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Summary v

Summary

Currently, almost all short distance data-transmission in, for instance, local area

networks and transmission to and in the home are based on copper wiring. However, copper

wiring cannot support the ever increasing bandwidth requirements of multimedia and Internet

technologies. Inorganic glass fibres are far superior to copper wire with respect to bandwidth,

but their small core diameter and low numerical aperture make fibre installation difficult, which

increases cost dramatically. Polymer optical fibres (POF’s) possess a large core diameter and

relatively high numerical aperture which facilitates installation and decreases cost. Moreover,

graded-index polymer optical fibres (GI-POF’s), with a parabolic refractive index gradient over

the cross section, possess a high bandwidth and are, therefore, an excellent candidate to

replace copper wiring.

In the past, a variety of experimental methods were developed to produce graded-

index, polymer glasses and an extensive research and development effort was devoted to their

properties and potential applications. Despite the great amount of recent progress, there is still

ample room for improvement in both the processing and properties of GI-POF’s. For instance,

the experimental procedures to produce graded-index fibres are often laborious and restricted

in the attainable diameter of the preforms, thus limiting the attainable fibre length after

drawing. Also, the long-term and high temperature stability of the fibres is limited and rather

exotic amorphous, perfluorinated polymers are required to obtain a low attenuation.

In this thesis, new materials and processes are investigated for the production of graded-

index preforms. Centrifugal fields are used to generate and to fix compositional gradients in

mixtures of two polymers which potentially facilitates the production of large diameter

preforms. An essential requirement for the production of graded-index optical fibres with a low

attenuation is that the two polymers are miscible over the entire composition range. Therefore,

the miscibility of amorphous polymer glasses is investigated extensively. It is found, that blends

of poly(methyl methacrylate) (PMMA) and poly(2,2,2-trifluoroethyl methacrylate), and blends

of PMMA and poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA) are miscible over the

entire composition range up to high temperatures. Especially PMMA/PTFPMA blends possess

advantageous properties with respect to refractive index, density and miscibility and, therefore,

this particular blend is selected as a model system for further evaluation of their processing and

optical properties.
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Two different routes are investigated to generate refractive index gradients in miscible

blends using centrifugal fields. In a first procedure, it is shown that substantial compositional

gradients can be introduced in initially homogeneous solutions of PTFPMA in methyl

methacrylate (MMA), and that this gradient can be fixed by polymerisation of the monomer at an

elevated temperature while the centrifugal field is maintained. Highly transparent polymer glasses

are produced with a parabolic-like refractive index gradient. The refractive index difference

increases upon increasing the rotational speed. It is also shown, that the graded-index preforms

possess an excellent long-term and high temperature stability compared to preforms with a

compositional gradient of a solvent/dopant in the cross section.

In a second procedure, it is shown that compositional gradients can also be generated and

fixed in PTFPMA tubes that are filled with MMA. Again, highly transparent polymer glasses are

produced with a parabolic-like refractive index gradient. In this particular case, high refractive index

differences between the centre and periphery of the preforms are produced, which results in an

increase in the numerical aperture of the preforms.

The theoretical minimum optical loss is determined for the PMMA/PTFPMA model

system. Special attention is devoted to the excess Rayleigh scattering due to concentration

fluctuations. The excess Rayleigh scattering is determined using light scattering and small-

angle X-ray scattering. Both methods show, that the excess Rayleigh scattering is

approximately 100 dB/km which indicates that graded-index, optical fibres with an attenuation

of approximately 170 dB/km in the visible wavelength region can be produced. Moreover, it is

also shown that the excess Rayleigh scattering can be further suppressed by using other

miscible polymer blends with a lower refractive index difference resulting in theoretical

attenuations below 100 dB/km.

The theoretical maximum bandwidth of graded-index fibres is calculated from the

refractive index gradients of the preforms assuming that the refractive index gradient is

preserved upon fibre spinning. The calculations are performed using the Wentzel-Kramers-

Brillouin (WKB) method, taking both modal and material dispersion into account. It is shown,

that graded-index fibres can be produced with bit rates up to 3 Gb/s for 100 meter transmission

at 650 nm, provided that the spectral width of the light source is small (≤2 nm). The

corresponding bandwidth is approximately 1500 MHz.km, which is high compared to the

bandwidth of  both step-index, POF’s (~5 MHz.km) and copper wire (~30 MHz.km).

The above described methacrylate based polymers possess a high attenuation in the

near infrared region due to light absorption originating from carbon-hydrogen overtones.

Perfluorinated, amorphous polymers are, therefore, investigated to obtain fibres suitable for

operation in the near infrared (1.3 and 1.5 micron). A perfluorinated copolymer of 2,2-

bistrifluoro-methyl-4,5-difluoro-1,3-dioxole and tetrafluoroethylene with a high glass transition

temperature (160 °C) is selected as the host-polymer to obtain an excellent long term and high
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temperature stability. Special attention is devoted to the selection of suitable dopants to

facilitate the production of the preforms. It is found that perfluorobenzyl-tetralin is completely

miscible with the perfluorinated copolymer up to temperatures of at least 250 °C. Highly

transparent, graded-index polymer glasses are produced at elevated temperature using

centrifugal field and the gradients are fixed by cooling and vitrification of the preforms. Apart

from a low attenuation in the near infrared region, the preforms possess a high theoretical

bandwidth. Moreover, it is shown that the preforms exhibit a high glass transition temperature

in comparison to conventional systems and, consequently, an enhanced time and temperature

stability is expected.

Summarising, the use of centrifugal fields to produce preforms is a versatile means to

produce graded-index preforms based on a variety of polymeric materials. This process

potentially facilitates the production of large preforms with an accurate control of the

refractive index gradients in the preforms. In the case of methacrylate based polymers,

preforms can be produced with a low attenuation and a high bandwidth in the visible

wavelength region, and an excellent stability. One of the main advantages of the process and

the materials used is that the attenuation is reduced in comparison to, for instance, preforms

with a gradient in comonomer composition, which increases the maximum transmission

distance to several hundreds of meters. The use of graded-index, POF’s in the near infrared

region remains restricted to perfluorinated polymers in combination with solvent/dopants.

Nevertheless, specific advantages in terms of processes and stability can be realised using

centrifugal fields in combination with high temperature stable polymers and proper dopants.
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Notation

α attenuation [dB/km]

Ai oscillator strength [-]

β bandwidth [Hz.km]

βiso isothermal compressibility [Pa-1]

b background scattering [m-1]

B bit rate [b/s]

B1 Ornstein-Zernike coefficient [nm]

χ Flory-Huggins interaction parameter [-]

c velocity of light in vacuum [m/s]

ci concentration [kg/m3]

C1, C2 parameters in calculation output pulse width [-]

Cu(90) Carbannes factor [-]

∆ fractional refractive index difference [-]

∆GM intensive free enthalpy of mixing [J]

∆HM free enthalpy of mixing [J]

∆SM free entropy of mixing [J/K]

ε wavelength dependant correction factor for gopt [-]

εa absorption coefficient [m2/mol]

φi volume fraction [-]

g index exponent [-]

ie Thomson’s number [m2]

I intensity of light [-]

I0 intensity of incident light [-]

κ interatomic force constant [g/cm2]

k Boltzmann constant [J/K]

K constant for light or X-ray scattering [mol⋅m2/kg2]

λ wavelength [nm]

λi oscillator wavelength [nm]

L fibre length, transmission distance [m]
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µ reduced mass [g]

Mn number average molecular weight [kg/mol]

MM molecular weight of the monomer repeat unit [kg/mol]

MW, Mi weight average molecular weight [kg/mol]

ν harmonic vibration frequency [cm-1]

n refractive index [-]

n(r) refractive index at radius r of a preform [-]

n0 refractive index of the core [-]

n1 refractive index of the cladding [-]

na refractive index of air [-]

N material group index [-]

NA Avogadro’s number [mol-1]

N.A. numerical aperture [-]

π osmotic pressure [Pa]

θ angle [degrees]

θC critical angle of incidence [degrees]

q scattering vector [nm-1]

Q molecular weight distribution [-]

ρi density [kg/m3]

ρi
e electron density [mol elec./m3]

r radius [m]

R gasconstant [J⋅mol-1⋅K-1]

R(0) Rayleigh ratio at zero angle [m-1]

Rp radius of a preform [m]

R(q) Rayleigh ratio as a funtion of scattering vector q [m-1]

σ turbidity or attenuation coefficient [m-1]

σλ root-mean-square spectral width of the light source [s]

σmaterial root-mean-square pulse width due to material dispersion [s]

σmodal root-mean-square pulse width due to modal dispersion [s]

σs spectral width of the light source [nm]

σtotal total root-mean-square pulse width [s]

td diffusion time [hours]

teq. time at sedimentation equilibrium [hours]

T temperature [K] or [°C]

Td diffusion temperature [°C]

Tf fictive glass transition temperature [K]



Notation xi

Tg glass transition temperature [°C]

υ quantum number [1,2,3…]

UU sum of all scattering components XY [m-1]

UV total scattered light in vertical direction [m-1]

v speed of light in matter [m/s]

V0 lattice cell volume [m3/mol]

VV scattering due to concentration fluctuations [m-1]

ω angular velocity [rpm]

w weight fraction [-]

x anharmonicity constant [-]

XY scattering components (X,Y=V or X,Y=H) [m-1]

zi relative chain length [-]

ZM number of electron of the repeat unit [-]
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Chapter   1

Introduction

1.1   Information and communication

The era we live in is often referred to as the “Information age”.1,2 With the advent of

computer technology, our educational system, jobs, business, entertainment, and very often our

everyday tasks necessitate analysis, manipulation, gathering and distributing of information.

Direct communication between computers is now necessary in many environments, resulting in

greatly expanding requirements for high-speed digital communication channels. Therefore,

important issues in resource-intensive data, voice and video applications are the transmission

capacity and transmission distance of the communication network. Currently, almost all short-

haul data-transfer applications such as local area networks (LAN’s) are based on copper

wiring. However, copper wiring cannot support the future data transmission capacity

requirements of multimedia and Internet technologies.1,2 Moreover, copper cables are sensitive

to electromagnetic interference (EMI) which introduces cross-talk between adjacent wires and

consequently may cause errors in data transmission.2

The development of laser technology and fibre optics in the 60’s-80’s has

revolutionised data transmission systems especially in telecommunication applications.3,4 It was

proven, that transmission by lightwaves over inorganic optical fibres is far superior in

performance than by electrons in traditional copper networks and by microwaves (“wireless”)

transmission like radio and satellite for carrying voice, data and video signals in high
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information capacity systems. Typically, optical fibres can support more data in less time, can

transmit over longer distances and are insensitive to electromagnetic interference.3-5 The

favourable properties of optical fibres have resulted in an explosive growth of fibre optic

applications especially in the field of telecommunication.5 The basic principles of optical data

transmission are discussed in the Appendix.

1.2   Inorganic versus polymer optical fibres

Initially, the development of fibre optics focused on inorganic glass fibres. Despite their

low optical loss, inorganic glasses are not in all cases ideal materials for the production of

optical fibres. Because of their high modulus, inorganic glasses possess a low flexibility.

