFEMA-d7-co-TFPMA with equal amount of TFPMA are shown. Also here it is 

observed that the scattering behaviour of both copolymers is identical. 

 
Finally a comparison is made between the structure factors of a copolymer of 

MMA-d8-co-TFPMA and a blend of PMMA-d8 and PTFPMA with a corresponding 

composition. As is observed from the presented structure factors in Figure 5.11, the 

scattering of the copolymer is significantly lower than for the blend.  Furthermore, the 

scattering of the copolymer is independent of the scattering angle, implying that no large 

scale scattering structures are present in these samples. At high values for the scattering 

vector q the two curves coincide which is expected since at high q, small sizes are probed 

in the system and as explained one examines the sizes of the polymer repeating units, 

which are equal in both systems. The scattering that remains in the copolymer system 

after subtraction of the scattering cross sections of the pure components to account for 

density fluctuations and incoherent scattering, is caused by the interactions between 

monomeric units of different species in the system. But for random copolymers such as 

poly(MMA-d8-co-TFPMA) this contribution is very small, probably because of the absence 

of long blocks of identical monomeric units in a random copolymer. 
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Figure 5.11: Coherent small-angle neutron scattering curves for PMMA-d8/PTFPMA blend 83/17 v/v 

( ) and P(MMA-d8-co-TFPMA) copolymer 80/20 v/v ( ); the inset shows a magnification 

of the q-axis. 

 

In order to quantify the influence of the various parameters, the scattering loss is 

determined. The scattering by the MMA-co-BzA model system (see Figure 5.8) is best 
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described by a combined Ornstein-Zernike and Debye-Bueche model that was presented 

in Chapter 3. The resulting parameters are shown in Table 5.6.  

 

Table 5.6: Parameters obtained by the fit of the combined Ornstein-Zernike and Debye-Bueche 

model to the coherent scattering curve of P(MMA-d8-co-BzA) 80/20 v/v and the resulting  

scattering loss at 650 nm, n = 1.503, ∆∆∆∆n = 0.068. 

 
[dσ/dΩ(0)] 

[cm-1] 

ξ 

[Å] 

α 
[dB·km-1] 

Ornstein-Zernike 1.12 28 31 

Debye Bueche 16.5 80 452 

Total scattering loss   483 

 

The refractive index difference in the copolymer system (∆n) is estimated as the 

difference in refractive index between both homopolymers. The scattering losses that are 

thus calculated are given in Table 5.6 divided up by the contribution of each model to the 

scattering loss. 

 

All other copolymers, i.e. MMA-d8-co-BzMA, MMA-d8-co-TFPMA and TFEMA-d7-

co-TFPMA, that show no signs of composition drift, exhibit a q-independent scattering 

over the range investigated in this study. The scattering behaviour of these copolymer 

systems can therefore best be characterised by a constant value of the scattering cross 

section. Since within error margins no distinction can be made between different 

compositions of MMA-d8-co-TFPMA and TFEMA-d7-co-TFPMA polymers, only a single, 

average value of the scattering cross section extrapolated to zero angle for each of these 

copolymers is shown in Table 5.7, to serve as an estimate of the scattering loss for these 

systems. To calculate the scattering loss for these latter two types of copolymers with the 

use of equation (5.4), the refractive index of a copolymer comprising a volume fraction of 

0.5 is assumed.  
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The scattering losses that were calculated from the parameters obtained from the 

fits of the coherent scattering curves, show a large distinction between the random 

copolymers of homogeneous composition and the heterogeneous system of MMA-d8-co-

BzA. The total scattering loss by compositional fluctuations in the latter system is 
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approximately 480 dB·km-1 at 650 nm, while that in the MMA-d8-co-BzMA copolymer is 

4 dB·km-1. 

 

Table 5.7: Volume fraction of monomer 2 (ϕϕϕϕ), extrapolated scattering cross section at q = 0 

(dσσσσ/dΩΩΩΩ(0)), refractive index difference (∆∆∆∆n), refractive index calculated according to the 

Lorentz-Lorenz equation13 and scattering losses at 650 nm calculated according to 

equation (5.4) (αααα) in copolymer systems. 

M1 M2 
ϕ 
[-] 

)0(
Ωd

dσ
 

[cm-1] 

∆n 

[-] 

n 

[-] 

α 

[dB·km-1] 

MMA-d8 BzMA 0.20 0.114 0.078 1.505 3.93 

MMA-d8 TFPMA (0.50) 0.070 0.068 1.456 2.32 

TFEMA-d7 TFPMA (0.50) 0.055 0.007 1.418 0.03 

  

In Chapter 4 it was shown that a tenfold decrease in refractive index difference 

resulted in a decrease of the optical loss due to concentration fluctuations of a factor of 

one hundred. The effect on the calculated scattering losses is somewhat less pronounced 

than is the case for polymer blends when the refractive index mismatch between the 

constituents of the copolymer system is adjusted. This is observed by comparing the 

scattering losses of the MMA-d8-co-TFPMA (∆n = 0.068; α =2.32 dB·km-1) with that of 

TFEMA-d7-co-TFPMA (∆n = 0.007; α =0.03 dB·km-1). 

 

5.5   Discussion 
 

Techniques such as photocopolymerisation1 and interfacial-gel copolymerisation2, 

are based on a difference in reactivity ratios between different monomers to generate a 

refractive index gradient in a polymer preform. Therefore, it is evident that, due to 

composition drift, heterogeneous copolymer systems result from these techniques. As 

was predicted in Chapter 2 and shown experimentally in this chapter, a broad distribution 

of the chemical composition increases the scattering loss severely. Scattering losses of 

approximately 4 dB·km-1 were obtained for a random copolymer of methyl methacrylate 

(MMA) with benzyl methacrylate (BzMA) while a more heterogeneous copolymer of 

MMA and benzyl acrylate (BzA) possessed a  total scattering loss of 480 dB·km-1.   

Rather surprisingly, scattering losses were reported for P(MMA-co-BzMA) and 

P(MMA-co-BzA) of 36 and 53 dB·km-1 respectively at 633 nm3,14 i.e. these values deviate 

significantly from what is found for the same copolymers in this study. In subsequent 

discussions with Koike et al., a somewhat different view was expressed, which was based 
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on improved experimental procedures for, for instance, sample preparation. In fact, it was 

claimed that copolymerisation always results in extremely high optical losses irrespective 

of the copolymers used. Nevertheless, a discrepancy remains with the experimental 

results, especially for random copolymers i.e. low scattering losses can be obtained by a 

careful selection of reactivity ratios of the monomers.   

The scattering intensities of the random copolymer systems are all very small. The 

results from the extrapolations in Table 5.7 should be interpreted with care and the 

resulting scattering losses should only serve as a guideline and not as absolute values. To 

obtain better statistics and as a result more accurate fits of the data, longer exposure times  

have to be applied. Of the small-angle scattering techniques described in Chapter 3, 

neutron scattering has the lowest intensity sources. Therefore, to obtain the desired 

accuracy for low intensity scattering systems, such as the random copolymers  in this 

chapter, much longer exposure times have to be applied in SANS than have been done in 

this study. High intensity radiation sources such as synchrotron X-ray and laser light, can 

be applied to investigate systems that have such small signal magnitude within shorter 

measuring times. 

The absorption losses for the MMA-co-TFPMA and TFEMA-co-TFPMA polymers 

were calculated from the absorption losses of the homopolymers. The homopolymers 

PMMA, PTFPMA and PTFEMA possess absorption losses of 96, 60 and 61 dB·km-1 

respectively. As a result, copolymers of MMA-co-TFPMA and TFEMA-co-TFPMA 

comprising 50 volume percent TFPMA possess an intrinsic absorption loss of 78 and 

60.5 dB·km-1 respectively. Together with the scattering losses calculated for these systems 

in this chapter the total loss limit for copolymers of MMA-co-TFPMA and TFEMA-co-

TFPMA is approximately 80 and 60.5 dB·km-1 respectively. The total scattering loss of 

these random copolymer systems is thus smaller than the theoretical loss limit of the 

polymer-dopant systems studied in Chapter 3. Therefore, random copolymers are 

excellent candidates to obtain low loss optical waveguides. However, a technological 

process to obtain a parabolic refractive index gradient in a polymer preform using 

random copolymers has yet to be developed.   

 

5.6   Conclusions 
 

The scattering losses due to compositional fluctuations in copolymer systems were 

determined using small-angle neutron scattering experiments. Model systems based on 

methyl methacrylate (MMA) copolymerised with benzyl methacrylate (BzMA) and benzyl 

acrylate (BzA) respectively were used to distinguish between the scattering behaviour of  

copolymer systems with a small and a broad chemical composition distribution 
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respectively. It was observed that a broad chemical composition distribution, i.e. a 

heterogeneous system, as a result of different reactivities between the co-monomers, 

results in high scattering losses (approximately 480 dB·km-1 for the MMA-co-BzA 

system) whereas a random copolymer exhibits small scattering losses (< 5 dB·km-1). 

Furthermore, it is concluded that by decreasing the refractive index difference between 

the monomeric units of random copolymers the scattering loss due to compositional 

fluctuations is reduced even further, e.g. from < 2.5 dB·km-1 for MMA-co-TFPMA (∆n = 

0.068) to < 0.1 dB·km-1 for TFEMA-co-TFPMA (∆n=0.007). Finally, comparing polymer 

blends with random copolymers of equal repeating units and volume ratio, the scattering 

losses are minimised by linking the monomeric units together. 
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High Temperature Resistant Polymer Optical 
Fibres based on Thermoplastic Polymers 
6

 

 

 

 

6.1   Introduction 
 

In modern means of transportation, such as cars, trains and airplanes, a large 

number of electronic systems are required for applications in relation to control, safety, 

communication and entertainment. A correspondingly large amount of data carriers are 

required. In approximately 10 years time (1980-1990) the amount of copper wiring in 

automobiles has increased by 250%1. In 1989, an average car already contained up to 1 

km of copper wiring. The driver assistance systems, essential to control the car, comprise 

for instance electronically assisted brake systems, steering control, etc. Furthermore, so-

called infotainment systems such as in-car multi-media systems, car-phone, voice-control 

or intelligent traffic guidance make their way into automobiles more frequently. This 

does not only increase the number of electronics systems but also requires higher 

bandwidth than copper wiring can provide2. Because of the well-known cross-talk of 

copper wiring, the separate copper conductors have to be shielded. This results in a 

relatively large volume, making installation in the already narrow spaces available in 

automobiles even more complicated. Moreover, the large amount of copper wiring 

contributes significantly to the overall weight of the car. Replacing the copper wire 

harness by a polymer optical fibre system reduces the weight of the local area network 

(LAN) from 30 kg or even more in luxurious cars to approximately 5 kg3. The short 

transmission distances in these applications in combination with the favourable 

mechanical properties and low costs of POFs make POFs ideally suited to be applied in 

the automotive industry. In 1998, Mercedes-Benz was one of the first to implement a 

POF system in the passenger compartment of its cars2,4.  
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The conditions to which polymer optical fibres are exposed in automotive and 

aviation applications are very demanding. The optical fibres are exposed to mechanical 

stress, climatic stress as well as chemical stress5. For applications in the passenger 

compartment of cars, the fibres have to be qualified for a large temperature range from at 

least –40°C to 85°C2,6. For operation in the engine compartment the temperature range is 

extended to at least 125°C and preferably even higher2,7. Avionics applications demand 

temperature resistance exceeding 140°C6. High humidity (up to 95%) and UV-radiation 

are just some more examples of the climatic stresses the fibres might be exposed to2,5. 

Furthermore, especially in the engine compartment, the fibres might get in contact with 

aggressive substances such as fuel, coolant or brake fluid and have to be protected from 

that. Finally, the mechanical properties of the optical fibres play an important role since 

during operation the fibres are continuously subjected to static and cyclic bending, 

vibration and twisting. 