Moreover, inorganic glasses are generally extremely brittle which, for instance, causes

problems with respect to fracture growth at surface flaws and stress concentrations, which

decreases the bending radius of inorganic fibres. A small bending radius can therefore only be

obtained in fibres with a small diameter, typically 125 microns or less. Furthermore, polishing

of the surfaces at both ends of the fibres is notoriously difficult. The small diameter of the

fibres and low numerical aperture require high accuracy in fibre connection which increases the

installation costs dramatically.6,7 The high installation costs of inorganic fibre optics and the

vulnerability of inorganic fibres to both impact and abrasion damage have restricted the large

scale use of fibre optics in short and medium range applications such as car electronics, local

area networks (LAN’s) and fibre optics to and in the home (FTTH’s).

In contrast to inorganic optical fibres, polymer optical fibres can be produced with a

high toughness and a high strain at break. It has been shown by Rehage et al.8 for poly(methyl

methacrylate) (PMMA) and Haward et al.9 for polystyrene (PS), that this originates from a

transition from crazing to shear yielding, which is introduced by the molecular orientation in

the fibres. Consequently, toughness is dramatically increased, which allows the production of

tough polymer optical fibres (POF’s) with diameters up to one millimetre and relatively small

bending radii.

Commercial POF’s are of the multimode, step-index type and possess a PMMA, PS or

polycarbonate (PC) core. The properties of commercial POF’s and inorganic optical fibres are

listed in Table 1.1.10-12 The large diameter and high numerical aperture of polymer optical fibres

facilitate fibre coupling and interfacing to other components. Moreover, coupling requires

optically smooth surfaces at both ends of a fibre, and polishing of the surfaces of POF’s is

relatively easy compared to inorganic optical fibres. Consequently, the installation and overall

systems cost are low. POF’s are, therefore, potentially an excellent alternative for inorganic
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optical fibres especially in short and medium range applications which require many junctions

and connections.

Especially, future applications of polymer optical fibres in local area networks and fibre

optics to and in the home have attracted attention recently. However, the step-index

characteristics of commercial POF’s result in modal dispersion and a bandwidth that is too low

(<10 MHz.km) for these applications.13,14 A large research and development effort was

therefore devoted, especially in the Far East, to the production of graded-index, polymer

optical fibres with a strongly enhanced bandwidth.13,14

Table 1.1: Typical properties of PMMA, PS, and PC POF’s, and inorganic optical fibres.

Property PMMA PS PC Inorganic

Attenuation [dB/km] 125 200 1000 0.2

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 0.25-1.5 0.002-0.125

Processability easy easy easy special tools

Temperature resistance [°C] 85 80 125 ~150

System costs low low low high

1.3   Graded-index POF’s; recent developments and limitations

Graded-index polymer optical fibres (GI-POF’s) exhibit a refractive index gradient in

the cross-section of the fibre and can support future bandwidth requirements in aforementioned

short and medium range data transmission applications. The parabolic refractive index gradient

in such fibres results in a low modal dispersion and in a high bandwidth (see Appendix).15

Previously, Koike et al. showed that graded-index polymer optical fibres can be produced by

the preform drawing technique,16,17 a technique which closely resembles that used for the

production of inorganic optical fibres.18 A schematic drawing of the preform heat-drawing

process is shown in Figure 1.1.19,20 A graded-index preform is fed into a furnace at low

velocity. The tip of the preform is melted at elevated temperature allowing a fibre to be drawn,

which is wound on a bobbin. The refractive index gradient of the fibre is influenced by the

energy and mass transport phenomena during drawing, which must be accurately controlled in
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order to generate a pure elongational flow and to preserve the refractive index profile of the

preform in the fibre.16

Precision feed system

Preform

Furnace

Fibre thickness monitor

Bobbin

r

n

Figure 1.1: Schematic representation of the preform heat-drawing process (n is the

refractive index and r is the radius of the preform).

A consequence of the above described production method is that the production of

refractive index gradients is shifted from the fibre to the preform. Several methods have been

reported to produce such preforms.21-28 A distinction can be made between methods which

introduce the refractive index gradient by varying the ratio of two or more comonomers along

the radius of the preforms, and methods which use a composition distribution of a low

molecular weight component along the radius of the preforms; the so-called dopant techniques.

A further distinction can be made between the type of polymers that are used for the

production of the preforms. Preforms are either produced from methacrylate based polymers or

from amorphous, perfluorinated polymers. In general, methacrylate based graded-index,

polymer optical fibres are operated in the visible wavelength region.16,24,25 GI-POF’s based on

amorphous, perfluorinated polymers can also be operated in the near infrared region, due to

their low theoretical attenuation in that region, i.e. the attenuation resulting from intrinsic

absorption and scattering losses is approximately 0.2 dB/km at 1500 nm.27,28 The attenuation of

methacrylate based polymers is mainly caused by absorption losses due to carbon-hydrogen

vibrational overtones and these are avoided using perfluorinated materials. The attenuation of

methacrylate based polymers and amorphous, perfluorinated polymers is discussed in more

detail in Sections 5.1 and 7.1, respectively.
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The desired parabolic refractive index profile in polymer preforms can be obtained by

varying the ratio of two or more comonomers along the radius of the preform. Ohtsuka et al.

have proposed a two-step copolymerisation technique21 and a photo-copolymerisation

technique.22 The two-step copolymerisation technique involves the immersion of a partially

polymerised crosslinked rod in a comonomer with a lower refractive index. The comonomer

diffuses into the rod and sets the refractive index gradient which is fixed upon further

polymerisation. A disadvantage of this technique is the use of a crosslinked pre-polymer rod,

which makes preform heat-drawing impossible. In the photo-copolymerisation technique, a

ternary monomer system is polymerised by ultraviolet light, which complicates the choice of

monomers, i.e. the monomers must be chosen such, that phase separation is avoided resulting

in a transparent preform.6 The obtained attenuation is very high (1070 dB/km at 670 nm).23

Koike et al. proposed the interfacial-gel copolymerisation technique.16,24 In this

technique, both diffusion and monomer reactivity are used to obtain a parabolic refractive

index profile in a thermoplastic rod. A mixture of two monomers and initiator is placed in a

tube prepared from the lower refractive index monomer (e.g. methyl methacrylate, MMA). The

inner wall of the polymer tube is slightly swollen with the monomer mixture and a gel phase is

formed (see Figure 1.2a). The rate of polymerisation in the outer gel-phase is high in

comparison to that in the monomer liquid due to the Trommsdorff effect,29 and therefore

polymerisation occurs from the periphery to the centre axis (see Figure 1.2b).

comonomer mixture

copolymer phase

gel

PMMA

-RP RP0

re
fr

ac
tiv

e 
in

de
x 

[-
]

(a) (b) (c)

re
fr

ac
tiv

e 
in

de
x 

[-
]

Figure 1.2: Schematic representation of the interfacial-gel copolymerisation technique (RP

is the radius of the preform).

The reactivity ratios of the monomers are chosen such, that the lower refractive index

monomer polymerises first and preferentially in the gel phase at the periphery of the tube.
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Polymerisation occurs from the periphery inwards and since the lower refractive index

monomer polymerises first, the polymerisation is dominated more and more by the higher

refractive index monomer towards the centre of the preform and the desired parabolic

refractive index gradient is obtained (see Figure 1.2c).

The photo-copolymerisation technique22, interfacial-gel copolymerisation technique24

and initiator diffusion technique25 use reactivity ratio differences of the comonomers to obtain

the desired refractive index gradient. Consequently, random copolymers or terpolymers are not

obtained and additional structure formation is introduced in comparison to homopolymers due

to the blockiness of the copolymers and/or terpolymers. This results in additional Rayleigh

scattering due to concentration fluctuations or even phase separation and, consequently, an

increased attenuation.30 Furthermore, the methods are hardly suitable for up-scaling.31,32 The

methods rely to a large extent on the diffusion of monomers in polymers. Inherently, these

diffusion processes are slow which dramatically increases the time-scales needed for generation

of the graded-index profile especially at large preform diameters.

New methods to generate refractive index gradients were explored to reduce the

attenuation in optical fibres. For instance, refractive index gradients were introduced using a

so-called dopant. A dopant is a low molecular weight organic component which is, to a certain

extent, a solvent for the host polymer.  For methacrylate based polymers, Koike et al.

proposed a selective diffusion method related to the interfacial-gel copolymerisation technique

discussed previously (see Figure 1.3).26

(a) (b) (c)

PMMA gel phase

MMA+
dopant

Figure 1.3: Schematic representation of the selective diffusion technique.

A mixture of low refractive index monomer, a high refractive index dopant and initiators is

placed in a tube of the homopolymer (e.g. PMMA) prepared from the monomer (MMA). Since

the monomer is a better solvent for PMMA than the dopant, preferential diffusion of the

monomer in the tube will take place and a gel phase is formed (see Figure 1.3b). The rate of

polymerisation in the gel is much higher than in the monomer/dopant liquid and therefore
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polymerisation occurs from the periphery inwards. The dopant is gradually concentrated in the

centre region of the tube as the thickness of the polymer phase increases upon polymerisation

and a refractive index gradient is obtained (see Figure 1.3c).

In an attempt to further decrease the attenuation in both the visible and, more

importantly, the near infrared region, amorphous perfluorinated materials were

investigated.27,28 In this case, the refractive index gradient is also introduced via a dopant

technique (see Figure 1.4). First, a preform rod is immersed in and saturated with the dopant,

i.e. a homogeneous concentration of dopant in the rod is obtained (see Figure 1.4a). Secondly,

the preform is heated above its glass transition temperature in vacuum or in an inert gas

chamber and then the dopant diffuses towards the outer surface of the rod. A concentration

gradient is obtained which is fixed by cooling and vitrification of the polymer/dopant mixture

(see Figure 1.4b). The limited solubility of the dopant in the perfluorinated host-polymer (<20

percent by weight) necessitates the two diffusion steps.27,28 Since the dopant is the high

refractive index component, this is the only experimental procedure to introduce the highest

concentration of dopant in the centre of the preform.

(a) (b) perfluorinated
polymer

dopant

-RP RP0

re
fr

ac
tiv

e 
in

de
x 

[-
]

-RP RP0

Figure 1.4: Schematic representation of the dopant technique for amorphous,

perfluorinated polymers.

Dopant techniques are based on the immobilisation of a low molecular weight organic

component in a host polymer. The presence of a low molecular dopant decreases the glass

transition temperature of the host polymer, resulting in a low maximum operation temperature

of a fibre. Moreover, the vitrified dopant distribution is, of course, a non-equilibrium state.