 

The excellent mechanical properties of POFs are not only determined by the 

molecular parameters of the polymer but also by orientation of the polymer chains which 

is frozen in below the glass transition temperature (Tg) of the polymer8,9. However, close 

to its Tg, softening of the core material and relaxation of molecular alignment causes 

contraction of the fibres, which results in breakage or migration of fibres from 

connectors6. The long term temperature resistance of currently available core materials, 

such as poly(methyl methacrylate) (PMMA) and polystyrene (PS) is therefore limited by 

their Tg, which are 105 and 100°C, respectively. Practical operating temperatures are 

therefore limited to approximately 85 and 80°C, respectively. As a result, these materials 

are unsuitable to be used in a number of applications in the automotive and aerospace 

industry. Of course, also other commercially available glassy polymers were considered. 

For instance, polycarbonate possesses a glass transition temperature of approximately 

145°C and can therefore withstand maximum temperatures of 125°C10. Unfortunately, the 

transparency of polycarbonate is low because it is difficult to remove by-products that are 

formed during the condensation polymerisation reaction of the polymer.  This seriously 

limits the transmission distance in polycarbonate optical fibres and makes them 

unsuitable for application in the automotive industry7,11. 

 

There are several ways to improve the heat resistance of polymer optical fibres and 

thereby expand their field of applications. It is possible to add an additional protective 

sheath to the fibre, e.g. an additional thermoplastic, thermoset (possibly fibre reinforced) 

or inorganic layer12-16. However, a drawback of this approach is that the total volume of 

the fibre increases. More importantly, the temperature resistance is only improved for 
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short time periods. Therefore, it is more preferable to improve the heat resistance of the 

core material of the POF. This can be achieved by either using a thermoplastic polymer 

with a high glass transition temperature17,18 or a thermoset19. A thermoset core material 

preserves its structure above Tg but is seriously handicapped by a reduced processability 

since melt spinning is no longer possible. Furthermore, additional curing times lengthen 

the processing route. Moreover, a thermoset usually is less flexible. Therefore, in this 

chapter it is attempted to improve the long-term high temperature resistance of polymer 

optical fibres by evaluating special high glass transition temperature thermoplastic 

polymers as core materials. The minimum glass transition temperature that is aimed at is 

145°C to assure long-term thermal resistance for temperatures up to 125°C for application 

in the automotive industry. A Tg of 160°C is preferred for temperature resistance up to 

140°C in avionics applications2,6. For the typical data transmission lengths of 10-20 

meters in automotive and 50 meters in aerospace applications, maximum optical 

attenuations of 500 and 200 dB·km-1 are tolerated6. For both applications, it is important 

that the introduction of high-temperature resistance at moderate optical losses does not 

result in a great reduction of the mechanical performance of the resulting optical fibres. 

 

6.2   Experimental 
 

6.2.1  Materials 
 

Methyl methacrylate (MMA), methyl-d3 methacrylate-d5 (MMA-d8), methacrylic 

anhydride, the initiator di-tert-butyl peroxide (t½ = 1 hour at 141°C) and chain transfer 

agent n-dodecanethiol were provided by Aldrich Chemical Company, Steinheim, 

Germany. α,α’-Azobisisobutyronitrile (AIBN) (t½ = 1 hour at 82°C), cyclohexane, sodium 

hydrogen carbonate (NaHCO3) and anhydrous sodium sulphate (Na2SO4) were provided 

by Merck, Darmstadt, Germany. Diethylether was supplied by Lamers & Pleuger, ‘s 

Hertogenbosch, The Netherlands. Akzo Nobel Chemical Division supplied the initiators 

tert-butyl peroxybenzoate (t½ = 1 hour at 122°C), tert-butyl cumylperoxide (t½ = 1 hour at 

136°C) and cumyl hydroperoxide (t½ = 1 hour at 193°C). 1-Adamantanol was provided by 

Fluka Chemie AG, Buchs, Switzerland. p-Toluene sulfonic acid monohydrate was 

supplied by Acros Organics, Geel, Belgium. 1-adamantyl methacrylate was synthesised 

according to the method described in the subsequent section but also supplied by Bimax, 

Cockeysville, Maryland, USA.  

All of the above chemicals were used without further purification except for methyl 

methacrylate, which was purified by removing the polymerisation inhibitor with an 
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inhibitor remover prepacked column supplied by Aldrich Chemical Company prior to 

use. 

 

6.2.2  1-Adamantyl methacrylate synthesis 
 

1-Adamantyl methacrylate was synthesised according to a method reported by 

Nozakura et al.20. 1-Adamantanol (25 g, 0.164 mole) and methacrylic anhydride (25.3 g, 

0.164 mole) were refluxed in a Dean-Stark set-up in approximately 350 grams 

cyclohexane for 48 hours in the presence of p-toluene sulphonic acid (1.5 g, 8 mmole) as a 

catalyst. Subsequently, cyclohexane was removed under reduced pressure. The residue 

was dissolved in 150 ml diethylether and stirred with a saturated aqueous solution of 

sodium hydrogen carbonate (NaHCO3) to neutralise the formed methacrylic acid. The 

ether layer was separated and extracted with water, before it was dried with anhydrous 

sodium sulphate. The ether was then removed under reduced pressure. The residue was 

distilled under vacuum (0.4 mbar, 82°C). Yields over 75% were obtained. 
1H-NMR (CDCl3)  δ 6.00 (s, CH2=, 1 H), δ 5.46 (s, CH2=, 1 H), δ 2.18 (br, CH, 3 H), δ 2.16 

(br, CH2, 6 H),  δ 1.89 (s, CH3, 3 H),  δ 1.68 (br, CH2, 6 H). 

 

6.2.3  Polymer synthesis  
 

Poly(methyl methacrylate) (PMMA) and copolymers of MMA and AdMA were 

prepared by both bulk polymerisation as well as precipitation polymerisation.  

For the bulk polymerisations, solutions of the monomers with initiators (0.2 - 0.5 

wt%) and 1-dodecanethiol as chain transfer agent (0 - 0.5 wt%) were subjected to several 

freeze-thaw cycles to remove dissolved air. The applied initiators were α,α’-

Azobisisobutyronitrile (AIBN), tert-butyl peroxybenzoate, di-tert-butyl peroxide, tert-butyl 

cumylperoxide and cumyl hydroperoxide depending on the expected glass transition 

temperature of the copolymer. Polymerisation was performed in Teflon sealed glass 

ampoules under argon atmosphere at 70°C for a minimum period of 16 hours. 

Subsequently, the temperature was raised stepwise to 20°C above the expected glass 

transition temperature of the polymer and kept at this temperature for 24 hours to 

complete polymerisation. 

PMMA, copolymers of MMA and AdMA and P(AdMA) were also prepared via 

precipitation polymerisation. The required amounts of MMA and AdMA were dissolved 

in cyclohexane together with the initiator AIBN (0.3 - 0.5 wt%). The solutions were 

degassed with nitrogen and heated overnight at 70°C in a magnetically stirred 
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thermostated glass reactor. The precipitated polymer was then filtered and dried in a 

vacuum oven 20°C above the expected Tg. 

 

6.2.4   Small-Angle Neutron Scattering 
 

Copolymers of MMA-d8 and AdMA (volume fraction AdMA ϕAdMA = 0.25, 0.5 and 

0.75) were prepared via bulk polymerisation according to the procedure outlined above. 

All polymer samples for small-angle neutron scattering (SANS) measurements were 

compression moulded into circular plates of approximately 1 mm thickness and cooled 

slowly to room temperature at elevated pressures to remove residual stresses. SANS 

experiments were performed at the LOQ instrument of the ISIS pulsed spallation 

neutron source, Rutherford Appleton Laboratory, Chilton, UK. The specifications of the 

LOQ instrument and the data analysis method for these experiments were identical to 

those described in Section 3.3.3. 

 

6.2.5  Characterisation 
 

Proton nuclear magnetic resonance spectroscopy (1H-NMR) was performed on a 

Varian Gemini 300 MHz NMR apparatus to analyse the products from the 1-adamantyl 

methacrylate synthesis. The samples were dissolved in deuterated chloroform (CDCl3). 

In order to determine the decomposition temperature (Td) of the prepared 

polymers a Perkin Elmer TGA-6 was used. The measurements were conducted under a 

constant air- or nitrogen flow of 50 ml·min-1. A heating rate of 10°C·min-1 was used. The 

decomposition temperature was determined at the point of 2 percent weight loss from the 

initial weight. 

The glass transition temperatures of the copolymer systems were determined 

using a Perkin Elmer Pyris-1 Differential Scanning Calorimeter (DSC). A standard 

heating rate of 10°C·min-1 was used. The measurements were conducted under a 

constant airflow of 50 ml·min-1. The glass transition temperature was determined as the 

point on the curve halfway of the complete change in specific heat capacity in the middle 

of the two extrapolated baselines. 
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6.3   Results  
 

6.3.1  Materials selection  
 

Generally speaking methacrylate polymers are suitable materials to be used in 

optical applications6,21. The additional requirements a polymer has to fulfil to be applied 

as the core material in a long-term high temperature resistant polymer optical fibre (POF) 

are: a high thermal stability, low optical attenuation and excellent mechanical properties. 

In this chapter it is attempted to increase the thermal stability of the core material by 

applying a thermoplastic polymer with a high glass transition temperature (Tg) so that 

processing remains possible via standard preform heat drawing techniques or via 

extrusion. The glass transition temperature of a polymer is a function of the rotational 

freedom of the backbone and therefore, it increases when rotation is restricted22,23. As a 

result, the glass transition temperature is increased by strong interchain forces or by 

increasing polymer chain rigidity24. The latter can be obtained by adding short bulky side 

groups to the polymer backbone or ring structures in the polymer chain22,25. 

1-Adamantyl methacrylate (AdMA), shown in Figure 6.1 next to methyl 

methacrylate (MMA), complies with the general structure of a methacrylate and possesses 

a large side group.   

Figure 6.1:  Chemical structures of the monomers methyl methacrylate (I) and 1-adamantyl 

methacrylate (II). 
 

 The methyl ester group present in MMA is replaced by the much larger 

adamantyl ester group, which increases the glass transition temperature. Indeed 

Matsumoto et al.26 found that the Tg of P(AdMA) is higher than the decomposition 

temperature of the polymer (> 304°C) making P(AdMA) an intractable polymer. It is 
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expected that copolymerisation of AdMA with MMA results in a suitable range of glass 

transition temperatures. 

 

6.3.2 Copolymerisation characteristics of  methyl methacrylate-co-adamantyl 
methacrylate 

 

Matsumoto et al.26 determined the reactivity ratios of  the copolymerisation of 

methyl methacrylate (rMMA) with 1-adamantyl methacrylate (rAdMA) in benzene. They 

found a higher reactivity ratio for AdMA namely  rAdMA = 1.25 and rMMA = 0.79. This was 

attributed to a reduced termination constant of the AdMA-radical chain end caused by 

steric hindrance by the large adamantyl-group. The comonomer-copolymer composition 

curve based on these reactivity ratios is shown in Figure 6.2. 
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Figure 6.2:  Molar fraction of MMA in the copolymer (FMMA) versus the molar fraction MMA in the 

monomer feed (fMMA) for MMA-co-AdMA: rMMA = 0.79, rAdMA = 1.25. 

 

The product of the reactivity ratios is close to one and therefore Wall’s description 

of the copolymer composition distribution is applied as described in Appendix B27. 
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Here, ( )
MMAdF

dm
n0

1  is the fraction of copolymer with a composition between FMMA and 

(FMMA+ dF), FMMA is the fraction of MMA in the copolymer forming at any instant, R = 

(MAdMA
0/ MMMA

0) is the initial monomer ratio at the start of the polymerisation and r = 
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rMMA = (rAdMA)-1 = 0.79. The values for the initial molar fraction MMA at the start of the 

reaction (fMMA
0), the initial monomer ratio and the initially formed copolymer 

composition at the start of the reaction (FMMA
0) calculated from the copolymer 

composition equation are given in Table 6.1. 

 

Table 6.1:  Volume fraction AdMA (ϕϕϕϕAdMA), initial molar fraction MMA (fMMA
0), initial monomer ratio 

(R), and the instantaneously formed copolymer composition at the start of the reaction. 

ϕAdMA 

[-] 

fMMA
0 

[-] 

R 

[-] 

FMMA
0 

[-] 

0.25 0.877 0.140 0.849 

0.50 0.704 0.420 0.654 

0.75 0.443 1.259 0.388 
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Figure 6.3: Copolymer composition distribution functions for MMA-co-AdMA polymers. 

  

In Figure 6.3 the copolymer composition distribution according to equation (6.1) 

is plotted. As expected the distributions show that some composition drift occurs in the 

copolymerisation of MMA with AdMA. The distribution becomes broader for volume 

fractions of AdMA of 0.50 and 0.75 than for 0.25. In order to determine the contents of 

AdMA and MMA in a copolymer, 1H-NMR spectra (shown in Figure 6.4) were recorded 

of PMMA, P(AdMA) and a MMA-co-AdMA polymer prepared from a mixture with 

initially 50 wt% AdMA. All polymers were prepared via precipitation polymerisation. The 

molar ratio (MMA/AdMA) in a copolymer that contains 50 wt% AdMA equals 2.20.   The 

true contents of each monomer in the copolymer was estimated by comparing the 

integrated areas of the relevant peaks. The signal at δ 3.6 ppm (-OCH3) is characteristic 
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for the MMA monomeric unit only. The signal between δ 0.5 and 2.5 ppm is 

characteristic for both the MMA and AdMA monomeric units.  

 

Figure 6.4:  1H-NMR spectra of PMMA (A), P(AdMA) (B) and P(MMA-co-AdMA) prepared via dispersion 

polymerisation. 

 

Using these integrals the molar ratio (MMA/AdMA) in the tested sample was calculated 

as 1.99 compared to the expected value of 2.20. It is observed that a slightly larger 

A.

B.

C.

A.

B.

C.

A.

B.

C.

A.

B.

C.



 106   Chapter 6 

amount of AdMA is present in the copolymer than would be expected according to the 

initial monomer ratio. 

 

6.3.3 Thermal properties of methyl methacrylate-co-adamantyl methacrylate 
polymers 

 

As expected, the glass transition temperatures of the copolymers of methyl 

methacrylate and 1-adamantyl methacrylate increase with increasing amount of AdMA 

(Figure 6.5).  
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Figure 6.5:  Glass transition temperature ( ) and decomposition temperature ( ) of MMA-co-AdMA 

polymers as a function of the volume fraction AdMA in the copolymer. 

 

The glass transition temperatures that were aimed at for applications in the 

automotive (≥ 145°C) and avionics (≥ 160°C) industry are obtained at volume fractions of 

AdMA of approximately 0.5 and 0.6 respectively. The decomposition temperatures 

remain almost identical over the entire copolymer composition range, implying that the 

processing window for fibre spinning decreases with increasing amount of AdMA in the 

copolymer. The processing window is the temperature range between the glass transition 

temperature and the decomposition temperature for which a thermoplastic polymer can 

be processed. Thermogravimetric analyses were conducted on the polymer samples in 

both air as well as nitrogen atmosphere. No significant difference of the decomposition 

temperatures in either atmosphere was observed. Therefore, most likely chain 

depolymerisation is the major decomposition mechanism and not oxidative degradation. 
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Consequently, the processing window cannot be increased by processing the polymer in 

an inert atmosphere. 

 

6.3.4 Intrinsic attenuation of methyl methacrylate-co-adamantyl methacrylate 
polymers 

 

The scattering loss of the copolymers was again determined using small-angle 

neutron scattering (SANS) experiments performed on copolymers of deuterated MMA 

and AdMA in volume fractions of 0.25, 050 and 0.75 respectively. The obtained coherent 

scattering cross sections  are shown in Figure 6.6. 
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Figure 6.6: Coherent small-angle neutron scattering curves plotted on a double logarithmic scale for 

MMA-d8-co-AdMA copolymers for compositions comprising a volume fraction AdMA of 

0.25 ( ), 0.50 ( ) and 0.75 ( ); solid lines are fits by the combine Ornstein-Zernike 

and Debye-Bueche model28. 

 

Since the reactivity ratios of MMA and AdMA differ somewhat, composition drift 

is encountered in a copolymer of both monomers and the resulting scattering is much 

larger than for a statistical copolymer (see Chapter 5). Furthermore, a large difference in 

scattering for the various compositions of the copolymers is observed. Scattering is 

maximum for the 50/50 v/v composition. In Figure 6.3 it was already illustrated that the 

copolymers comprising 50 and 75 volume percent AdMA showed a broader 

compositional distribution than the copolymer comprising 25 volume percent AdMA. The 

influence of the compositional distribution on the scattering behaviour was already 

proven earlier29. Therefore, the differences observed in the scattering curves for the 
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different compositions of the MMA-d8-co-AdMA polymers are attributed to variations in 

compositional distribution. 

 

The coherent scattering cross sections could be fitted by the combined Ornstein-

Zernike and Debye-Bueche model that was presented in previous chapters. The 

parameters obtained from those fits are shown in Table 6.2.  

 

Table 6.2:  Volume fraction AdMA (ϕϕϕϕ), coherent scattering cross section at q = 0 (dσσσσ/dΩΩΩΩ(0)) and 

correlation length (ξξξξ) for MMA-co-AdMA polymers for the part of the curve fit in Figure 6.6 

described by the Ornstein-Zernike (OZ) and the Debye-Bueche (DB) model respectively. 

ϕ 

[-] 
OZd

d








Ω
)0(

σ
 

[cm-1] 

ξOZ 

[Å] 
DBd

d








Ω
)0(

σ

[cm-1] 

ξDB 

[Å] 

0.25 0.33 11 5.21 58 

0.50 0.59 10 56.9 69 

0.75 0.42 5 33.4 62 

 

The scattering loss of the polymer system was calculated as described previously. 

The contrast (bv
2) calculated from the scattering length densities in Table 6.3 is 31.56·1020 

cm-4 for a MMA-d8-co-AdMA polymer.  

 

Table 6.3:  Volume of the polymer repeating unit (vi), coherent scattering length  (ΣΣΣΣbi) and calculated 

scattering length density (ai) for the copolymer constituents. 

Repeating 

unit 

vi ·1024 

[cm3] 

Σbi · 1012 

[cm] 

ai 

[1010 cm-2] 

MMA-d8 150.7 9.821 6.517 

AdMA 332.0 2.990 0.899 

 

In Table 6.4 the scattering losses for each part of the model and the total scattering loss, 

i.e. the sum of both contributions is tabulated. From Table 6.4 it is observed that the total 

scattering loss of a copolymer system can be kept relatively small even if a certain amount 

of composition drift is present in the copolymer system. This is because in this case the 

refractive index difference between the pure components is relatively small, i.e. ∆n = 0.03. 
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Table 6.4:  Volume fraction AdMA (ϕϕϕϕ), refractive index (n) calculated according to the Lorentz-Lorenz 

relation30, scattering loss caused by the contribution of the Ornstein-Zernike (ααααs
OZ) and 

Debye-Bueche (ααααs
OZ) part of the scattering curve respectively and the total scattering loss 

(ααααs
tot) for MMA-co-AdMA polymers at 650 nm; ∆∆∆∆n = 0.03. 

ϕ 

[-] 

n 

[-] 

αs
OZ 

[dB·km-1] 

αs
DB 

[dB·km-1] 

αs
tot 

[dB·km-1] 

0.25 1.497 0.41 6.6 7 

0.50 1.505 0.74 69 70 

0.75 1.512 0.53 41 42 

 

The absorption losses due to carbon-hydrogen (C-H) overtone vibrations for 

copolymers of MMA and AdMA were estimated according to the method described in 

Section 2.1.2. The absorption loss obtained by Kaino for PMMA and the calculated 

absorption loss for P(AdMA) are shown in Table 6.5.  

 

Table 6.5:  Number of carbon-hydrogen bonds (nc), polymer density (ρρρρ), molar mass of the polymer 

repeating unit (Mm) and attenuation at 650 nm due to overtone absorptions by C-H bonds 

(ααααa).  

Polymer 
nc 

[-] 

ρ 

[kg·m-3] 

Mm·103 

[kg·mol-1] 

αa 

[dB·km-1] 

PMMA 8 1190 100 96 

PAdMA 20 109931 220 101 

 

In Table 6.6 the results of the scattering losses and the absorption losses due to 

carbon-hydrogen overtone vibrations are summarised. The intrinsic loss limit for MMA-

co-AdMA polymers is determined by the sum of both contributions. It is seen that the 

copolymers of methyl methacrylate and 1-adamantyl methacrylate possess a theoretical 

optical loss which is far below that required in the automotive and avionics industry. 

 

Table 6.6:  Volume fraction AdMA (ϕϕϕϕ), attenuation due to absorptions by carbon-hydrogen overtone 

vibrations (ααααa), attenuation due to scattering (ααααs
tot) and the intrinsic loss limit (ααααtot) for 

MMA-co-AdMA polymers at 650 nm. 

ϕ 

[-] 

αa 

[dB·km-1] 

αs
tot 

[dB·km-1] 

αtot 

[dB·km-1] 

0.25 97 7 104 

0.50 99 70 169 

0.75 100 42 142 
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6.4 Discussion 
 

Copolymers of methyl methacrylate (MMA) and 1-adamantyl methacrylate (AdMA) 

are promising candidates for core materials of long-term high temperature resistant step-

index polymer optical fibres. Copolymers comprising 50 weight percent AdMA possess a 

glass transition of approximately 145°C, which is sufficient to withstand the operating 

temperatures required in applications in the automotive industry. Furthermore, the 

theoretical loss limit (< 200 dB·km-1) for these copolymers is low enough for the 

aforementioned applications (< 500 dB·km-1)6.  

As expected, the isotropic copolymers with a high AdMA-content were extremely 

brittle. In general, polymeric optical fibres are oriented to a certain extent, which 

dramatically influences their properties with respect to, for instance, strain at break in a 

tensile test. For instance, isotropic polystyrene possesses a macroscopic strain at break of 

1-2 %, which increases to 80-100 % percent in a slightly oriented polymeric optical fibre8. 

Of course, a similar transition from a low strain at break to a high strain at break upon 

spinning or post-drawing is required in the above-described copolymers to obtain useful 

fibres from a mechanical point of view. 

 

6.5   Conclusions 
 

Copolymers of methyl methacrylate (MMA) and 1-adamantyl methacrylate (AdMA) 

were evaluated for their use as core material in polymer optical fibres in demanding 

environments such as the automotive and aerospace industry.  

With the synthesis described in this chapter it is possible to produce AdMA in a 

high yield (> 75%) with a high purity. The glass transition temperature (Tg) of the 

resulting copolymers with MMA could be tailored between 105 to 225°C. For a volume 

fraction of AdMA of 0.5 the desired minimum Tg of 145°C is reached. A processing 

window, that allows the fibres to be processed via melt spinning procedures is available 

up to volume fractions of AdMA of at least 0.8. The inherent optical loss limit of MMA-

co-AdMA polymers varied between 100 and 170 dB·km-1 depending on the AdMA 

contents. Hence, for all compositions the theoretical optical loss is lower than the 

maximum acceptable optical loss in automotive and avionics applications.  
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Emissive Polymer Optical Waveguides  
structured polymer dispersions in centrifugal fields 
 

 

 

 

7.1  Introduction 
 

Traditionally polymer optical fibres and waveguides are predominantly used for 

illumination purposes. Fibre optic lighting systems possess several advantages over their 

more conventional counterparts. The light source does not have to be situated at the 

position where the light is actually required, but can be located in a remote position, 

which facilitates maintenance and lamp replacement. The spatial separation of the light 

source and the light emitting parts implies that the light guides themselves carry no 

current and produce no heat1,2. Therefore, they are safe to use in humid or wet 

environments, such as in and around fountains and swimming pools without the need 

for electrically-insulated water-proof housings. Furthermore storage areas for dangerous 

substances, or generally applications close to the end user are within easy reach without 

an increased safety risk. Moreover, it is possible to use a single light source and guide the 

light to various locations (e.g. to obtain the effect of a ceiling full of “stars”), which makes 

fibre optic lighting more energy efficient than having to use different miniature light 

sources for each luminous spot3. Finally, it is very easy to place filters between the light 

source and the light guide itself, thereby making it simple to continuously change the 

colour of the emitted light by means of a colour wheel or filter out undesirable parts of 

the spectrum of the light1. The latter property makes that fibre optic lighting is much 

sought-after in museums or food displays where emission of ultraviolet (UV) or infrared 

(IR) portions of the light can damage the exhibition pieces.  