Consequently, the stability and life-time of fibres, spun from such preforms, are limited as a
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result of diffusion of the dopant in the host polymer, i.e. the parabolic refractive index gradient

disappears in time, especially at temperatures in the vicinity of the glass transition.33,34

A spin-off application of the graded-index optical fibres and their preforms are self-

focusing lenses, i.e. the parabolic refractive index gradient in such fibres and preforms results in

useful focusing properties.35 These self-focusing flat lenses can potentially be produced by

cutting graded-index optical fibres at specific lengths. As is shown in Figure 1.5, the image

formation of such graded-index lenses depends on their pitch.36 Potential applications of

graded-index imaging optics are: (i) an array of graded-index lenses in photocopying machines,

(ii) a single graded-index lens in a medical endoscope, and (iii) graded-index lenses as

connectors or switching devices in fibre optic data transmission systems.35,37

a)

object

b)

image

d)c)

Figure 1.5: Image formation of graded-index lenses: (a) 1/8 pitch; (b) 1/4 pitch; (c) 5/8

pitch; (d) 3/4 pitch.

1.4   Objectives

In this thesis, a new process for the production of graded-index polymer preforms

possessing a parabolic-like refractive index gradient is explored. In this process, centrifugal

fields are used to generate and fix a compositional gradient in homogeneous mixtures of

monomers, mixtures of polymers and polymer-monomer mixtures. In comparison to previous

production methods for polymer materials with refractive index gradients, the use of

centrifugal fields can potentially facilitate the production of large diameter preforms, which

increases the maximum attainable fibre length after spinning.

Additionally, new combinations of materials are investigated for the production of

graded-index preforms with a low theoretical attenuation in the visible wavelength region. In

the case of methacrylate based preforms, the use of solvents and/or dopants is avoided to

obtain an improved long-term, high-temperature stability and life-time of fibres that can be
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spun from these preforms. It is attempted to select methacrylate based monomers and polymers

with the appropriate refractive indices and miscibility to suppress Rayleigh scattering losses

and, hence, to decrease the attenuation in comparison to previously selected materials.

Finally, to decrease attenuation even further amorphous, perfluorinated polymers are

investigated which are known for their low theoretical minimum attenuation in both the visible and

in the near infrared region. It is attempted to select new combinations of perfluorinated amorphous

polymers with a high glass transition temperature and perfluorinated dopants to enhance the

stability and life-time of the fibres, especially at elevated temperature.

1.5   Scope of the thesis

In Chapter 2, methacrylate based polymer blends are selected for the production of

gradient refractive index preforms. The use of polymer blends potentially increases the stability

and life-time of fibres that can be spun from such preforms in comparison to fibres with a

gradient of solvent and/or dopant. In order to minimise attenuation, the blends must consist of

two homogeneously miscible amorphous polymers. The phase behaviour of the selected blends

is investigated and finally, as a result, one particular combination of polymers is subsequently

used as a model system for the production of graded-index preforms.

A new process for the production of polymer, graded-index preforms is investigated in

Chapter 3. In this process, centrifugal fields are the driving force for generating compositional

gradients in initially homogeneous solutions of a low refractive index polymer in a monomer.

The compositional gradients are fixed by polymerisation of the monomer at elevated

temperature. The influence of several experimental parameters, such as the initial composition

of the homogeneous solution and the rotational speed of the ultracentrifuge on the refractive

index gradient, are investigated. In Chapter 4, a slightly different procedure for the

ultracentrifuge process is investigated to enhance the numerical aperture of the preforms. In

this procedure, centrifugal fields are used to generate compositional gradients in polymer tubes

which are filled with a high refractive index monomer. The compositional gradients are fixed by

polymerisation of the monomer at elevated temperature.

The attenuation of the in Chapter 2 selected miscible polymer blend is investigated in

Chapter 5. The theoretical minimum attenuation is calculated, since it determines the suitability

of the system for certain applications such as fibres and lenses. Special attention is devoted to

the determination of the additional Rayleigh scattering loss which is introduced upon blending

the two amorphous polymers. The theoretical bandwidths of the graded-index fibres that can

be spun from the produced preforms are calculated in Chapter 6.
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In Chapter 7, the production of graded-index preforms based on perfluorinated

materials is described. These materials possess a very low theoretical attenuation in both the

visible and the near infrared region. New combinations of perfluorinated, amorphous polymers

with a high glass transition temperature and perfluorinated dopants are selected to enhance the

stability and life-time of the fibres at elevated temperature. The influence of the diffusion

temperature and diffusion time on the refractive index gradient are investigated. Also, the

theoretical bandwidths of the fibres that can be spun from the produced preforms are calculated

from the refractive index gradients of the preforms.

Finally, the processes and properties of the materials presented in this thesis are

outlined in the technology assessment in terms of their potential applications.

Parts of the contents of this thesis have been published or are submitted for publication in

various journals.38-44
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Chapter   2

Phase Behaviour of Miscible Polymer Blends;
Selection of a Model System for Preform Production

2.1   Introduction

Polymer optical fibres spun from graded-index, polymer preforms with a varying ratio

of two or more comonomers along the radius of the preforms possess a high attenuation (>200

dB/km).1-3 The reactivity ratio differences of the comonomers lead to blockiness of the

copolymers or terpolymers and additional Rayleigh scattering due to concentration fluctuations

causes the attenuation to be high. To reduce Rayleigh scattering, polymer preforms were

produced based on a single homopolymer in which the refractive index gradient is introduced

by a concentration gradient of a low molecular weight solvent/dopant.4,5 However, fibres based

on this system exhibit low maximum operation temperatures and a poor stability and life-

time.6,7 As a consequence, a need persists to explore new materials for the production of

polymer preforms possessing a refractive index gradient with improved properties with respect

to attenuation and/or stability.

The stability of the gradients and consequently the life-time of fibres that can be drawn

from graded-index preforms can potentially be enhanced, using polymer blends rather than

dopants. However, two polymers are generally only partially miscible or completely immiscible

due to the low entropy of mixing.8-10  Such combinations of polymers will phase separate into

fine or coarse dispersions of one phase in a matrix of the other phase, or in co-continuous

structures. Usually, phase separation will lead to excessive light scattering due to the large
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domain size of the dispersed phase (>100 nm) and/or refractive index differences between the

two phases.11 The need to minimise attenuation in graded-index polymer fibres and lenses

implies that light scattering must be avoided and consequently, partially miscible and

completely immiscible polymer blends are unsuitable materials in these applications.12,13

In order to apply a polymer blend for graded-index, optical materials with a low

attenuation, it must consist of two homogeneously miscible, amorphous polymers. The need

for a low attenuation imposes some additional restrictions on both the polymers and monomers

that are used to prepare the miscible blends.12 Several pre-requisites must be met, such as; (i)

extensive purification of the monomers must be possible, (ii) bulk-polymerisation must be

possible using only small amounts of additives, and (iii) the polymers must be amorphous.

Furthermore, the production of graded-index fibres and lenses from rod-like preforms dictates

that the polymers are thermoplastics. In general, methacrylate based polymers fulfil these pre-

requisites. The polymers are amorphous thermoplasts, the monomers can be purified using

standard extraction and distillation procedures and bulk-polymerisation, up to high conversion

(>99%), is possible with a small amount of additives.14

Previously, it was reported that poly(methyl methacrylate) (PMMA)/poly(vinylidene

fluoride) (PVDF) blends are miscible.15,16 PMMA/PVDF blends possess a low glass transition

temperature (<40 °C) at high PVDF contents16 (>50 % w/w) which reduces the temperature

stability. Moreover, the PVDF in the blend potentially crystallises which results in a high

attenuation. On the other hand, it was suggested by Paul et al.9 that the miscibility of

PMMA/PVDF blends is an indication for the miscibility of PMMA with other partially

fluorinated polymers.

In this chapter, the phase behaviour of PMMA blends with amorphous, partially

fluorinated methacrylate based polymers is investigated. Such methacrylate based polymers are

used to obtain highly transparent blends which are suitable for applications in, for instance,

waveguides. Apart from the selection of suitable miscible and amorphous polymer blends, it is

attempted to describe the phase behaviour of the blends and to derive the Flory-Huggins

interaction parameter from the phase diagrams. The Flory-Huggins interaction parameter is of

specific relevance for the determination of the optical loss as will be discussed in Chapter 5.17

2.2   Theoretical

The miscibility of a binary mixture of polymers at a given temperature (T) and pressure

(p) is determined by the intensive free enthalpy of mixing ∆GM which is related to the entropy

∆SM and enthalpy ∆HM:10
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∆ ∆ ∆G H T SM M M= − (2.1)

The system is miscible when ∆GM is negative. However, this criterion is not sufficient. For the

phase to be stable, an additional requirement must be met:9
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where, φ2 is the volume fraction of component 2 [-]. The simplest model for describing the free

enthalpy of mixing of two polymers is based on the extension of results developed originally

for polymer solutions by Flory18 and Huggins.19 According to Flory and Huggins, the entropy

term in Equation 2.1 for a system of volume V0 [m
3/mol] is equal to the combinatorial entropy

of mixing:
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where, k is the Boltzmann constant [J/K], and zi is the relative chain length of component i [-].

The relative chain length is expressed as:

z
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(2.4)

with Mi and ρi the molecular weight [kg/mol] and the density [kg/m3] of component i. The

reference volume V0 in Equation 2.4 is approximated by the volume of the smallest polymer

repeat unit, and is calculated using:

V
M M

M
0 =

ρ
(2.5)

Here, MM and ρM are the molecular weight [kg/mol] and the density [kg/m3] of the smallest

repeat unit, respectively. The enthalpy of mixing in the volume V0 is expressed by:

∆H kTM = χφ φ1 2 (2.6)

where, χ is Flory-Huggins interaction parameter. Combining equation 2.3 and 2.6 yields the

Flory-Huggins relation for the excess free energy of mixing in a volume V0:
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In the present context, the Flory-Huggins interaction parameter is regarded in a simplified form

where it possesses the character of a free enthalpy and is expressed by:20

χ χ
χ

= +0
1

T
(2.8)

For binary polymer blends, the increase in the entropy term is extremely small and vanishes in

the limit of infinite molecular masses. The consequences are obvious, i.e. positive values of the

Flory-Huggins interaction parameter necessarily lead to immiscibility and negative values of the

Flory-Huggins interaction parameter result in mixing.

Homogeneous blends can also exhibit liquid-liquid phase separation as is shown in

Figure 2.1.21 The upper critical solution temperature (UCST) and lower critical solution

temperature (LCST) are the maximum temperature and minimum temperature Tc (and

composition φ2c) respectively, at which a binary system begins to phase separate.

0 1

Tc

T

0 1

Tc

T

UCST

LCST

stable

unstable

meta-stable

spinodal

binodal

(a) (b)

φ2
''φ2cφ2

' φ2sp
''φ2sp

'

φ2 φ2

Figure 2.1: Liquid-liquid phase behaviour of binary mixtures: (a) upper critical solution

temperature, UCST; (b) lower critical solution temperature, LCST; ()

binodal curve, (- - - -) spinodal curve.