Two types of optical waveguides are distinguished in lighting and illumination 

applications, i.e. end-emitting and side-emitting optical waveguides. The first type of 
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optical waveguide simply transmits the light and emits it at the distal end (schematically 

shown in example (a) in Figure 7.1). The latter combines the properties of light 

transmission and light emission, as depicted schematically in examples (b) and (c) in that 

same figure. 

 

Figure 7.1:  Schematic representation of an end-emitting optical waveguide (a) and side-emitting 

optical waveguides (b, c). 

 

When the term emissive optical waveguides is used throughout the text in this 

chapter, only the waveguides of the side-emitting type are referred to. 

 

To diverge light from the original propagation direction and couple it out of the 

waveguide, the mechanism that is responsible for the transmission of light has to be 

disturbed. In the optical waveguides discussed so far this mechanism is total internal 

reflection (Appendix A). Techniques that are currently applied to achieve this often 

involve chemical or mechanical modification of existing optical waveguides to favour 

leakage of propagating light rays to the environment as is shown schematically in Figure 

7.2-a. Another commonly applied method to induce lateral light emission is by 

intertwining a large number of thin optical fibres to a multistrand array (Figure 7.2-b)4.  

Figure 7.2: Production techniques for emissive optical waveguides, based on POFs;  

a) light ray on a disturbed core-cladding interface, b) multistrand fibre array. 

 

a) b) c)a) b) c)

a) b)
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Other techniques to favour leakage of propagating light rays to the environment 

apply light scattering elements of inorganic5 (e.g. glass beads or metal flakes) or organic 

nature6,7 that are randomly distributed throughout the waveguide. When the light 

distribution is controlled via particles that are distributed homogeneously throughout the 

optical waveguide only very low concentrations of light scattering elements can be 

introduced to achieve a sufficient transmission length6,8. Consequently, the maximum 

intensity of the emitted light is limited. Finally, other techniques make use of for instance 

luminescent dyes dispersed in optical waveguides9. Drawbacks here are that only specific 

colours of the emitted light are available and that specific wavelengths are required to 

excite the dye, which in turn requires specific light sources.  

The currently applied techniques to produce emissive polymer optical waveguides 

impose restrictions on the emissive properties of the resulting waveguides. Often 

localised emission with limited control over the homogeneity and emission angle results 

from these techniques and additional sheathing such as diffuse scattering films or 

brightness enhancement foils are applied on top of the emissive waveguides to obtain the 

desired properties.  

Therefore, in this chapter new routes are investigated to obtain emissive polymer 

optical waveguides with enhanced control over the homogeneity and emission angle of 

the light. It is attempted to obtain spatially controlled light emission by incorporation of 

well-defined light scattering elements into a polymer optical waveguide, with control over 

the distribution of the light scattering elements. As a model system a two-step 

ultracentrifuge process is used in this chapter to obtain control over the distribution of 

the scattering elements.  

 

7.2  Experimental 
 

7.2.1  Materials  
 

Methyl methacrylate (MMA), styrene (Sty), divinyl benzene (DVB; a 55/45 wt% 

mixture of para- and meta-divinylbenzene isomers and ethylvinylbenzene), tert-butyl 

peroxybenzoate and n-dodecanethiol were supplied by Aldrich Chemical Company, 

Steinheim, Germany. n-Heptane and α,α'-azobisisobutyronitril (AIBN), were obtained 

from Merck, Darmstadt, Germany. Dibenzoyl peroxide (DBPO) was supplied by BPM, 

Breda, The Netherlands. Kraton G-1701x, a polystyrene-b-poly(ethylene-co-propylene), 

containing 38.5-42 wt% of styrene units and a mass average molar mass of 1.1·105 g·mol-1 

and molecular mass distribution Mw/Mn = 1.1, is a product of Shell Chemicals, 

Amsterdam, The Netherlands. 
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MMA, DVB and Sty were purified before use by removing the polymerisation 

inhibitor with an inhibitor remover prepacked column supplied by Aldrich Chemical 

Company. DBPO was recrystallised from ethanol prior to use. All other chemicals were 

used as supplied. 

 

7.2.2  Dispersion polymerisation 
 

Highly cross-linked polymeric colloids consisting of methyl methacrylate (MMA) 

or styrene (Sty) and divinyl benzene (DVB) were produced by dispersion polymerisation 

in heptane. The ratio of monomer 1 to DVB was 75/25 by weight. Kraton is used as a 

steric stabiliser. By variation of the monomer to dispersant ratio and the applied amount 

of initiator and stabiliser the average particle size of the resulting colloid could be 

altered10.  A typical recipe to obtain a P(MMA-co-DVB) colloid of 650 nm is presented in 

Table 7.1.  

 

Table 7.1:  Recipe for P(MMA-co-DVB) particles of 650 nm with an initial monomer concentration of 

20 wt% and stabiliser concentration of 3 g·l -1 based on the dispersant. 

Component Function Amount [g] 

n-heptane Dispersant 123 

Methyl methacrylate Monomer 22.94 

Divinyl benzene Monomer 7.92 

Dibenzoyl peroxide Initiator 0.098 

Kraton G1701x Stabiliser 0.542 

 

The dispersion polymerisation was carried out in a sealed, mechanically stirred, 

thermostated glass reactor at a temperature of 70°C. The dispersion medium together 

with the stabiliser were flushed with argon for approximately 30 minutes in order to 

remove oxygen from the reactor. Flushing with argon was continued while the reactor 

was heated up to reaction temperature under constant stirring to dissolve the stabiliser. 

Subsequently, the monomers, containing the dissolved initiator, were added to the 

solution and argon flushing was continued for another 5 minutes, before the reactor was 

sealed off. The reaction time was 48 hours. 

 

7.2.3  Optical waveguide preparation via the two-step ultracentrifuge process 
 

The n-heptane was removed from the colloid dispersions prepared via the 

polymerisation described in Section 7.2.2 by drying under vacuum at room temperature 
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for 24 hours. The cross-linked P(MMA-co-DVB) or P(Sty-co-DVB) particles were 

homogeneously re-dispersed in MMA (0-20 wt%) using a Branson Ultrasonic Cleaner 

model 5510 at room temperature for 1 hour. α,α'-Azobisisobutyronitril (0.2 wt%), tert-

butyl peroxybenzoate (0.2 wt%) and n-dodecanethiol (0.2 wt%) were added as initiators 

and chain transfer agent respectively. The dispersions were transferred to Teflon sealed 

glass tubes of inner diameter 5 mm and length approximately 150 mm. The dispersions 

were rotated (0 – 10,000 rpm) for one hour at room temperature and subsequently at 

70°C for 16 hours to perform the polymerisation reaction. Post polymerisation was 

carried out at 140°C for 24 hours. Parts of the resulting polymer rods containing surface 

irregularities or bubbles were cut off and the end surfaces were polished. 

 

7.2.4  Characterisation 
 

The particle size of the copolymer spheres and the morphology and distribution 

profile of the dispersed phase in the polymer optical waveguides were determined by 

Scanning Electron Microscopy (SEM) on a Philips XL30 FEG-ESEM. The copolymer 

colloids were investigated uncoated in low voltage mode. Prior to imaging, the polymer 

rods, obtained from the ultracentrifuge process, were broken cryogenically and 

subsequently coated with a thin gold/palladium layer. 

The distribution profile of the dispersed phase in the polymer optical waveguides 

was also investigated using an Olympus BX40, ISA instruments, inc. Raman 

Spectrophotometer. The 532 nm line of a Spectra Physics Millenia 2 laser was used as the 

incident light source. The spot size was approximately 10 µm. Reference samples of 

exactly known composition for these measurements were prepared as follows. Copolymer 

particles (0-25wt%) were dispersed in MMA using a Branson 5510 Ultrasonic Cleaner at 

room temperature for at least one hour. Subsequently, α,α'-azobisisobutyronitril (0.2 

wt%), tert-butyl peroxybenzoate (0.2 wt%) and n-dodecanethiol (0.2 wt%) were added and 

the MMA was polymerised at 60°C under constant ultrasonic agitation to assure a 

homogeneous distribution of the dispersed phase in the resulting sample. In Raman, the 

peak at 1601 cm-1 caused by the phenyl group in DVB is characteristic for the dispersed 

phase, while the peak at 591 cm-1 (carboxyl group) is present in both phases. Therefore an 

internal standard was determined by plotting the intensity ratio of the characteristic peak 

of the dispersed phase at 1601 cm-1 and the peak at 591 cm-1 (I1601/I591) of the reference 

samples. A minimum of four measurements per reference sample was conducted and the 

average value of I1601/I591 is used to construct the internal standard. 
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The spatial light distribution of the resulting light guides was measured using an 

Autronic Display Measuring System (model DMS 703). The incident light source was a 

Hg(Xe) lamp at 300 W. A schematic representation of the experimental set-up is shown 

in Figure 7.3. The light was coupled into the sample via a liquid core optical fibre. The 

sample was mounted on a translation stage that could be moved in two directions in a 

horizontal plane and rotated around 360°. The emitted light intensity was detected by a 

charge-coupled device (CCD) camera mounted above the translation stage that could be 

tilted up to an angle of 70°. 

 

Figure 7.3:  Schematic representation of the Autronic Display Measuring system for measurements of 

the light outcoupling intensities of the prepared light guides. 

 

7.3  Results and discussion 
 

7.3.1  Materials selection 
 

A schematic of the two-step ultracentrifuge process that is applied in this study to 

distribute the light scattering elements in a controlled manner in the light guide is shown 

in Figure 7.4.  

A homogeneous dispersion of light scattering elements in a monomer solution, 

containing a free-radical polymerisation initiator and possibly a chain transfer agent, is 

subjected to a centrifugal force field. A concentration profile of the polymeric elements 

over the diameter of the waveguide is obtained via proper materials selection and 

processing conditions. Subsequently, the dispersant is polymerised under continuous 

rotation at elevated temperatures, thereby fixating the profile.  
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Figure 7.4:  Schematic representation of waveguide preparation via the two-step ultracentrifuge 

process; ωωωω = angular velocity, Ta = ambient temperature, TP = polymerisation 

temperature. 

 

The light scattering elements are produced in a separate step from the actual 

formation of the waveguide so that their properties e.g. particle size, particle size 

distribution and composition can be set prior to incorporation in the waveguide. The 

influence of the amount of light scattering elements and their properties as well as the 

processing conditions (e.g. angular velocity) on the distribution profile and the resulting 

light emitting properties of the light guides were investigated.  

Spherical, highly cross-linked polymeric particles were chosen as the light 

scattering elements in the proposed two-step ultracentrifuge process to prepare emissive 

polymeric optical waveguides. Polymer particles were chosen because of the ease with 

which the refractive index of the light scattering elements can be altered by changing the 

composition of the polymeric particles. A broad range of refractive indices is available 

within the polymer field. The particles consist of highly cross-linked polymers because 

the light scattering elements are dispersed in a monomer solution. The crosslinking 

prevents the particles from dissolution or swelling in the monomer.  

Dispersion polymerisation is the preferred polymerisation technique for the light 

scattering elements. This technique makes it possible to produce a broad range of average 

particle sizes with a narrow particle size distribution10-12. Furthermore, the reaction 

medium in a dispersion polymerisation is an organic solvent. The stabilisers applied in 

this polymerisation reaction are suited to fit an organic environment and not an aqueous 

environment as is the case for emulsion polymerisations, a technique that also yields 

polymer particles with a low size dispersion.  The organic stabilisers used in dispersion 
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polymerisation remain active when the particles are re-dispersed in the monomeric 

medium of the two-step ultracentrifuge process. 

Considering all the above requirements, the initial choice for the highly cross-

linked polymeric particles that will serve as light scattering elements in the emissive 

optical waveguides prepared via the two-step ultracentrifuge process, are copolymers of 

methyl methacrylate (MMA) and divinyl benzene (DVB). Furthermore, copolymers in 

which MMA is replaced by styrene (Sty) are also prepared to investigate the influence of 

the refractive index mismatch between the light scattering elements and the polymer 

matrix. The choice for the matrix material in which the polymer colloids are embedded is 

poly(methyl methacrylate) because of its favourable properties in the field of optical 

waveguides as has been explained in previous chapters. 

 

7.3.2  Optical waveguide preparation and characterisation 
 

P(MMA-co-DVB) or P(Sty-co-DVB) particles have been produced via dispersion 

polymerisation with average sizes ranging from 100 to 1800 nm and a narrow particle 

size distribution. Some examples of colloids prepared in this study are shown in Figure 

7.5.  

 

Figure 7.5: Scanning Electron Microscopy images of polymer colloids prepared via dispersion 

polymersation; P(MMA-co-DVB) 100 nm (a), 800 nm (b) and P(Sty-co-DVB) 500 nm (c) and 

1800 nm (d). 

a) 

c) d) 

b) 
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During the two-step ultracentrifuge process a dispersion of the highly cross-linked 

polymeric colloids is subjected to a centrifugal field. When particles are exposed to a 

gravitational force field the following relationship holds13,14: 

 

vfparticletheonappliedForce ·=  (7.2) 

 

with v the velocity of the particle as a result of the applied force [m·s-1] and f a frictional 

coefficient depending on the particle shape. For a spherical particle f  is defined as: 

 

af πη6=  (7.3) 

 

with η the viscosity [Pa·s] of the medium surrounding the particle and a the particle 

radius [m]. 

Several forces are applied to a particle in a centrifugal field as is shown 

schematically in Figure 7.6.  

Figure 7.6: Schematic representation of the forces working on a spherical particle in a gravitational 

force field as applied in the two-step ultracentrifuge process. The symbols are explained 

in the text. 

 

Here Fg is the gravitational force expressed as the mass of the particle [kg] times the 

standard acceleration of gravity [m·s-2]. Fc is the force imposed upon the particle due to 

the centrifugal field corrected for bu0yancy due to the medium density (ρm [kg·m-3]). To 

be precise, according to the principle of Archimedes, the moving particle encounters a 

force that is equal to the weight of the surrounding medium that is displaced. For the rest 

V is the particle volume ( )3
3
4 aπ , ρp the particle density [kg·m-3], ω the angular velocity 

( )rpm·60
2π  in which rpm is an abbreviation for rotations per minute and r the distance of 

Fg = m·g 

m
ρp

ρm 

2a

Ff = 6πηav 

Fc = V· (ρp-ρm)·(ω2r) 
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the particle from the centre of rotation [m]15. Ff is the frictional force opposing motion 

according to Stoke’s law (see equations (7.2) and (7.3)). 

 

Since in our case the glass tubes containing the dispersions are rotated vertically 

around their axis the gravitational force works perpendicular to the sedimentation force 

that drives the dispersed particles to the outside of the glass tube. The centrifugal field is 

usually expressed relative to the earth’s gravitational field (g ≈ 9.81 [m·s-2]) by the 

following relationship: 

 

g
r

RCF
2ω=  (7.4) 

 

with RCF the so-called relative centrifugal field. 

 

From equation (7.4) it is seen that already at relatively low angular velocities the 

centrifugal force field is many times higher than the gravitational force field and therefore 

the latter is of little influence on the sedimentation of the dispersed particles and may 

even be ignored totally at high rotational speeds. 

Therefore, combining in equation (7.2) Fc = Ff and rearranging the resulting 

relation leads to the following expression for the speed of sedimentation of a particle 

subjected to a centrifugal force field13-15: 

 

( )
η

ρρ
ω mprav

−
= 22

9
2  (7.5) 

 

From this equation it is observed that the sedimentation speed of a spherical 

particle is proportional to the square of the particle radius, the centrifugal field and the 

density difference between the particle and the surrounding medium and inversely 

proportional to the medium viscosity. 

The most influential parameters on the sedimentation speed and consequently, 

the distribution profile are the particle size and rotational speed applied during the 

centrifugation process. Most material parameters that influence the distribution profile of 

the light scattering elements (i.e. particle and medium density and viscosity) do not differ 

much between mutual experiments. 

 

Experiments were conducted in which a dispersion of the cross-linked colloidal 

particles in MMA was subjected to a centrifugal field. Parameters that were varied were 
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the angular velocity, weight fraction of the dispersed phase, particle size and particle 

composition. A selection of these samples and experimental conditions that are discussed 

in the remainder of this chapter are shown in Table 7.2. 

 

Table 7.2:  Experimental conditions of the two-step ultracentrifuge technique. 

Experiment 
Wt-fraction  

[-] 

Size  

[nm] 

Angular velocity 

[rpm]  

 P(MMA-co-DVB) 

1 0 - - 

2 0.0125 650 5000 

3 0.025 650 5000 

4 0.05 650 5000 

5 0.10 650 5000 

6 0.05 650 50 

7 0.05 650 1000 

8 0.05 650 10,000 

9 0.05 150 5000 

10 0.05 800 5000 

 P(Sty-co-DVB) 

11 0.05 500 5000 

 

Some relevant material properties for the ultracentrifuge process of the dispersed 

phase and the matrix material are tabulated in Table 7.3. The densities for the polymer 

colloids were estimated by accurately measuring the difference in weight between a 

precisely equal volume of pure n-heptane and a dispersion of exactly known 

concentration of either P(MMA-co-DVB) or P(Sty-co-DVB) in n-heptane. 

 

Table 7.3:  Refractive index (n) calculated using the Lorentz-Lorenz equation16 and density (ρρρρ) of 

constituents of ultracentrifuge experiments. 

Material 
n 

[-] 

ρ 

[kg·m-3] 

Methyl methacrylate 1.414 936 

PMMA 1.490 1190 

P(MMA-co-DVB) 1.516 1140 

P(Sty-co-DVB) 1.615 1040 
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The distribution of the colloidal particles in the PMMA matrix phase was 

determined by Raman spectroscopy. In Figure 7.7 Raman spectra of PMMA, dried 

P(MMA-co-DVB) particles and reference samples prepared according to the procedure in 

Section 7.2.4 are shown. The internal standard that was constructed from these 

measurements according to the method described in Section 7.2.4 is shown in the graph 

on the right hand side in Figure 7.7. 

Figure 7.7: Raman spectra of reference samples of P(MMA-co-DVB) dispersed in PMMA. The weight 

fraction of the dispersed phase is plotted next to the corresponding spectrum. Spectra 

are shifted arbitrarily along the vertical axis. On the right hand side the corresponding 

internal standard is plotted versus the weight fraction P(MMA-co-DVB) in a sample. 

 

By measuring the value of I1601/I591 at different positions across the radius of a 

prepared sample and using the internal standard, the weight fraction P(MMA-co-DVB) 

was determined. This way, distribution profiles of the dispersed phase in samples 

prepared via the two-step ultracentrifuge process were obtained. Examples of the 

concentration of colloidal particles as a function of the waveguide radius (r) thus obtained 

for different angular velocities are shown in Figure 7.8. 

It is shown that upon increasing the angular velocity, at constant weight fraction, 

the distribution profiles become steeper. Indeed, when the sample was not rotated prior 

to and during polymerisation or for low rotational speeds (e.g. 50 rpm) scanning electron 

microscopy revealed colloidal particles embedded in the matrix over the entire cross 

section of the light guide. At higher rotational speeds the particle distribution shows a 

sharp transition from a high concentration near the waveguide surface to low closer to the 

centre. 
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Figure 7.8: Distribution profiles as determined by Raman Spectroscopy of light guides prepared with 

5 wt% 650 nm P(MMA-co-DVB) colloidal particles as a function of angular velocity: 50 

rpm ( ), 1000 rpm ( ), 2500 rpm ( ), 5000 rpm ( ) and 10,000 rpm ( ).  r = 0 

corresponds to the edge of the sample and increases towards the centre as shown 

schematically to the right. 

 

The transition of the scattering layer to the transparent core can be either discrete, 

as depicted schematically in Figure 7.9 and also in the SEM micrographs in Figure 7.10 

or more gradual as was observed from some of the distribution profiles obtained with 

Raman spectroscopy (Figure 7.8). 

  

Figure 7.9: Schematic representation of a possible cross section of a light guide prepared via the 

two-step ultracentrifuge process. Closed circles represent colloidal particles. 

 

In Figure 7.10 three scanning electron micrographs are shown of the cross section 

of a cryogenically broken light guide containing 5 wt% P(MMA-co-DVB) particles 

distributed with a rotational speed of 5000 rpm. 
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Figure 7.10: SEM micrographs of a cross section of a light guide prepared via the two-step 

ultracentrifuge process containing 5 wt% 650 nm P(MMA-co-DVB) colloid particles, 

rotated at 5000 rpm. Magnification increases from (a) to (c). 
 

The micrograph in picture (a) shows the edge of the sample, where clearly a layer 

of light scattering elements is present, approximately 136 µm thick, that surrounds the 

centre of the light guide where colloidal particles are absent. In Figure 7.10 (b) an 

enlarged section of the transition from the outer layer containing the light scattering 

elements to the transparent core is depicted to show that the transition is step-like. 

Finally, in Figure 7.10 (c) at even higher magnification, a micrograph is shown of a small 

area of the outer layer to show that each colloid particle is embedded separately in the 

matrix and that no agglomeration of the particles is observed. 

A good agreement exists between Raman measurements and microscopy 

investigations regarding the observed thickness of the layer containing the light scattering 

elements for various processing conditions. As an illustrative example the observed layer 

thickness as a function of the weight fraction of the colloidal phase is shown in Table 7.4. 

 

Table 7.4:  Thickness of the layer (d) containing colloidal P(MMA-co-DVB) particles of 650 nm 

prepared at an angular velocity of 5000 rpm for various weight fractions of the dispersed 

phase. 

wt-fraction 

[-] 

d  

[µm] 

0.025 53 

0.050 136 

0.100 270 

  

7.3.3 Emissive properties of the optical waveguides prepared via the two-step 
ultracentrifuge process 

 

The emissive properties of the light guides prepared via the two-step 

ultracentrifuge technique are illustrated in Figure 7.11 in which both a PMMA rod and an 

(a) (b) (c)(a) (b) (c)
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emissive optical waveguide containing 800 nm P(MMA-co-DVB) colloid particles are 

compared. The incident laser light is coupled into the end surface of the waveguide from 

the left hand side.  

 

Figure 7.11: Photograph of a PMMA rod (top) and a light guide prepared via the two-step 

ultracentrifuge technique presented in this chapter containing 5 wt% 800 nm P(MMA-co-

DVB) colloid particles rotated at 5000 rpm (bottom). The incident light source in both 

samples is a 4 mW He-Ne laser. 

 

The PMMA rod is prepared using normal polymerisation conditions and therefore 

some glistening due to scattering of the incident light by dust particles is present in the 

sample. However, a striking difference is observed when the same light source is used on 

a waveguide built up of a transparent core surrounded by a layer of light scattering 

elements as shown in the bottom half of the picture. As was anticipated, the waveguide 

not only transmits the light but also emits it to all sides so that a glowing appearance is 

obtained over its entire length. 

To be able to quantify the emissive properties of the light guides the intensity of 

the light that was coupled out was measured using an Autronic Display Measuring 

system of which a schematic diagram is shown in Figure 7.3. 
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Figure 7.12: Emitted light intensity measured perpendicular to light guides prepared via the two-step 

ultracentrifuge technique as a function of transmission distance and distribution profile 

at constant weight fraction light scattering elements (5 wt%) and particle size (650 nm);  

150 rpm ( ), 1000 rpm  ( ), 5000 rpm ( ) and a PMMA reference sample containing 

no light scattering elements ( ). 

 

Figure 7.12 shows the intensity of the light that is coupled out into the direction 

perpendicular to the axis of the waveguide. The unit of length L, denotes the distance 

from where the light is coupled into the sample. Three different samples containing an 

equal amount of light scattering elements of equal size are compared to investigate the 

influence of the distribution profile on the light emitting properties. As was observed by 

the Raman spectroscopy measurements, low rotational speeds resulted in an almost 

uniform distribution of the light scattering elements over the diameter of the waveguide. 