Phase separation in two phases with compositions φ2
'  and φ2

''  (see Figure 2.1) occurs if the

stability criterion represented in Equation 2.2 is not satisfied for all compositions. Between the
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compositions φ2sp
'  and φ2sp

''  the second derivative is negative and concentration fluctuations

lead to a lower free energy and phase separation occurs spontaneously (the unstable regime in

Figure 2.1). For compositions between φ2
'  and φ2sp

' , and φ2
''  and φ2sp

''  the second derivative is

positive and the system is stable against melt concentration fluctuations. Hence, the system is

meta-stable and phase separation must proceed via a nucleation and growth mechanism. The

spinodal defines the limit of meta-stability. The spinodal condition is:

∂
∂φ

2

2
2 0

∆GM

T p







 =

,

(2.9)

The spinodal can be derived from Equations 2.9 and 2.7 as:

1 1
2 0

1 1 2 2z zφ φ
χ+ − =

(2.10

)

When the expression in Equation 2.10 does not equal zero, it can be used to describe the

concentration fluctuations in polymer mixtures.17 Such concentration fluctuations are the main

cause for scattering of light in polymer glasses, and consequently contribute to the total optical

loss in optical fibres produced from binary polymer systems.17

Generally, UCST behaviour is dominated by enthalpy effects, whereas LCST behaviour

is an entropy driven phase separation. LCST demixing is rather common in polymer blends,

while UCST behaviour is usually limited to cases where miscibility is the result of the low

molecular mass of the components, e.g. mixtures of oligomers.22

2.3   Experimental

2.3.1   Materials

The monomers 2,2,2-trifluoroethyl methacrylate (H2C=C(CH3)CO2CH2CF3, TFEMA),

and 2,2,3,3-tetrafluoro-propyl methacrylate (H2C=C(CH3)CO2CH2CF2CHF2, TFPMA), the

initiators tert-butyl peroxybenzoate (C6H5CO2OC(CH3)3, Trigonox-C) and α,α’-azobis-

isobutyronitrile ((CH3)2C(CN)N=NC(CH3)2CN, AIBN), and the chain transfer agent n-

dodecylmercaptan (C12H25SH) were supplied by Aldrich Chemical Company, Steinheim,
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Germany. Poly(methyl methacrylate) (PMMA) was provided by Vink Kunststoffen, Didam,

The Netherlands.

The monomers TFEMA and TFPMA were purified by distillation under reduced

pressure after removing the inhibitor by extraction with an aqueous 0.5N sodium hydroxide

solution, washing with distilled water and drying with sodium sulfate.

2.3.2   Polymer synthesis and blend preparation

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

(PCHMA) and poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA) were prepared by

bulk-polymerisation in sealed glass tubes under vacuum. Before polymerisation, the initiators

(0.1-0.2 wt%) and chain transfer agent (0.0-0.6 wt%) were added to the monomers and placed

in the glass tubes. The mixtures were degassed by several freeze-thaw cycles and

polymerisation was performed at 60 °C for 24 hours, followed by a post-polymerisation for 24

hours at 130 °C.

Binary polymer blends were prepared by co-dissolving specific amounts of polymers in

ethyl acetate at room temperature. After complete dissolution, the solutions were cast and the

solvent was removed by evaporation at room temperature for 24 hours. Subsequently, final

traces of solvent were removed by heating at 120 °C under reduced pressure for 24 hours.

2.3.3   Characterisation

The molecular weight and molecular weight distribution of the homopolymers were

measured by gel permeation chromatography (Waters GPC: model 510 pump, WISP 711

injector, model 440 UV-detector 254 nm, and a model 410 refractive index detector). The two

Shodex KF-80M (8*300 mm, linear) columns (40 °C) were calibrated with narrow distribution

polystyrene standards. Tetrahydrofuran was used to dissolve the polymer samples and as an

eluent for GPC (velocity 1 ml/min). The samples (1 mg/ml) were filtered prior to injection. The

molecular weights and molecular weight distributions of the polymers are given in Table 2.1.

The glass transition temperatures were measured using a Perkin-Elmer DSC-7

differential scanning calorimeter. A standard heating rate of 10 °C/min was adopted. The glass

transition temperatures were defined as the intercept of the tangent at the point of maximum

slope and the extrapolated baseline at the low temperature side of the transition.

Cloud point temperatures for the PMMA/PTFEMA, and PMMA/PTFPMA blends were

determined by light scattering. Compression moulded films of the blends, prepared at 130 °C

and 160 °C respectively, were placed between two thin glass sheets in a Linkam Scientific

Instruments THMS 600 hot stage. A class IIIa helium-neon 4 mW laser was used as the
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incident light and the intensity of the laser beam was measured by a photo diode sensor. The

photo diode sensor was placed at an angle of 20°. Initial intensity is zero and increases due to

light scattering when phase separation occurs. The temperature of phase separation was

determined as the offset of intensity increase.

The refractive indices of the polymers were measured at room temperature on an Abbe

refractometer.

Table 2.1: Molecular weight (MW) and molecular weight distribution (Q=MW/Mn) of the

(synthesised) polymers, using different amounts of chain transfer agent (CTA).

Polymer CTA

[wt%]

MW

[kg/mol]

Q

[-]

PMMA - 100 2.0

PTFEMA 0.1 240 2.8

PTFEMA 0.2 120 3.1

PTFPMA 0.1 220 2.9

PTFPMA 0.2 100 3.2

2.4   Results and discussion

2.4.1   The phase behaviour of blends of poly(methyl methacrylate) with

2.4.1   partially fluorinated, methacrylate based polymers

The phase behaviour of poly(methyl methacrylate) (PMMA) with two partially

fluorinated , methacrylate based polymers was investigated. In Table 2.2, the refractive indices

and glass transition temperatures of the selected polymers are listed.

Table 2.2: Refractive indices (n) and glass transition temperatures (Tg) of the selected

polymers.

Polymer n

[-]

Tg

[°C]

PMMA 1.490 115

PTFEMA 1.415 71
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PTFPMA 1.422 66

It is shown, that poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA), and poly(2,2,3,3-

tetrafluoropropyl methacrylate) (PTFPMA) possess a high glass transition temperature. In

comparison to PMMA, the partially fluorinated polymers exhibit a sufficiently low refractive

index for the production of preforms with a large refractive index difference between the centre

and the periphery and, hence, a high numerical aperture (see Appendix).

 As discussed previously, an important requirement for the application of polymer

blends in graded-index optical materials is that such blends are miscible over the entire

composition range. Therefore, films of PMMA/PTFEMA and PMMA/PTFPMA blends were

prepared over the entire composition range (see Section 2.3.3). Surprisingly, all films were

optically clear. Visual optical clarity is, however, not always a reliable criterion for miscibility,

since transparent films can, for instance, be prepared from immiscible systems if the films are

very thin, if the domain size is very small (<100 nm), or if the refractive indices of the two

components match. The latter is clearly not the case for these systems (see Table 2.2).11

The most commonly used method and widely accepted criterion for miscibility is the

existence of a single glass transition temperature for a miscible blend.11 The glass transition

temperatures of the PMMA/PTFEMA and PMMA/PTFPMA blends were measured with a

differential scanning calorimeter (DSC). Some typical DSC-curves of blends with various

compositions are shown for the PMMA/PTFPMA system in Figure 2.2.
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Figure 2.2: Differential scanning calorimeter curves for PMMA-PTFPMA blends with

several compositions (φ is volume fraction PTFPMA).

Figure 2.2 shows that a single glass transition is present for all compositions and the same was

found for the PMMA/PTFEMA system. The defined glass transition temperatures as a function
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of composition are shown in Figures 2.3 and 2.4 for the PMMA/PTFEMA and

PMMA/PTFPMA system, respectively. These figures show, that the blends exhibit a single

glass transition that depends on the composition of the blends approximately according to the

well-known Fox relation.23 These results indicate, that the blends are miscible on a molecular

scale over the entire composition range.
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Figure 2.3: Phase diagrams of PMMA/PTFEMA blends: (n) Glass transition temperatures

of the blends (the dashed curve represent the Fox23 relation); (l) cloud points

(1 °C/min) of blends of PMMA (Mw=100 kg/mol) and PTFEMA (MW=120

kg/mol); (▲) cloud points of blends of PMMA (Mw=100 kg/mol) and PTFEMA

(MW=240 kg/mol).

Light scattering measurements were performed to study the phase behaviour of the

blends as a function of temperature (see Section 2.3.3). The results are also shown in Figures

2.3 and 2.4. It is demonstrated, that the blends exhibit lower critical solution temperature

(LCST) demixing at elevated temperature. Two distinct temperature regimes can be discerned:

(i) a low temperature regime in which the polymers are completely miscible over the entire

composition range, and (ii) a high temperature regime in which demixing takes place at certain

compositions and temperatures. The LCST demixing curve shifts to higher temperatures with

decreasing molecular weight of one of the components. Obviously, this demixing regime

should be avoided during preform production and fibre drawing to avoid light scattering and a

high attenuation.
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As discussed previously, pairs of polymers tend to be immiscible due to their low

entropy of mixing. Rather surprisingly, however, it is found that blends of PMMA with

partially fluorinated amorphous methacrylate based polymers are completely miscible. In

principle, both miscible blends appear suitable for the production of graded-index preforms.

However, the PMMA/PTFPMA blends exhibit LCST demixing at higher temperatures than the

PMMA/PTFEMA blends with similar molecular weights. A larger temperature window exists

between the glass transition temperature and LCST demixing regime which facilitates, for

instance, fibre spinning. Therefore, PMMA/PTFPMA blends are used as a model system for

the production of graded-index, optical materials in the following chapters.
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Figure 2.4: Phase diagrams of PMMA/PTFPMA blends: (n) Glass transition temperatures

of the blends (the dashed curve represents the Fox23 relation); (l) cloud points

of blends of PMMA and PTFPMA (MW of both 100 kg/mol); (▲) cloud points

of blends of PMMA (Mw=100 kg/mol) and PTFPMA (MW=220 kg/mol).

2.4.2   The Flory-Huggins interaction parameter of the model system

The use of miscible polymer blends in the production of graded-index materials has

become an issue of considerable debate. In comparison to homopolymers, additional

concentration fluctuations occur in polymer blends, which result in fluctuations in the refractive

index. Consequently, excess Rayleigh scattering occurs which can result in a high attenuation.

For instance, it was claimed by Koike et al.24 that the attenuation of polymer blends is
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inevitably high (> 1000 dB/km) which, of course, limits the application of polymer blends in

optical fibres.

 It was proposed by Dettenmaier,17 that the concentration fluctuations in miscible

polymer blends can be described by the Flory-Huggins theory. It was shown, that the above

described excess Rayleigh scattering depends on the refractive index difference between the

two polymers and, more importantly, on the Flory-Huggins interaction parameter. The Flory-

Huggins interaction parameter is, therefore, derived in this paragraph for the selected model

system based on PMMA and PTFPMA.

The Flory-Huggins interaction parameter was determined from the experimental cloud

point data (see Figure 2.4). The cloud points obtained by light scattering are considered, as a

first approximation, as spinodal points and are expressed by the spinodal equation (see

Equation 2.10). Combining Equations 2.10 and 2.8 results in an expression for the

experimental cloud point data as a function of the relative chain length and the composition of

the polymers, and the parameters χ0 and χ1 which describe the temperature dependence of the

Flory-Huggins interaction parameter:

1 1
2

1 1 2 2
0

1

z z Tφ φ
χ

χ
+ = +





 (2.11)

The relative chain lengths in Equation 2.11 were calculated from the molecular weight and

density of the individual components, and the reference lattice cell volume (see Table 2.3). The

reference lattice cell volume V0 was approximated as the volume of the smallest polymer repeat

unit (V0=84.1⋅10-6 m3/mol, see Table 2.3). The calculated relative chain lengths are given in

Table 2.4.