With increasing rotational speed the distribution profile becomes steeper and the 

majority of the light scattering elements is concentrated in a layer surrounding a 

transparent core. From Figure 7.12 it is observed that having large amounts of light 

scattering elements in the core of the light guide results in an extremely high laterally 

emitted amount of light close to the light source that subsequently, drops very rapidly 

towards the level of light emitted by a polymer rod containing no light scattering 

elements. When a layer of light scattering elements surrounds a transparent core, the 

laterally emitted light intensity is more homogeneous over larger distances. 
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Figure 7.13: Emitted light intensity measured perpendicular to the light guide as a function of 

transmission distance and weight fraction light scattering elements at constant 

rotational speed 5000 rpm and particle size (650 nm); 0 wt% ( ), 1.25 wt% ( ), 2.5 

wt%( ), 5 wt% ( ) and 10 wt% ( ). 

 

In Figure 7.13 the laterally emitted light intensity is shown of light guides 

containing increasing amounts of light scattering elements. The laterally emitted light 

intensity of the presented samples is large compared to a standard PMMA rod that is 

used as a reference sample, shown in Figure 7.13 by the filled squares. The light emitting 

properties show an increasing lateral light intensity with increasing weight fraction of the 

dispersed phase. Light intensity decreases along the length of the light guide. However, at 

the end of the waveguide light is still present and is coupled out at the distal end. When a 

reflector is attached to the cross-sectional area at the end of the waveguide the light is 

reflected back into the light guide. Then the laterally emitted light intensity increases as is 

depicted in Figure 7.16 and is more uniformly distributed over the length.  

An unexpected maximum is present in the plot in Figure 7.13, which moreover, 

seems to move closer to the beginning of the light guide with increasing weight fraction 

of the dispersed phase. A possible explanation is shown schematically in Figure 7.14. 

With increasing weight fraction of light scattering elements in the light guide the 

thickness of the scattering layer surrounding the transparent PMMA core increases (see 

Table 7.4). Since the optical fibre that transports the light from the light source to the 

sample in the Autronic experiments does not produce a well-collimated beam of light, a 

cone of light (half angle approximately 22°) enters the waveguide as depicted 

schematically in Figure 7.14. With increasing layer thickness the light encounters 

L
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scattering elements sooner and is coupled out closer to the light source as is shown in 

that same figure. 

 
Figure 7.14: Schematic representation of a possible explanation for the shift of the maximum 

emissive intensity with increasing weight fraction scattering elements in Figure 7.13. 

 

In Figure 7.15 the angular distribution of the emitted light is shown for samples 

prepared under identical processing conditions but with a different size of the light 

scattering elements.  
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Figure 7.15: Angular distribution of the emitted light intensity at constant weight fraction (5 wt%) and 

rotational speed (5000 rpm) as a function of particle size;  150 nm ( ) and 650 nm ( ). 

 

Both samples showed the desired distribution of a transparent core surrounded by 

a layer containing the light scattering elements. In this figure, the value for θ = 90° 

lamp waveguide 

θ 
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corresponds to a position of the detector that is perpendicular to the surface of the 

sample. The light is mainly scattered in forward direction. The position of the maximum 

of the laterally emitted light is identical for both particle sizes at approximately 50° from 

the normal. A large difference in the magnitude of scattering by both particle sizes is 

observed. The larger particles couple more light out of the light guide over the entire 

angular range. Therefore, larger particles scatter the light more effectively. Moreover, 

when small particle sizes are used wavelength dependent scattering might occur. 

 
When the light that is remaining at the end of the waveguide is recycled back in to 

the light guide by means of, for instance, a reflector, the overall side-emitted intensity 

increases. In Figure 7.16 also a second maximum appears in the angular distribution, this 

time at angles smaller than 90° because of the forward scattering of the recycled light. 
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Figure 7.16: The influence of a reflector on the angular distribution of the emitted light for a light 

guide containing 5 wt% 650 nm P(MMA-co-DVB) colloid particles produced at a rotational 

speed of 5000 rpm; without a reflector ( ) and with a reflector attached to the distal end 

of the light guide ( ). 

 

In the recipe for the dispersion polymerisation of the colloidal particles MMA was 

replaced by styrene to obtain particles with a higher refractive index (see Table 7.3). P(Sty-

co-DVB) particles were also distributed in a PMMA matrix using the two-step 

ultracentrifuge process, thereby increasing the magnitude of the refractive index 

mismatch between the dispersed phase and the matrix material compared to the use of 

P(MMA-co-DVB) particles. Increasing the refractive index difference between the light 

scattering elements and the matrix, with otherwise similar conditions not only increases 

θ 
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the intensity of the emitted light but more importantly shifts the emission angle towards 

the normal. This is observed in Figure 7.17 which shows the angular distribution of the 

forward scattered light for comparable light guides with both types of colloidal particles. 
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Figure 7.17: Angular distribution in forward direction of the emitted light intensity at constant weight 

fraction (5 wt%) and rotational speed (5000 rpm) as a function of refractive index 

mismatch;  ∆∆∆∆n =  0.026, 650 nm P(MMA-co-DVB) ( ) and ∆∆∆∆n = 0.125, 500 nm P(Sty-co-

DVB) ( ). 

 

Other techniques to increase the refractive index mismatch between the matrix 

and the light scattering elements, e.g. by using a partially fluorinated polymethacrylate 

with a lower refractive index than PMMA must result in similar effects. Whereas 

conventional techniques such as intertwined strands of fibres or surface modified optical 

waveguides mainly couple out light in its propagation direction, it is possible via the 

presented technique to emit light almost along the normal of the optical waveguide. 

 

7.4  Conclusions 
 

Light guides were produced that contain a core of a transparent, light conducting 

material, in this case PMMA, surrounded by a layer of light scattering elements. It is 

shown that the localisation of the scattering elements in the outer layer results in a more 

homogeneous light emission compared to the situation in which scattering elements are 

distributed over the entire cross-section. It is also shown that the emissive properties of 

the light guides can be tuned by varying the amount, size and composition of the 

polymeric particles or polymer matrix. The intensity of the initially emitted light increases 
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with increasing amount of light scattering elements and light intensity decreases along 

the longitudinal axis. By increasing the refractive index mismatch between the light 

scattering elements and the polymer matrix it is possible to tune the emission angle and 

spatial light distribution in such a way that it is coupled out of the waveguide 

approximately along the normal direction. 
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Technology Assessment 

 

Polymeric optical waveguides such as fibres, backlights and beam splitters are 

increasingly used to guide light or to emit light in a broad range of applications. New or 

improved properties are often required to further extend the application range of existing 

optical waveguides. As a consequence, copolymers, polymer blends and doped polymers 

are increasingly used in order to tune the optical, mechanical or thermal properties of the 

waveguides.  

Here, the scattering losses of different polymer materials i.e. polymer-dopant 

systems, polymer blends and copolymers were investigated both theoretically as well as 

experimentally, for instance for the use in graded-index polymer optical fibres (GI-POFs). 

Theory predicts that with a proper materials selection the scattering losses in all these 

material classes are potentially very low.  

Scattering losses that have been deduced from small-angle neutron scattering 

experiments conducted on polymer-dopant systems, polymer blends and copolymers 

show that doped polymers and random copolymers indeed exhibit low scattering losses. 

However, in polymer blends a large additional excess scattering exists which results in 

high scattering losses. Therefore, only polymer-dopant systems or random copolymers 

are, at the moment, suitable candidates to obtain low-loss high-bandwidth polymer optical 

waveguides. Of course, a strongly enhanced time and temperature stability is expected if 

dopants are avoided in GI-POFs and a refractive index gradient is chemically fixated by 

copolymerisation. 

Traditional methods that use copolymers to form a refractive index gradient in a 

polymer optical waveguide, are based on the difference in reactivity ratios between the 

different monomers1,2. As a result a non-random copolymer is obtained and hence an 

increased attenuation caused by light scattering. Consequently, new production methods 

are required in which a compositional gradient is generated that does not use monomer 

reactivity as a driving force. Potentially, selective sedimentation of monomers in a 

centrifugal field is a suitable method to obtain a compositional gradient in monomers 

over the preform diameter, which after polymerisation results in a parabolic refractive 

index gradient. Since the spatial distribution of the monomeric units is achieved via 

centrifugal force fields, the reactivity ratios of the monomers can be chosen such that 

locally random copolymers with a low loss are obtained. Of course, the actual gravitational 
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force fields that are required are probably orders of magnitude higher than in polymer-

monomer systems3,4. 

 

At the moment, amorphous perfluorinated materials are extensively used in POFs 

with a low optical loss (< 20 dB·km-1). These low optical losses are related to the absence 

of carbon-hydrogen bonds in the polymers. Commercial perfluorinated GI-POFs are 

exclusively based on polymer-dopant systems to avoid excessive Rayleigh scattering and 

therefore, they exhibit the same drawbacks as their non-perfluorinated counterparts with 

respect to stability and temperature resistance. Of course, the guidelines established in 

this thesis potentially also apply to perfluorinated systems to further reduce loss or to 

enhance stability.  However, the drawbacks associated with perfluorinated monomers and 

their polymers, e.g. high materials costs and safety risks in their production, must also be 

taken into consideration. 

 

As a second objective in this thesis it was attempted to develop low loss, long-term 

high temperature resistant polymer optical fibres for use in, for instance, the automotive 

industry. Polymer-dopant systems cannot be applied here, because the addition of a 

dopant decreases the glass transition temperature of the resulting optical waveguide, 

thereby reducing the temperature resistance. Due to the promising characteristics of 

copolymers with regards to scattering losses, a copolymer of methyl methacrylate (MMA) 

and 1-adamantyl methacrylate (AdMA) was investigated. Indeed, it was observed that the 

thermal properties and the optical attenuation were more than sufficient for use in 

automotive applications. A potential drawback of these copolymers is their brittleness and 

a future research effort is required to generate fibres with a high strain at break induced 

via a carefully controlled orientation in the spinning or drawing process. 

Also, other polymers can be considered for future automotive applications. α-

Methylene-γ-butyrolactone, (α-MBL), shows a large resemblance to MMA. It can be 

polymerised to a transparent polymer possessing a glass transition temperature of 

approximately 195°C5-7. Poly(α-MBL) can still be processed in its homopolymer form and 

possesses a Tg that makes it suitable in the most demanding applications in the 

automotive industry. Since homopolymers only exhibit scattering losses due to density 

fluctuations, an even lower loss limit is expected for this polymer than for the copolymers 

of MMA and AdMA investigated here. 

 

A third objective of this thesis was to investigate emissive polymer optical 

waveguides for lighting applications. In Chapter 7 emissive waveguides were described in 
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which externally produced polymeric spheres are introduced to act as light scattering 

elements. Not described but studied in preliminary experiments are emissive polymer 

waveguides equipped with relief structures to couple-out light. Methodologies that control 

the distribution of these elements in the surface should lead to a more homogeneous 

outcoupling of light over the length of the fibre. The decline of light over the fibre length 

can be corrected by a controlled positioning of the relief structures. The relief structures 

were combined with light scattering elements formed in-situ in the waveguide to obtain a 

more precise control over the local emissive properties. To induce light scattering 

elements in-situ, polymer blends were investigated that are homogeneously miscible at 

room temperature but possess a lower critical solution temperature (LCST) at elevated 

temperatures. Examples of such blends are PMMA/PTFPMA8, PMMA/PTFEMA4, 

polystyrene/poly(cyclohexyl methacrylate) and PMMA/SAN (styrene-acrylonitrile). Indeed 

by locally heating polymer blends systems of PMMA/PTFPMA and PMMA/SAN above 

their LCST using the absorption of the light of a continuous wave laser, phase separation 

was induced locally. The combination of relief structures and light scattering elements 

results in emissive polymer optical waveguides that are flexible in design, with enhanced 

emissive properties that can be tuned depending on the required properties.  
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Appendix A 
 
Principles of Transmission in Optical Waveguides 
 

By definition any structure that is capable of transmitting light can be called an 

optical waveguide. Even though optical waveguides can be regarded as high tech devices, 

their working principle is still based on elementary and fundamental scientific laws that 

date from several centuries ago. When discussing optical waveguides the principles of 

reflection and refraction are used that are derived from the wave theory as formulated by 

Christian Huygens and Isaac Newton in the seventeenth century1. Therefore, in this 

appendix some basic principles of transmission in optical waveguides in general and fibre 

optics  in particular are explained. 