Table 2.3: Molecular weight of the repeat unit (MM), density (ρ) and calculated values for

the segment volume Vi using Equation 2.5.

Polymer MM

[g/mol]

ρ

[kg/m3]

 Vi

[10-6 m3/mol]

PMMA 100.12 1190 184.1

PTFPMA 200.14 1496 133.8

Table 2.4: Calculated values for the relative chain length (zi) using Equation 2.4.

Polymer 1 Polymer 2 z1

[-]

z2

[-]
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PMMA PTFPMA 1999 1795

PMMA PTFPMA 1999 1725

The calculated relative chain lengths were subsequently used in Equation 2.11 to

determine the parameters χ0 and χ1 by fitting the experimental cloud point data with this

equation. This results in numerical values for the Flory-Huggins interaction parameter as a

function temperature:

χ = −0 029
4 95

.
.

T

(2.12

)

For verification purposes, the experimental cloud point data and the spinodal curves based on

Equations 2.11 and 2.12 are plotted in Figure 2.5. As expected, the light scattering data are

well described.
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Figure 2.5: Phase diagrams of PMMA-PTFPMA blends: (n) Glass transition temperatures

of the blends (the dashed curve represent the Fox23 relation); (l) 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 curves.
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The Flory-Huggins interaction parameter at the so-called fictive glass transition

temperature is of particular relevance for the calculation of the theoretical attenuation of the

blends. The fictive glass transition temperature is usually defined as 25 °C below the glass

transition temperature of the blend.12,25 When an amorphous polymer blend vitrifies from the

melt, its liquid structure is frozen in at the fictive glass transition temperature. Consequently,

the concentration fluctuations are frozen in at that temperature, which determine the excess

Rayleigh scattering at room temperature. The Flory-Huggins interaction parameter at the

fictive glass transition temperature was calculated by extrapolation of Equation 2.12 to the

relevant temperature for the PMMA/PTFPMA blends. Since the fictive glass transition

temperature depends on the composition of the blend, the Flory-Huggins interaction parameter

at the fictive glass transition temperature also depends on the composition. In Table 2.5, the

Flory-Huggins interaction parameter is depicted as a function of the composition of the blends.

It is indicated, that the Flory-Huggins interaction parameter varies between approximately -

0.07 and -0.03 depending on the composition of the blend.

Table 2.5: The composition (φ2), fictive glass transition temperature (Tf), and Flory-

Huggins interaction parameter (χ) of a selection of PMMA/PTFPMA blends.

Polymer 1 Polymer 2 φ2

[-]

Tf

[°C]

χ

[-]

PMMA PTFPMA 0.1 85 -0.03

PMMA PTFPMA 0.3 75 -0.04

PMMA PTFPMA 0.5 66 -0.05

PMMA PTFPMA 0.7 57 -0.06

PMMA PTFPMA 0.9 50 -0.07

A few critical remarks are appropriate with respect to the derivation of the Flory-

Huggins interaction parameter as described above. The obtained Flory-Huggins interaction

parameters are negative and rather large (see Table 2.5), which cannot be explained from the

structure of the polymers. For instance, no favourable interactions such as hydrogen bond

formation are present. Most likely the rather large, negative values are related to the substantial

temperature extrapolation from the LCST demixing temperature to the fictive glass transition

temperature and the employed temperature dependence for the Flory-Huggins interaction

parameter (Equation 2.12). Therefore, if the calculated Flory-Huggins interaction parameters

are used in the calculation of the excess Rayleigh scattering loss of the model system, it is

necessary to experimentally verify the approaches and assumptions used. The calculation of the
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excess Rayleigh scattering using the above derived Flory-Huggins interaction parameters and

the experimental verification are discussed further in Chapter 5.
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2.5   Conclusions

A study concerning the miscibility of a selection of binary polymer mixtures is

presented. The selected polymers were poly(methyl methacrylate) (PMMA), poly(2,2,2-

trifluoroethyl methacrylate) (PTFEMA), and poly(2,2,3,3-tetrafluoropropyl methacrylate)

(PTFPMA). Their monomers can be purified using standard extraction and distillation

procedures and bulk-polymerisation, up to high conversion (>99%), is possible with only small

amounts of additives. Moreover, the polymers are amorphous thermoplasts, possess a high

glass transition temperature and combinations of polymers with a high refractive index

difference are possible, facilitating the production of fibres with high numerical apertures.

Therefore, the selected polymers fulfil the requirements imposed on materials for the

production of (graded-index) optical fibres and lenses.

Films of PMMA/PTFEMA, and PMMA/PTFPMA blends with several compositions

were prepared and were all optically clear. Moreover, the blends exhibit a single glass

transition temperature for all compositions, indicating miscibility on a molecular scale over the

entire composition range. Light scattering measurements showed, that the binary blends exhibit

lower critical solution temperature (LCST) demixing at elevated temperature and that the

LCST demixing curve shifts to higher temperatures with decreasing molecular weight of the

components.

The miscibility of the PMMA/PTFPMA system is better than the miscibility of the

PMMA/PTFEMA system, since the LCST of the PMMA/PTFPMA blends occurred at higher

temperatures. Therefore, PMMA/PTFPMA blends are used as a model system for the

production of graded-index, optical materials. The Flory-Huggins interaction parameters of the

PMMA/PTFPMA system were approximated, as these are of specific relevance for the

determination of the optical loss. It was found, that the Flory-Huggins interaction parameter

varies between approximately -0.07 and -0.03 depending on the composition of the blend.
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Chapter   3*

Gradient Refractive Index Polymer Production;
Homogeneous Mixtures in a Centrifugal Field

3.1   Introduction

In Chapter 1, it was discussed that a variety of experimental methods were developed

to produce gradient index polymers and that an extensive effort was devoted to studying their

properties and potential applications.1-5 For example, it was shown by Koike et al. that graded-

index polymer optical fibres produced by drawing from graded-index preforms possess a high

bandwidth (>1 GHz.km). The bandwidth of such fibres is sufficient for short distance

communication applications, such as local area networks and so-called fibre optics to and in the

home.3-5 Nevertheless, the experimental procedures to produce graded-index preforms are

often laborious, time-consuming and restricted in the attainable diameter of the preforms thus

limiting, for example, the attainable fibre length after preform drawing. Also, the numerical

apertures of the fibres are often rather low (<0.20),4,5 and the stability and lifetimes of the

fibres, especially at elevated temperature, are limited.6,7

                                               
* This Chapter is reproduced in part from:

Duijnhoven van, F.G.H., Bastiaansen, C.W.M. Appl. Opt., 1999, 38, 1008.

Duijnhoven van, F.G.H., Bastiaansen, C.W.M. Adv. Mat., 1999, accepted.
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In this chapter, a new method for producing polymer graded-index preforms is

explored. More specifically, in the process a centrifugal (i.e. gravitational) field is used to

generate and to fix compositional gradients in homogeneous mixtures of monomers, mixtures

of polymers and polymer-monomer mixtures. Centrifugal fields are widely used for

sedimentation and separation purposes in a large variety of applications, such as in washing

machines, in the fractionation of blood cells, and in the separation of macromolecules

according to molecular weight.8 The range of substances that are separated from liquids for

example, varies greatly in size, ranging from small molecules to macromolecules to particles

with diameters in the micrometer range. The underlying principle in the use of centrifugal fields

is that, driven by density differences, substances in a liquid tend to settle out under the action

of a gravitational field. The rate at which substances settle out under the influence of the

Earth’s gravitational field is often very low or zero because of Brownian motion, and this can

be circumvented by subjecting the materials to a high centrifugal (gravitational) field.8 It is

expected therefore, that this process potentially yields the desired refractive index gradients if

certain precautions are taken with respect to materials selection and processing conditions.9,10

For instance, a considerable density difference between the components of the homogeneous

mixtures is required, and the centrifugal fields should be high enough to overcome the counter

diffusion that occurs for entropic reasons.

This chapter is limited to model systems based on the monomers methyl methacrylate

(MMA) and 2,2,3,3-tetrafluoropropyl methacrylate (TFPMA), and/or their polymer

counterparts (PMMA and PTFPMA, respectively). This selection is motivated by the excellent

miscibility of PMMA and PTFPMA (see Chapter 2). Some physical properties of the

monomers and polymers are listed in Table 3.1.

Table 3.1: Densities (ρ) and refractive indices (n) of the monomers and polymers.

Material ρ

[kg/m3]

n

[-]

MMA

PMMA

1936

1190

1.414

1.490

TFPMA

PTFPMA

1254

1496

1.373

1.422

TFPMA has a higher density than that of MMA, and therefore, it is expected that

sedimentation will occur in a centrifugal field in homogeneous mixtures of TFPMA in MMA if

the experimental conditions are properly selected. The homopolymers of the separate

monomers possess a similar density difference (see Table 3.1), and therefore it is assumed that



Gradient Refractive Index Polymer Production 31

the driving force for sedimentation persist during polymerisation, and that sedimentation also

occurs in homogeneous mixtures of PTFPMA in MMA and in mixtures of PTFPMA and

PMMA. Also, the high density polymer possesses the lowest refractive index and it is expected

that the desired gradual increase in refractive index from the outside of the preforms inwards is

obtained if sedimentation occurs.

3.2   Experimental

3.2.1   Materials

The monomers methyl methacrylate (H2C=C(CH3)CO2CH3, MMA) and 2,2,3,3-

tetrafluoropropyl methacrylate (H2C=C(CH3)CO2CH2CF2CHF2, TFPMA) and the chain

transfer agent n-dodecylmercaptan (C12H25SH, n-DM) were supplied by Aldrich Chemical

Company, Steinheim, Germany. Before use, the monomers MMA and TFPMA were purified

by washing out the inhibitor with an aqueous NaOH solution a subsequent vacuum distillation.

The initiator  α, α‘-azobisisobutyronitrile ((CH3)2C(CN)N=NC(CH3)2CN, AIBN) was supplied

by Merck, Darmstadt, Germany.

3.2.2   Polymer synthesis and blend preparation

Poly(methyl methacrylate) (PMMA) and poly(2,2,3,3-tetrafluoropropyl methacrylate)

(PTFPMA) were prepared by bulk polymerisation in sealed glass tubes under vacuum. Before

polymerisation, the initiator (0.2 wt %) and the chain transfer agent (0.2 wt %) were added to

the monomers and placed into glass tube I. The mixture was degassed by several freeze-thaw

cycles. Tube I was connected to tube II. The mixture was distilled repeatedly at elevated

temperature into tube II and tipped back until no glittering owing to impurities in the mixture

was observed using a helium-neon laser beam. In all cases, polymerisation was performed by

heating the sealed tube II at 60 oC for 24 hours followed by a post-polymerisation for 12 hours

at 120 oC. In some cases, the pre-polymerisation at 60 oC was performed in a centrifugal field

(see Section 3.2.3). The weight average molecular weight of both PMMA and PTFPMA was

measured to be 100 kg/mol.

Blends of PMMA and PTFPMA were prepared by co-dissolving specific amounts of

the polymers in tetrahydrofuran at room temperature. After complete dissolution, the solutions

were cast and the solvent was removed by evaporation at room temperature for 6 hours

followed by a 24 hour drying-step at 120 oC  under vacuum.
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3.2.3   Preparation of preforms

A schematic drawing of the experimental set-up that was used is shown in Figure 3.1.

A tube with an inner diameter of 5 mm was rotated about its central axis to generate

symmetrical compositional gradients in the cross section in monomer mixtures

(MMA/TFPMA), mixtures of a monomer (MMA) and a polymer (PTFPMA), or mixtures of

polymers (PMMA/PTFPMA).

Temperature control

Rotation speed control

20,000 rpm

060

Rotor

Teflon seal

Glass tube

Heating

~
~

Figure 3.1: Schematic representation of the experimental set-up.

The maximum attainable rotation speed is approximately 25,000 rotations per minute (rpm),

and consequently the centrifugal field varies from 0 at the centre of the tube to approximately

1750 g at the inner wall of the tube (the centrifugal field is normalised relative to the Earth’s

gravitational field, g).8 The introduced compositional gradients were fixed by polymerisation of

the monomer(s) at an elevated temperature (see Section 3.2.2), while the centrifugal field was

maintained.

3.2.4   Characterisation

The molecular weight of the PMMA and PTFPMA samples used in this study were

measured by gel permeation chromatography (GPC). GPC measurements were performed on a

Waters GPC calibrated with narrow distribution polystyrene standards. Tetrahydrofuran was

used to dissolve the polymer samples and as an eluent.
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The refractive indices of the polymers and the blends were measured at room

temperature on an Abbe refractometer. Refractive index gradients of the preforms were

derived from the radial composition distribution measured at certain spots with a typical size of

500 nm by confocal Raman spectroscopy (Dilor XY-800 spectrograph equipped with a liquid-

nitrogen-cooled Princeton CCD array detector). The 488 nm line of a Spectra Physics argon

laser was used. Raman spectra were recorded from 500 cm-1 to 900 cm-1.

Interference microscopy measurements were performed on a Michelson interferometer.

The sample was cut planar and was 108 µm thick. The refractive index increment of the

preforms in the radial direction was determined from the distance between fringes.11

A special experimental procedure was adopted to visualise the light trajectory in

preforms. First, distillation procedures were omitted in the preparation of the preforms to

introduce excessive light scattering. Second, photographs were taken in a completely dark

environment and long shutter times (> 2 seconds) were employed to enhance visibility further.

3.3   Results and discussion

3.3.1   Monomer mixtures in a centrifugal field

In a first set of  experiments, a mixture of the monomers methyl methacrylate (MMA)

and 2,2,3,3-tetrafluoropropyl methacrylate (TFPMA) containing small amounts of an initiator

and a chain transfer agent is rotated at 20,000 rpm at room temperature for 24 hours, after

which the monomers are polymerised at an elevated temperature (60-80oC) while maintaining

the centrifugal field. During polymerisation, copolymers of TFPMA and MMA are produced.

The ratio of the two monomers in the TFPMA-MMA copolymers was measured by

confocal Raman Spectroscopy (see Section 3.2.4). Figure 3.2a shows the Raman spectra

recorded of MMA-TFPMA copolymers with known composition. Figure 3.2a indicates that

the Raman shift at 800 cm-1 is characteristic for the OCH3 bond in MMA and that the Raman

shift at 591 cm-1 is characteristic for the C=O bonds in both MMA and TFPMA. Consequently,

the intensity ratio of the shift at 800 cm-1 and the shift at 591 cm-1 is considered as an internal

standard, i.e. the internal standard correlates the intensity ratio to the composition as shown in

Figure 3.2b. The composition of the preform as a function of the radius (r) can, therefore, be

determined using Figure 3.2b. Figure 3.3 shows, that the ratio of the two monomers in the

copolymers hardly changes in the cross section of the preform, which illustrates that a

compositional gradient in the chemical structure of the copolymers is not obtained. Probably,

the origin of this failure is that Brownian motion dominates and that the centrifugal fields are

too moderate to induce sedimentation.8
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Figure 3.2: Determination of the composition of preforms using confocal Raman

spectroscopy: (a) Raman spectra of MMA-TFPMA copolymers (φ is volume

fraction TFPMA); (b) (l) internal standard (I800 [cm-1] / I591 [cm-1] versus

volume fraction TFPMA [-]) for MMA-TFPMA copolymers.
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Figure 3.3: Composition of preforms versus the normalised radius produced from MMA-

TFPMA copolymers at 20,000 rpm (n).
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3.3.2   Polymer mixtures in a centrifugal field

A slightly modified experimental procedure was used in a second attempt to produce

compositional gradients in these materials. First, the monomer TFPMA was bulk polymerised

to obtain the corresponding homopolymer (PTFPMA), and subsequently the PTFPMA was

dissolved in the monomer MMA at room temperature. After complete dissolution, the MMA

was polymerised at elevated temperature without applying a centrifugal field. In this particular

case, it is expected that blends of two homopolymers rather than copolymers are obtained. In

Chapter 2, it was shown that PMMA/PTFPMA blends are highly transparent and miscible on a

molecular scale over the entire composition range, at least at temperatures below

approximately 190 oC. At elevated temperatures (> 190 oC), a lower critical solution

temperature is observed, which manifests itself in the occurrence of strong light scattering

phenomena. Obviously, this temperature regime should be avoided during preform production

and fibre drawing if optically transparent materials are required.

A homogeneous and transparent blend of PTFPMA and PMMA was subsequently

rotated for 24 hours at 20,000 rpm and at 160 oC, i.e. far above the glass transition

temperature of the blend. Again confocal Raman spectroscopy is used to determine the

compositional gradients in the cross-section of the preform. The Raman spectra of blends with

a pre-set composition are shown in Figure 3.4a and the derived internal standard is depicted in

Figure 3.4b. The internal standard for the homogeneous PMMA/PTFPMA blends clearly

differs from the internal standard for the MMA-TFPMA copolymers (compare Figures 3.4b

and 3.2b). In the case of copolymers, the intensity of the Raman shifts is influenced by the

chemical composition and chemical composition distribution, which change with varying

copolymer composition.12 In the case of blends, the chemical composition and chemical

composition distribution of the two polymers in the blend remain the same and, hence, do not

influence the intensity of the Raman shifts. Consequently, a change in the composition of the

copolymer and a similar change in the composition of the blend has a different influence on the

intensity of the Raman shifts, resulting in different internal standards.

The composition of the preform produced from the homogeneous blend of PTFPMA

and PMMA as a function of the radius was determined using Figure 3.4b. The composition of

the preform is plotted in Figure 3.5 and again it can be observed that a compositional gradient

is not obtained. Probably, sedimentation of one polymer component is strongly hindered by the

viscosity of the second polymer or by entanglement coupling between the two polymers or

combinations thereof.8 In that case, it is possible that sedimentation occurs at prolonged time

scales that are, however, outside the range of (practical) interest.
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Figure 3.4: (a) Raman spectra of PMMA-PTFPMA blends (φ is volume fraction

PTFPMA); (b) (l) internal standard (I800 [cm-1] / I591 [cm-1] versus volume

fraction PTFPMA [-]) for PMMA/PTFPMA blends.
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Figure 3.5: Composition of preforms versus the normalised radius produced from PMMA-

PTFPMA blends at 20,000 rpm (n).
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3.3.3   Polymer-monomer mixtures in a centrifugal field

In a third set of experiments, solutions of PTFPMA in MMA were rotated at various

rotational speeds up to 20,000 rpm for 24 hours at room temperature, and subsequently the

monomer was pre-polymerised at 60-80 oC for 12 hours while the centrifugal field was

maintained. Subsequently, the preforms were post-polymerised at 120 °C for 2 hours. In this

particular case, preforms are again obtained based on polymer blends and, therefore, the

internal standard derived in the previous paragraph is again used to determine the

compositional gradients in the preforms. The composition distributions of the preforms are

shown in Figure 3.6.
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Figure 3.6: Compositional gradients in preforms; volume fraction PTFPMA in preforms

[-] versus the normalised radius (r/RP, where r is the position in radial

direction and RP is the total radius of the preform) synthesised at 0 rpm (x,+),

15,000 rpm (¨,n) and 20,000 rpm (∆,▲). Initial volume fraction of PTFPMA

in the blends 30 % v/v (+,n,▲) and 40 % v/v (x,¨,∆).

In this case, a clear compositional gradient is observed in the preforms with a parabolic-like

shape, and it is shown that the magnitude of the compositional gradient increases with

increasing rotational speed. Apparently, the proper balance between Brownian motion of the

polymer, centrifugal field, and solvent characteristics is obtained in this case, and sedimentation

of the polymer is generated on a reasonable time scale.
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A few experiments were also performed concerning the influence of the PTFPMA

concentration in MMA on the refractive index gradient, and the results are also included in

Figure 3.6. It was found, however, that the PTFPMA concentration has a minor influence on

the refractive index gradient under the experimental conditions used in this study. The

temperature during pre-polymerisation and post-polymerisation was kept low (<120 oC).

Hence, the lower critical solution temperature was avoided, and highly transparent rods were

obtained (see Chapter 2).

For the calculation of the refractive index gradients from the compositional gradients,

the refractive indices of blends with known composition were measured at room temperature

and the results are shown in Figure 3.7.
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Figure 3.7: Refractive indices of PMMA-PTFPMA blends versus composition (l), the solid

curve represents the Lorentz-Lorenz equation.13

In this figure, it is shown that the experimental values of the refractive index can be

approximated by the Lorentz-Lorenz equation:13
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where, ni and φi are the refractive index and volume fraction of either component, respectively.
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The refractive index gradient in the radial direction of the rods was calculated from the

compositional gradient using Equation 3.1 and verified by interference microscopy.11 The

results are plotted in Figure 3.8. Both methods indicate that the compositional gradient

generated in the preforms indeed results in a refractive index gradient.
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Figure 3.8: Refractive index distributions in preforms: refractive index gradient (n-n0,

where n0 is the refractive index at r=0) in preforms produced at 0 rpm (x),

15,000 rpm (n) and 20,000 rpm (▲), solid curve represents the refractive

index profile as derived from interference microscopy data.11

After polymerisation of the solvent/monomer (MMA), the combination of a high

density, low refractive index polymer (PTFPMA) with a second, low density, high refractive

index polymer (PMMA) results in the desired parabolic-like refractive index gradients with the

highest refractive index in the centre of the preform. Moreover, as argued in Chapter 2, highly

transparent preforms are obtained because the two homopolymers are miscible over the entire

composition range.