 

In vacuum light propagates itself with a speed of 299,792.458 [km·s-1]2. In any 

other medium light travels slower. The refractive index is a convenient way to quote the 

speed of light in a material since it is defined as3: 

 

p
i v

c
n 0=  (A.1) 

 

with ni the refractive index of material i, c0 the speed of light in vacuum and vp the 

propagation speed of light in material i. 

 

When light travelling through one medium enters into a second medium with a 

different refractive index, the speed of the wave must change. Except when the beam is 

normal to the interface of the two media, a change in speed will cause bending of the 

light rays at the interface, known as refraction4. In Figure A.1 a schematic representation 

is given of light rays refracting at the interface between two materials with different 

refractive indices (n1 and n2). The relationship between the angle of incidence (θi) and 

angle of refraction (θr) is given by Snell’s law1: 

 

ri nn θθ sinsin 21 =  (A.2) 

 

In the example shown in Figure A.1 n2 > n1 and therefore the incident light will 

refract towards the normal. In addition to refraction, a part of the light hitting the 
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interface will not enter the second material but will be reflected, as is also shown in 

Figure A.1. The angles of incidence and reflection are equal (θi = θf). 

 

Figure A.1: Schematic representation of refraction and reflection of light rays at the boundary between 

materials of refractive index n1 and n2 (n2 > n1); θθθθi is angle of incidence, θθθθf is angle of 

reflection and θθθθr is angle of refraction. 

 

Analogously, light travelling from a higher to a lower refractive index material 

(Figure A.2a) will refract away from the normal. Upon increasing the angle of incidence, 

at a certain angle, the critical angle (θc), light will no longer enter the second material 

(Figure A.2b). The critical angle for total internal reflection can be derived from equation 

(A.2) when the angle of refraction is 90°. For angles of incidence that are higher than the 

critical angle all the light that hits the interface will be reflected back into the material 

(Figure A.2c). This phenomenon is called Total Internal Reflection, and is used to guide 

light in amongst others step-index optical fibres5. 

 

Figure A.2: Schematic representation of reflection of light at the interface of two materials with 

refractive index n1 and n2 (n2 > n1);   a) θθθθi < θθθθc b) θθθθi = θθθθc and c) θθθθi > θθθθc. 

 

Step-index polymer optical fibres consist of a core of constant refractive index 

surrounded by a cladding of also constant but lower refractive index (see Figure A.5a). 

n1 

n2 

θi θf 

θr 

n1

n2

θi < θc θi > θcθi = θc

a) b) c) 
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The refractive indices of respectively the fibre core (ncore) and its cladding (nclad) allow us 

to calculate the numerical aperture (N.A.) of the fibre6: 

 

22
maxsin·.. cladcorea nnnAN −== θ  (A.3) 

 

with: na the refractive index of air ( = 1.0003). 

The numerical aperture is a measure for the maximum acceptance angle for light (θmax) of 

the fibre as depicted schematically in Figure A.3. Any light rays launched into the fibre at 

angles smaller than θmax will be propagated via total internal reflection. A higher N.A., i.e. 

a larger θmax, facilitates fibre coupling7. 

 

Figure A.3: Maximum acceptance angle in a multimode step-index optical fibre. 

 

Unlike a single mode optical fibre (Figure A.5c), as its name implies, light in a 

multimode optical fibre propagates in many modes (trajectories)3. In a multimode step-

index fibre different modes will have different path lengths depending on the number of 

reflections at the core-cladding interface, as can be seen in Figure A.4. Consequently, 

higher modes, with more reflections, will take longer to reach the end of the fibre. The 

delay in the mode with the shortest path, i.e. along the axial line (the zero mode), and the 

longest (the critical mode) is called the modal dispersion (∆t)3.  
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with: L the fibre length [m]. 

 

Additional to modal dispersion so-called material dispersion influences the 

propagation of light pulses. The light sources used in fibre optics do not purely emit a 

single wavelength of light, but have a certain spectral width. Therefore, a small range of 

wavelengths will be launched into the fibre and as can be understood from equation (A.1) 

θmax 

θc 
na 

nclad 

ncore
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light of different wavelengths will propagate with different speeds through a medium of 

constant refractive index.  Generally the effect of material dispersion is small compared to 

modal dispersion2. 

 

Figure A.4: Modal dispersion in a multimode step-index optical fibre limits the bandwidth. 

 

Due to the dispersion, pulse broadening will occur and light pulses that are 

separately launched at the proximal end of the fibre, might start to overlap at the distal 

end, thereby corrupting the signal. To prevent successive pulses from overlapping, the 

dispersion has to be compensated by a time delay between light pulses. The maximum 

bandwidth (βmax) of an optical fibre is directly related to this time delay and can be 

estimated according to the following relationship3: 

 

t
L
∆

=
2maxβ  (A.5) 

 

with ∆t the propagation delay between the zero mode and the critical mode, i.e. the modal 

dispersion. The bandwidth is length dependent and is therefore often expressed in terms 

of the bandwidth times length product [MHz·km]. 

 

2
0

max .).(
·

AN
cncore=β  (A.6) 

 

The total number of modes will increase with N.A., i.e. increasing θmax, increasing 

the modal dispersion and decreasing the bandwidth2. Single mode optical fibres possess a 

very small core diameter (typically < 10 µm) to prevent reflection of light rays at the 

boundary of the core and cladding and let rays travel along the optical axis of the fibre 

modal  
dispersion 
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only8. This way, no modal dispersion is introduced and very high data rates can be 

achieved. However, the small core diameter complicates fibre coupling. 

 

Figure A.5: Optical fibre configurations; a) multimode step-index optical fibre, b) graded-index optical 

fibre and c) single-mode optical fibre. 

  

To combine a high bandwidth with large core diameters graded-index optical 

fibres (GI-OFs) have been introduced (Figure A.5b). GI-OFs possess a parabolic refractive 

index gradient across the diameter, with the highest refractive index at the centre and 

decreasing towards the periphery of the fibre. Light rays entering the fibre at an angle will 

no longer follow a sharp zigzag route towards the end of the fibre, but will be 

continuously refracted and follow a sinusoidal path. Axial rays will still have the shortest 

path length, but will also encounter the highest refractive index. As becomes clear from 

equation (A.1) the propagation speed will be smaller than for light rays travelling off-axis. 

The longer path lengths will be compensated by the average higher speed, resulting in 

less modal dispersion and a higher bandwidth.  
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Appendix B 
 

Copolymer Composition Distributions 
 

Two effects will cause a copolymer to have a composition deviating from the ideal 

one, namely an intermolecular distribution in chemical composition and an 

intramolecular distribution of monomer units per chain. 

 

Several approaches have been reported to describe the chemical composition 

distribution of a copolymer system, related to among other things the initial monomer 

ratio, the reactivity ratios of the monomers and the degree of conversion1-5. For the special 

case of an ideal copolymerisation, when the product of the reactivity ratios equals one, i.e. 

r1r2 = 1, Wall1,3 derived the following relationship for the distribution of the copolymer 

composition at high conversions: 
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Here, n0 is the total number of monomers of type 1 (M1
0) and 2 (M2

0) together at the start 

of the reaction. Furthermore, F1 is the fraction of monomer 1 in the copolymer forming at 

any instant, R = (M2
0/ M1

0) is the initial monomer ratio at the start of the polymerisation 

and r = r1 = r2
-1. The term ( )

10
1

dF
dm

n  is the fraction of copolymer with a composition 

between F1 and (F1 + dF). The distribution function in equation (B.1) can be used to 

visualise the copolymer composition distribution. This is done for some illustrative cases 

in Figure B.1. The parameters used to plot these distribution profiles are shown in Table 

B.1. 

 

Table B.1: Reactivity ratio (r  = r1 = r2
-1), monomer ratio (R), molar fraction of monomer 1 in the feed 

(f1
0), instantaneous molar fraction of monomer 1 at the start of the reaction (F1) and mean 

square fluctuation in chemical composition (<∆∆∆∆u2>). 

r 

[-] 

R 

[-] 

f1
0 

[-] 

F1 

[-] 

<∆u2> · 103 

[-] 

1.11 1 0.500 0.526 0.689 

2.5 1 0.500 0.714 39.28 

5 1 0.500 0.833 90.60 

5 5 0.167 0.500 - 
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Figure B.1: Copolymer composition distribution functions showing the influence of reactivity ratio (r) 

for constant monomer ratio (R = 1) (a) and the influence of initial monomer ratio for 

constant reactivity ratio (r = 5) (b). 

 

The dashed vertical lines in both graphs indicate the instantaneous composition of 

the copolymers that is formed at the start of the reaction as calculated from the copolymer 

composition equation (B.2). 
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In Figure B.1-a the reactivity ratio of monomer 1 increases from r1 = 1.11 to 5. It is 

immediately observed that when the reactivity ratios are almost equal (r1 = 1.11 and 

consequently r2 = 0.90) a narrow distribution is obtained. However, for more deviating 

reactivity ratios, such as r1 = 5, r2 = 0.2, a broad distribution is obtained and at high 

conversions even pure polymer of type 2 is formed. In Figure B.1-b the influence of the 

initial monomer ratio on the copolymer distribution is pictured. It is shown that for 

different copolymer reactivity ratios the composition of the monomer feed has a great 

influence on the resulting chemical composition distribution. 

The mean square fluctuation in chemical composition <∆u2> caused by chemical 

heterogeneity can now be calculated from equation (B.1) according to6: 
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The values for <∆u2> calculated from equation (B.3) for the examples in Figure B.1-

a are depicted in Table B.1. It is observed that narrow chemical composition distributions 

are represented by small numbers of <∆u2>. 

 

The mean square fluctuation in chemical composition caused by statistical 

heterogeneity inside a polymer chain (<∆u’2>) is defined in a simplified manner of the 

approach by Stockmayer as6,7: 
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Appendix C 
 
Relevant Concepts in Small-Angle Neutron Scattering 

 

Neutrons can be considered as radioactive particles with a mass (mn = 1.675·10-27 

kg) but also as radiation with a wavelength (λ) related to its energy by the De Broglie 

relation1: 

 

vm
h

n

=λ  (C.1) 

 

Here, h is Planck’s constant (6.6260755 · 10-34) [J·s]2 and v the velocity [m·s-1]. Typical 

neutron wavelengths are between 1.5 and 10 Å. 

 

In a typical scattering experiment the scattering intensity of a sample is recorded 

as a function of the scattering angle θ between the incident and scattered waves. The 

scattering angle is expressed as the modulus of the scattering vector q, which quantifies 

length scales in reciprocal space:  

 

2
sin

4 θ
λ
π=q  (C.2) 

 

Combining equation (C.2) with Bragg’s law of diffraction3: 

 







=

2
sin2

θλ dn  (C.3) 

 

results in a straightforward expression for the length scales (d) being probed using a 

certain q-range. 

 

q
d

π2=  (C.4) 

 

As a result smaller values of q will probe larger length scales. Therefore, Small-

Angle Neutron Scattering (SANS) can be used to obtain information about the size and 
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shape of polymer molecules and their assemblies. The intensity of scattered radiation that 

is recorded at the detector (I(q)) is related to the scattering cross section (dσ/dΩ(q))1,4: 

 

)()()()()( 0 q
d
d

VTIqI s Ω
∆Ω= σλληλ  (C.5) 

 

with I0 the incident flux of neutrons, ∆Ω the solid angle in which the neutrons are 

scattered, η the detector efficiency, T the sample transmission and Vs the illuminated 

sample volume. The first three terms on the right hand side of equation (C.5) are specific 

to the instrument while the final three terms are dependent on the sample. It is the 

scattering cross section that contains all the information about the size, shape and 

interactions of the scattering centres in a sample and it is defined as: 

 

neutronsincidentofflux
inneutronsscatteredofflux

d
d ∆Ω=

Ω
σ  (C.6) 

 

The scattering cross section consists of contributions by the so-called form or shape 

factor, P(q), and the structure factor, S(q)4. 

 

BqSqPbNVq
d
d

v +=
Ω

)()()( 22σ  (C.7) 

 

in which N and V are the number of scattering centres and the volume of one scattering 

centre, bv
2 is the contrast and B the background signal. The form factor is a dimensionless 

function that describes how dσ/dΩ is influenced by interference effects caused by 

scattering by different parts of the same scattering centre. It represents the intramolecular 

interactions in a system. The structure factor describes the effect on dσ/dΩ by scattering 

from different scattering centres, the intermolecular interactions. The structure factor 

contains information about the thermodynamic interactions in the sample3. At high 

values of the scattering vector, S(q) approaches unity, while at small values for q the form 

factor tends to unity.  