In Figure 3.9 it is indicated that the refractive index gradients are maintained even

during prolonged heating of the preforms to temperatures far above their glass transition

temperatures. In most cases, polymer materials with a refractive index gradient are produced

by generation of a concentration gradient of a dopant in a polymer via diffusion processes at

elevated temperatures, that is subsequently fixed by vitrification.5-7
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Figure 3.9: Refractive index profiles of a preform produced at 20,000 rpm after annealing

at 120 °C for 2 hours (x), 12 hours (n) and 24 hours (▲).

Here, a refractive index gradient is produced by generating a compositional gradient in

mixtures of two miscible polymers, drastically enhancing the stability of the gradients,

especially at elevated temperatures and on prolonged time scales (see Figure 3.9).

In Figure 3.10, photographs are shown of a laser beam that has been injected into a

graded-index preform. In this experiment, the preform was polluted on purpose with dust

particles to introduce excessive light scattering which resulted in high attenuation and, more

importantly, in clear visibility of the light trajectory (see Section 3.2.4). The photographs

illustrate that the expected sinusoidal light trajectory is indeed experimentally observed and that

focal points are present in the preforms.14,15

From a normal (i.e. non-polluted) preform, a so-called 1/4 pitch lens was cut and the

lens characteristics of such a lens are illustrated in Figure 3.11. The lens reduces and inverts the

original, which is typical for a 1/4 pitch graded-index lens.14 Of course other lens

characteristics can be generated, for example, by manufacture of 3/8, or 3/4 pitch lenses (see

also Figure 1.5).14

Finally, the maximum numerical apertures of the preforms were calculated from the

refractive index gradients presented in Figure 3.8 (see Appendix). The calculations indicate that

the maximum numerical apertures are rather low (<0.17). Therefore, a somewhat modified
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experimental procedure was investigated to enhance the maximum numerical aperture (see

Chapter 4).

Figure 3.10: Light trajectories of a laser beam injected into a (dust-polluted) graded-index

preform under several angles.

Figure 3.11: Image formation of a graded-index preform cut at ¼ pitch.

3.4   Conclusions

The production of compositional gradients in homogeneous monomer-monomer,

polymer-polymer, and monomer-polymer mixtures using centrifugal fields was investigated. It

was shown that compositional gradients are not obtained in monomer-monomer and polymer-

polymer mixtures under the experimental conditions investigated. A substantial compositional

gradient can, however, be introduced into polymer-monomer mixtures, and this gradient can be
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fixed by polymerisation of the monomer at an elevated temperature while the centrifugal field is

maintained. By selection of appropriate materials,  highly transparent polymeric glasses are

produced with a parabolic-like refractive index gradient. It has been shown that these materials

exhibit the expected lens characteristics in a rod with two optically flat and parallel surfaces.
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Chapter   4

Gradient Refractive Index Polymer Production;
Monomer Filled Polymer Tubes in a Centrifugal Field

4.1   Introduction

In Chapter 3, a new process for producing polymer graded-index preforms was

explored. It was shown, that compositional gradients can be introduced in homogeneous

polymer-monomer mixtures using centrifugal fields and that this gradient can be fixed by

polymerisation of the monomer at an elevated temperature while the centrifugal field is

maintained.1,2 As a model system, poly(2,2,3,3-tetrafluoropropyl methacrylate) and methyl

methacrylate were chosen as the polymer and the monomer respectively (see Chapter 2). With

this selection of materials, highly transparent polymer glasses were produced possessing a

parabolic-like refractive index gradient and the refractive index difference between the centre

and the periphery of the preforms was increased upon increasing the rotational speed of the

ultracentrifuge. It was also shown, that the introduction of a refractive index gradient by

generating a compositional gradient in mixtures of two miscible polymers rather than using a

low molecular weight dopant distribution over a host-polymer, drastically enhances the stability

of the gradients at elevated temperatures and on prolonged time-scales.3-5 Moreover, it was

demonstrated that the process and materials are useful for producing optical components such

as self-focusing lenses.6-8

In the previous chapter, it was also shown that the numerical apertures of the produced

preforms are somewhat low for certain applications. In this chapter, therefore, a different
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procedure is investigated to introduce a refractive index distribution in preforms using

centrifugal fields.9  More specifically, compositional gradients are generated and fixed in low

refractive index polymer tubes that are filled with a high refractive index monomer by use of a

centrifugal field. It is expected, that the numerical aperture of the preforms can be increased,

since the procedure starts with a maximum refractive index difference rather than no refractive

index difference as is the case in the procedure which starts with an initial homogeneous

solution described in Chapter 3.

4.2   Experimental

4.2.1   Materials

The monomers methyl methacrylate (H2C=C(CH3)CO2CH3, MMA) and 2,2,3,3-

tetrafluoropropyl methacrylate (H2C=C(CH3)CO2CH2CF2CHF2, TFPMA), the initiator α,α’-

azobisisobutyronitrile ((CH3)2C(CN)N=NC(CH3)2CN, AIBN), and the chain transfer agent n-

dodecylmercaptan (C12H25SH, n-DM) were supplied by Aldrich Chemical Company,

Steinheim, Germany. The initiator di-tert-butyl peroxalate ((CH3)3CO(CO2)2OC(CH3)3) was

synthesised according to Bartlett et al.10

The monomers MMA and TFPMA were purified by distillation under reduced pressure

after removing the inhibitor by extraction with an aqueous 0.5N sodium hydroxide solution,

washing with distilled water and drying with sodium sulfate.

4.2.2   Polymer synthesis and preform preparation

Poly(methyl methacrylate) (PMMA) and poly(2,2,3,3-tetrafluoropropyl methacrylate)

(PTFPMA) were prepared by bulk-polymerisation in sealed glass tubes under a nitrogen

atmosphere. Before polymerisation, the initiators (0.1 wt% AIBN and 0.3 wt% di-tert-butyl

peroxalate) and the chain transfer agent (0.3 wt% n-DM) were added to TFPMA and placed in

tube I. The mixture was degassed by several freeze-thaw cycles. Tube I was connected to tube

II. The mixture was distilled repeatedly into tube II and tipped back until no glittering owing to

particle-type of impurities in the mixture was observed by application of a helium-neon laser

beam. The same procedure was applied to the MMA monomer mixture with 0.3 wt% AIBN

and 0.2 wt% n-DM. Nitrogen was inserted via a 0.2 µm filter unit (Millex FGS, Millipore,

Etten Leur, The Netherlands). Polymerisation of TFPMA and MMA were performed at 30 °C

for 8 hours, and at 70 °C for 8 hours, respectively. Post-polymerisation was performed for 24
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hours at 80 °C and for 24 hours at 110 °C. The weight average molecular weight of both

PMMA and PTFPMA was measured to be 100 kg/mol.

Preforms were prepared in two steps. First PTFPMA tubes were prepared by

polymerisation of specific amounts of TFPMA monomer mixture (see above), in a glass tube

with an inner diameter of 5 mm, which was rotated horizontally in the ultracentrifuge at 5,000

rpm. The PTFPMA tubes were subsequently filled with a MMA monomer mixture and rotated

vertically at high velocities about its centre axis (≤20,000 rpm). Concentration gradients in

radial direction were generated and fixed by homopolymerisation of the MMA monomer

mixture (see above), while maintaining the centrifugal field. The experimental set-up is

schematically shown in Figure 3.1 (see Chapter 3).

Three process parameters were varied to investigate their influence on the resulting

refractive index gradients in the preforms: (i) the angular velocity, (ii) the diffusion time at

room temperature prior to polymerisation, and (iii) the volume fraction of PTFPMA based on

the total volume of the preform. The experimental conditions of the produced preforms are

summarised in Table 4.1.

Table 4.1: Experimental conditions of the produced preforms: angular velocity (ω),

volume fraction PTFPMA based on the total preform volume (φ) and the time

allowed for diffusion at room temperature prior to polymerisation ( td).

Preform ω

[rpm]

φ

[-]

 td

[hours]

1 0 0.30 0

2 0 0.40 0

3 0 0.50 0

4 10,000 0.30 0

5 10,000 0.40 0

6 10,000 0.50 0

7 10,000 0.30 2

8 10,000 0.40 2

9 10,000 0.50 2

10 10,000 0.50 4

11 10,000 0.30 8

12 15,000 0.30 0

13 15,000 0.30 8
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14 15,000 0.40 0

15 15,000 0.50 0

4.2.3   Characterisation

The molecular weight of the PMMA and PTFPMA samples used in this study were

measured by gel permeation chromatography (Waters GPC: model 440 UV-detector 254 nm,

and a model 410 refractive index detector). The two Shodex KF-80M (8*300 mm, linear)

columns (40 °C) were calibrated with narrow distribution polystyrene standards.

Tetrahydrofuran was used to dissolve the polymer samples and as an eluent for GPC (velocity

1 ml/min). The samples (1 mg/ml) were filtered prior to injection.

The refractive index gradients of the produced preforms were derived from the radial

composition distribution measured at certain spots with a typical size of 1 µm by confocal

Raman spectroscopy (Dilor Labram spectrograph equipped with a Peltier air cooled CCD array

detector). The 632.8 nanometer line of a 20 mW helium-neon laser was used. The excited

Raman scattering was collected through an Olympus BH microscope while the pinhole was set

to 50 micrometers. Raman spectra were recorded from 500 cm-1 to 900 cm-1. The Raman shift

at 800 cm-1 is characteristic for the OCH3  groups in poly(methyl methacrylate) (PMMA) and

the Raman shift at 591 cm-1 is characteristic for C=O bonds in both PMMA and PTFPMA. The

ratio of the intensities at 800 cm-1  and 591 cm-1 versus the composition is considered as an

internal standard. It correlates the measured intensities of the Raman shifts at certain spots in

radial direction to the chemical composition.

4.3   Results and discussion

Graded-index preforms, with a varying composition of blends of poly(methyl

methacrylate) (PMMA) and poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA) along the

radius, were prepared in a centrifugal field (see Section 4.2.2). Preforms were prepared in two

steps. First, PTFPMA tubes were prepared by polymerisation of specific amounts of TFPMA

monomer mixture in glass tubes which were rotated horizontally in an ultracentrifuge.

Subsequently, the PTFPMA tubes were filled with a MMA monomer mixture and rotated

vertically at high velocities about its centre axis. Concentration gradients in radial direction

were generated and fixed by homopolymerisation of the MMA monomer mixture, while

maintaining the centrifugal field. The influence of three process parameters on the refractive

index gradient was investigated: (i) the angular velocity (ω), (ii) the time allowed for diffusion

at room temperature prior to polymerisation (td), and (iii) the volume fraction PTFPMA based
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on the total volume of the preform (φ). The compositional gradients of the preforms over the

cross section were measured using confocal Raman spectroscopy (see Section 4.2.3). The

refractive index gradients were calculated from the compositional gradient using the Lorentz-

Lorenz equation (see Equation 3.1 and Figure 3.7).11

4.3.1   Influence of the angular velocity on the refractive index gradient

The influence of the angular velocity (ω) on the refractive index gradient is shown in

Figure 4.1. It is shown, that the refractive difference between the centre and periphery of the

preform increases with increasing angular velocity. A higher angular velocity results in a higher

centrifugal field which increasingly opposes the counter diffusion that occurs for entropic

reasons.
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Figure 4.1: Influence of the angular velocity (ω) on the refractive index gradient (n-n0, n0

is the refractive index at r=0) versus the normalised radius (r/Rp, RP is the

radius of the preform) in preforms with 0.4 volume fraction (v/v) PTFPMA;

(l) ω=0 rpm, (∆) ω=10,000 rpm, (o) ω=15,000 rpm.