 

The amplitude (A) of a wave scattered by a nucleus, observed from a distance that 

is much larger than the distance between scattering centres, can be written as the neutron 

scattering length (b). When a system containing N nuclei, each of scattering length bi is 

considered, the amplitude of an elastically scattered wave is given by the following 

relation1: 
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with rj the distance of the j-th atom from the observer.  

 

The scattering intensity of this wave is then obtained from the product of the amplitude 

A(q) with its conjugate A*(q): 
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The < > brackets indicate an average is taken of the product.  
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The double sum in equation (C.10) can be split-up in two terms: 
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The first term on the right hand side of equation (C.11) equals N·<b2>. In the second term 

bj and bk are independent since their values are not related to the positions of the atoms 

and therefore: 

 

2
bbbbb kjkj ==  (C.12) 

 

Substitution in equation (C.11) yields: 
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Defining: 

 

222 bbb −=∆  (C.14) 
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equation (C.13) can be rewritten to the form: 

 

( )∑ −+∆=
Ω

N

kj

rriq kjebbNq
d
d

,

22)(
σ  (C.15) 

 

The first term on the right hand side in this equation is only dependent on the 

fluctuations in scattering length. The scattering resulting from this term is called the 

incoherent scattering. The scattering arising from the second term is denoted as the 

coherent scattering and depends on the constructive interference of neutron waves 

coming from different nuclei1,5,6.  

 

The scattered single atom coherent and incoherent cross sections, σcoh and σinc 

respectively, are defined as1,3: 

 

22
44 bb inccoh ∆== πσπσ  (C.16) 

 

In Table C.1 the scattering lengths of some of the most common isotopes are 

shown. There is a strong difference in scattering length by certain isotopes. For instance 

the scattering length for hydrogen is negative, bH = - 0.374 · 10-12 cm, while that of 

deuterium is bD = 0.667· 10-12. This difference in scattering length is the basis for the 

large influence of deuterium substitution to obtain contrast in neutron scattering 

experiments. 

 

Table C.1: Scattering length (bi) and cross sections for some common isotopes1,3,4. 

Nucleus 
b· 1012 

[cm] 

σcoh· 1024 

[cm2] 

σinc· 1024 

[cm2] 
1H -0.374 1.76 80.26 
2D 0.667 5.59 2 
12C 0.665 5.55 0 
16O 0.580 4.23 0 
19F 0.570 4.02 0 

 
Only coherently scattered neutrons carry structural information about the sample 

under investigation4. Incoherently scattered neutrons contain no information on 

interference effects and form an isotropic background that should be subtracted from the 

neutron scattering data before obtaining structural information. As can be seen from 

Table C.1 most nuclei encountered in common polymers only scatter neutrons 
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coherently. However, hydrogen has an incoherent scattering cross section that is much 

larger than its coherent counterpart. Therefore, hydrogen present in the sample will 

result in a flat background signal that has to be removed. This is illustrated in Figure C.1 

which shows SANS curves of two homopolymers as they were recorded at the LOQ 

instrument at the ISIS spallation neutron source described in Chapter 3. The pattern for 

the hydrogenated component [poly(2,2,3,3-tetrafluoropropyl methacrylate)] is independent 

of scattering angle, and has a relatively high average intensity related to the incoherent 

scattering due to the hydrogen atoms. The deuterated component [poly(methyl-d3-

methacrylate-d5)] has a much lower intensity since the incoherent scattering cross section 

of deuterium is much smaller. The small increase at low q might be the result of the 

beam stop or coherent scattering caused by heterogeneities in the sample such as voids, 

initiator residues, etc7.  
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Figure C.1: Scattering cross sections of deuterated poly(methyl methacrylate) (PMMA-d8, )  and 

poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA, ), showing the effect of 

incoherent scattering on the intensity level of the scattering of deuterated and 

protonated components. 

 

When the logarithm of the scattering cross section is plotted versus the logarithm 

of the scattering vector, as is depicted schematically in Figure C.2, it is easy to distinguish 

various regimes in the scattering plot by their q-dependency.  

For very small values of the scattering vector the scattering cross section will 

become independent of q. At high q, dσ/dΩ will decay according to a q-1 dependency 

because the length scales that are being probed are of the same size as the sizes of the 

scattering centres, i.e. scattering will result from the polymer backbone formed by the 
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monomeric units. In the intermediate q-range the slope of dσ/dΩ may vary between q-2 

and q-4, implying either a homogeneous system or a two-phase system with a sharp 

interface. 
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Figure C.2: Schematic representation of a SANS curve plotted on a log-log scale, showing the 

various scattering regimes and their dependency on the scattering vector as explained in 

the text. 
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Samenvatting 
 

De vraag naar datatransmissiesystemen met een hoge bandbreedte voor 

communicatietoepassingen neemt explosief toe in onze samenleving. Als gevolg hiervan 

wordt veel onderzoek verricht naar hoge bandbreedte communicatiesystemen zoals 

satellietverbindingen, ADSL en optische vezels. Het lange afstand Internetverkeer vindt 

tegenwoordig bijvoorbeeld bijna uitsluitend plaats via anorganische optische vezels. 

Bovendien wordt verwacht dat in de toekomst ook in hoge bandbreedte toepassingen over 

relatief korte afstanden, zoals bijvoorbeeld computernetwerken in kantoorgebouwen en 

toepassingen in auto’s en vliegtuigen, koperdraad vervangen zal gaan worden door 

polymeer optische vezels. In deze korte afstand toepassingen zijn met name de 

flexibiliteit en eenvoudige installatie van polymeer optische vezels belangrijke voordelen 

ten opzichte van anorganische optische vezels.  

In toepassingen met een hoge bandbreedte zijn vaak zogenaamde graded-index 

polymeer optische vezels nodig met een parabolische gradiënt in de brekingsindex over 

de diameter. Over het algemeen worden systemen gebaseerd op polymeren met een 

additief, copolymeren of mengsels van polymeren gebruikt om de gewenste 

brekingsindex gradiënt te realiseren. Dit leidt echter vaak tot een hoog optisch verlies, dat 

sterk afhankelijk is van de materiaalkeuze. Dit hoge optisch verlies wordt veroorzaakt 

door extra Rayleigh verstrooiing die gerelateerd is aan locale fluctuaties in de 

samenstelling. In dit proefschrift is deze extra Rayleigh verstrooiing in polymeer-additief 

systemen, polymeer mengsels en copolymeren zowel theoretisch als experimenteel 

uitgebreid onderzocht.  

Vanuit theoretisch oogpunt is op basis van thermodynamische beginselen 

aangetoond, dat de extra Rayleigh verstrooiing door concentratie fluctuaties in de 

genoemde polymeersystemen zeer afhankelijk is van de Flory-Huggins 

interactieparameter (χFH) en het verschil in brekingsindex tussen de componenten (∆n). 

Het wordt voorspeld dat in al deze systemen het optisch verlies door verstrooiing kan 

worden geminimaliseerd, door een voldoende grote negatieve χFH en een voldoende klein 

brekingsindexverschil te gebruiken. 

In overeenstemming met voorgaande onderzoeken blijkt dat polymeer-additief 

systemen gebaseerd op poly(methyl methacrylaat) (PMMA) en broombenzeen of diphenyl 

sulfoxide een laag Rayleigh verstrooiingsverlies bezitten. Het gebruik van polymeer-
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additief systemen brengt echter ook nadelen met zich mee, zoals een verlaagde 

glasovergangs-temperatuur (Tg). Bovendien is de brekingsindexgradiënt niet stabiel door 

diffusie van de additief moleculen in het polymeer. 

Ten opzichte van een polymeer-additief systeem is een brekingsindexgradiënt die 

is aangebracht in een mengsel van twee polymeren veel stabieler gedurende lange tijd en 

zelfs bij verhoogde temperaturen. Twee model systemen van volledig mengbare 

polymeren, namelijk gedeutereerd PMMA met poly(2,2,3,3-tetrafluorpropyl methacrylaat) 

(PTFPMA) en gedeutereerd poly(2,2,2-trifluorethyl methacrylaat) (PTFEMA) met 

PTFPMA, zijn daarom onderzocht met behulp van kleine hoek neutronen verstrooiing 

(SANS). Het is aangetoond dat het optisch verstrooiingsverlies veroorzaakt door 

fluctuaties in de samenstelling kan worden geminimaliseerd door een geschikte 

combinatie van thermodynamische eigenschappen (een grote negatieve Flory-Huggins 

interactie parameter) en de brekingsindices van de polymeren (een kleine ∆n). Het 

verstrooiingsverlies kan met een factor 100 gereduceerd worden door gebruik te maken 

van een mengsel van PTFEMA en PTFPMA in plaats van een mengsel van PMMA en 

PTFPMA. Structuren met een typische grootte van enkele honderden Ångströms zijn 

echter eveneens aangetroffen in deze polymeermengsels. Op basis van de 

thermodynamische beschouwingen waren deze structuren niet verwacht. Hun 

aanwezigheid resulteerde in hoge additionele verstrooiingsverliezen van enkele 

honderden dB·km-1, waardoor de praktische bruikbaarheid van deze materialen in 

graded-index optica wordt belemmerd. 

Met behulp van SANS zijn ook de verstrooiingsverliezen in copolymeren met een 

brede en een smalle chemische samenstellingverdeling onderzocht. Experimenteel is 

gevonden dat een hoge mate van samenstellingsverloop tijdens de copolymerisatie hoge 

optische verstrooiingsverliezen tot gevolg heeft. Daartegenover zijn in statistische 

copolymeren juist extreem lage optische verliezen door verstrooiing waargenomen, met 

name indien een gedegen selectie van de monomeereenheden plaatsvindt. Het maximale 

theoretische optische verlies van deze statistische copolymeren is zelfs lager dan het 

optisch verlies van polymeer-additief systemen. Statistische copolymeren zijn daarom 

uitstekende kandidaten voor polymeer optische vezels met een laag optisch verlies. 

Een copolymeer van methyl methacrylaat (MMA) en 1-adamantyl methacrylaat 

(AdMA) is uitgebreider onderzocht. Dit specifieke copolymeer is potentieel zeer 

bruikbaar voor toepassingen in auto’s en de luchtvaart waar een verhoogde 

temperatuurweerstand is vereist. De glasovergangstemperatuur van het copolymeer kan, 

afhankelijk van de fractie AdMA, ingesteld worden van 105 tot 225°C. Het maximale 

theoretische optisch verlies van deze copolymeren (< 170 dB·km-1) is ruim beneden het 

toelaatbare maximale optisch verlies voor toepassingen in auto’s, te weten 500 dB·km-1.   
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Ten slotte zijn ook emissieve lichtgeleiders voor verlichtingstoepassingen 

onderzocht. Hierbij is gezocht naar een nieuwe methode om kunststof lichtgeleiders te 

maken waarbij licht op een goed gedefinieerde manier kan worden uitgekoppeld. 

Colloïdale polymeerdeeltjes zijn met behulp van centrifugaalvelden gedispergeerd in een 

kunststof lichtgeleider. De intensiteit van het uitgekoppelde licht en de hoeken waaronder 

het wordt uitgekoppeld kan worden ingesteld door het aantal lichtverstrooiende 

elementen, hun grootte, hun verdeling èn hun samenstelling. Door het 

brekingsindexverschil tussen de lichtverstrooiende elementen en de matrix waarin ze zijn 

gedispergeerd te vergroten kan het licht bijna langs de normaal worden uitgekoppeld. 

Samenvattend, het is aangetoond dat door een zorgvuldige selectie van polymeer 

materialen, lichtgeleiders met een laag optisch verlies en verbeterde eigenschappen zoals 

een toegenomen bandbreedte of een verbeterde hittebestendigheid kunnen worden 

verkregen. Bovendien is aangetoond dat een goed gecontroleerde introductie van licht-

verstrooiende elementen, potentieel bruikbaar is om gecontroleerde emissie van licht te 

verwezenlijken in kunststof lichtgeleiders voor verlichtingstoepassingen. 
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