It is also shown, that the refractive index profile can be more accurately controlled, using a

centrifugal field. Without applying a centrifugal field, the refractive index profile is less smooth

compared to the refractive index profile of preforms produced using a centrifugal field.

Moreover, the refractive index gradients deviate strongly from the desired parabolic-like
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refractive index gradient (see Figure 4.1). Therefore, the use of centrifugal fields is essential to

obtain the desired refractive index gradients.

4.3.2   Influence of the diffusion time on the refractive index gradient

The influence of the diffusion time at room temperature prior to polymerisation (td) on

the refractive index gradient is shown in Figure 4.2. It is shown, that parabolic-like refractive

index gradients are obtained, and that the refractive index difference between the centre and the

periphery of the preform decreases upon increasing the diffusion time. As expected, the amount

of MMA that diffuses into the PTFPMA tube will increase with time, lowering the refractive

index difference in the preform. Consequently, the numerical aperture decreases with increasing

diffusion time.
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Figure 4.2: Influence of the diffusion time at room temperature prior to polymerisation (td)

on the refractive index gradient in preforms with 0.3 v/v PTFPMA (n-n0 versus

the normalised radius r/Rp); (l) td=0 hours, (∆) td=2 hours, (o) td=4 hours.

4.3.3   Influence of the volume fraction on the refractive index gradient

The influence of the volume fraction PTFPMA based on the total volume of the

preform (φ) on the refractive index gradient is shown in Figure 4.3. Figure 4.3 shows, that the

refractive index difference between the centre and the periphery of the preform decreases upon

increasing the volume fraction of PTFPMA. As expected, more PTFPMA diffuses to the centre
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axis during the same diffusion time, since the inner diameter of the initial PTFPMA tube

decreases with increasing PTFPMA content (outer diameter tubes is fixed, 5 mm).
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Figure 4.3:  Influence of the volume fraction PTFPMA (φ) on the refractive index gradient

in preforms (n-n0, n0 is the refractive index at r=0) versus the normalised

radius (r/Rp); (l) φ=0.3 v/v, (∆) φ=0.4 v/v, (o) φ=0.5 v/v.
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Figure 4.4:  Influence of the volume fraction PTFPMA (φ) on the refractive index gradient

in preforms (n-n0, n0 is the refractive index at r=0) versus the normalised

radius (r/Rp). (l) φ=0.3 v/v, (∆) φ=0.4 v/v, (o) φ=0.5 v/v.

The influence of the volume fraction PTFPMA on the refractive index gradient for

longer diffusion times is shown in Figure 4.4. It is shown, that at longer diffusion times the

refractive index difference increases upon increasing the volume fraction PTFPMA. A possible

explanation for the synergy is the increased polymerisation rate with increasing PTFPMA

content. The refractive index gradient is fixed upon polymerisation of the MMA monomer

mixture. An increased PTFPMA content enhances the polymerisation rate of MMA due to the

increased Trommsdorff or gel effect.12 An increased polymerisation rate implies a decrease of

the available diffusion time and thus results in an increase in the refractive index difference.

Moreover, the viscosity of the system increases with increasing PTFPMA content, resulting in

a decrease in the diffusion rate of the PTFPMA and, hence, in an increase in the refractive

index difference between the core and periphery of a preform.

4.3.4   Comparison of the two ultracentrifuge procedures

In Chapter 3, refractive index gradients were generated and fixed in initial

homogeneous solutions of PTFPMA in MMA. It was shown, that the refractive index gradient

was only influenced by the angular velocity. Using the two-step procedure described in this

chapter, the refractive index gradient is not only influenced by the angular velocity but also by,

for instance, the time allowed for diffusion at room temperature. In Figure 4.5, the refractive

index gradient generated and fixed in an initial homogeneous solution of PTFPMA in MMA

(see Figure 3.8) is compared to the refractive index gradient generated and fixed in a PTFPMA

tube filled with MMA. The volume fraction of PTFPMA in both preforms is 0.3 and both

preforms were produced with an angular velocity of 15,000 rpm. The MMA in the PTFPMA

tube was allowed to diffuse for 8 hours at room temperature. It is shown, that the refractive

index gradients of the preforms are identical. This indicates, that at long diffusion times there

no longer exists a difference between the two procedures. With the same overall PTFPMA

content, the system will reach an equilibrium, in which the generated compositional gradient

only depends on the angular velocity.

Also in Chapter 3, the obtained maximum refractive index differences between the

centre and periphery of the preforms were small (∆n≤0.009), and consequently the numerical

apertures of fibres that can be spun from these preforms are low (N.A.≤0.17, see Figure 3.7).

The low numerical apertures result in a low angular distribution of light accepted by a fibre

(θmax≤9.2°, see Appendix) and can create handling problems, especially in fibre connection and

interfacing to other components.13 In Figure 4.6, the refractive index gradient introduced in an
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initial homogeneous solution of PTFPMA in MMA at high angular velocity is compared to

refractive index gradients introduced in MMA filled PTFPMA tubes in a centrifugal field.
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Figure 4.5: Refractive index gradient (n-n0) versus the normalised radius (r/Rp) in a

preform produced from an initial homogeneous solution of 0.3 v/v PTFPMA in

MMA (l) and in a preform produced from a MMA filled PTFPMA tube (∆).
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Figure 4.6: Refractive index gradient (n-n0) versus the normalised radius (r/Rp) in a

preform produced from an initial homogeneous solution of 0.3 v/v PTFPMA in

MMA (l) and in preforms produced from MMA filled PTFPMA tubes (∆,o).

It is shown, that in this particular study the obtained maximum refractive index differences are

much higher (∆n≤0.054) and, consequently, the numerical apertures (N.A.≤0.40) and angular

distribution of light accepted by the fibres (θmax ≤ 23.6°) are increased, potentially facilitating

fibre coupling.

4.4   Conclusions

A second route for the preparation of compositional gradients in polymer preforms

using centrifugal fields was presented. It was shown, that a compositional gradient can be

introduced in a polymer tube which is filled with a high refractive index monomer and rotated

vertically at high velocities about its centre axis, and that this gradient can be fixed by homo-

polymerisation of the monomer at an elevated temperature while the centrifugal field is

maintained. By selection of the appropriate materials, highly transparent polymer glasses are

produced with a parabolic-like refractive index gradient. It was shown, that the refractive index

difference between the centre and the periphery of the preform decreases upon increasing the

diffusion time at room temperature, and upon increasing the angular velocity. The maximum

refractive index differences obtained with this procedure are higher than those obtained by the

procedure that introduces compositional gradients in initially homogeneous polymer-monomer

mixtures.
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Chapter   5

Theoretical Optical Loss of the Model System
The Minimum Attenuation of PMMA/PTFPMA blends

5.1   Introduction

The optical loss in optical fibres determines the distance over which a digital signal can

be transmitted and is, therefore, one of the important properties in optical fibre communication

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

are summarised in Figure 5.1.1,2 It is shown, that a distinction can be made between intrinsic

and extrinsic causes of optical loss. A further distinction can be made between the absorption

and scattering contributions to the intrinsic and extrinsic causes of optical loss. The extrinsic

causes of optical loss are mainly due to impurities and fibre structure imperfections. The

impurities can be avoided using several cleaning procedures, such as extraction, filtration,

and/or distillation of the materials. The fibre structure imperfections can be avoided by

choosing the proper processing conditions for preform heat-drawing.3 The intrinsic causes of

optical loss are related to the polymer structure and are, consequently, fixed once the polymer

materials are selected. Therefore, the theoretical minimum optical loss of a polymer optical

fibre is primarily determined by the intrinsic absorption and scattering losses.

In Figure 5.1 it is shown, that one of the contributions to the intrinsic absorption loss

are the electronic transitions within the polymer. For instance, in the case of methacrylate based

polymer optical fibres, the most significant absorption is caused by the electronic transition of

the double bond in the ester group. Electronic transitions appear in the ultraviolet region and
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only their tail influence the transmission loss. Therefore, especially in the case of methacrylate

based POF’s, at wavelengths longer then 500 nm, the intrinsic loss due to electronic transitions

can be neglected (<1 dB/km).4,5

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 5.1: The causes of optical loss in (methacrylate based) polymer optical fibres in the

visible wavelength region.

The main contribution to the intrinsic absorption loss in polymer optical fibres (POF’s)

is, therefore, the absorption of higher harmonics of carbon-hydrogen vibrations (see Figure

5.1). Being the lightest atom, hydrogen causes the fundamental carbon-hydrogen vibration to

occur at relatively short wavelength (3000 nm), and higher overtones of this vibration intrude

upon the visible spectrum as is shown for a poly(methyl methacrylate) POF in Figure 5.2.2,4-6
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Figure 5.2: The optical loss in a poly(methyl methacrylate) polymer optical fibre (———):

the loss is caused by Rayleigh scattering  (— — —), and by absorption.
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Due to the carbon-hydrogen overtone absorption, several optical windows are present, i.e.

wavelengths at which the optical loss reaches a minimum. The intrinsic scattering loss is caused

by Rayleigh scattering due to density and concentration fluctuations within the polymer(s) (see

Figures 5.1 and 5.2).

In the Chapters 3 and 4, new methods were explored to generate refractive index

gradients in polymer blends using centrifugal fields.7-9 As discussed in Chapter 2, the use of

polymer blends potentially results in excess Rayleigh scattering and a high attenuation. The

intrinsic Rayleigh scattering in miscible polymer blends was estimated previously by

Dettenmaier.10 His calculations indicated that the Rayleigh scattering of a miscible binary blend

depends strongly on the refractive index difference between the two homopolymers and on the

Flory-Huggins interaction parameter. Unfortunately, suitable experimental data for the

verification of the theoretical calculations by Dettenmaier were not available. Of course, the

lack of experimental verification limits the potential usefulness of the theory and hardly

provides any guidelines in the selection of suitable blends for the production of graded-index

materials with a low attenuation.

In this chapter, the theoretical attenuation of PMMA/PTFPMA blends is discussed. The

contributions of  absorption and Rayleigh scattering are determined separately. Special

attention is devoted to the Rayleigh scattering loss of the miscible blend. First, The Rayleigh

scattering of the blends is determined experimentally with both light scattering and small-angle

X-ray scattering. The Rayleigh scattering of the blends is, subsequently, combined with their

overtone absorption to calculate the total optical loss op the blends. Additionally, the

experimental data on the Rayleigh scattering of the miscible polymer blends are combined with

the experimental data on the Flory-Huggins interaction parameter as determined in Chapter 2.

The prime objectives are (i) to verify the theoretical predictions by Dettenmaier experimentally,

(ii) to verify whether miscible polymer blends are suitable materials for waveguide

applications,11 and (iii) to further improve the selection of suitable materials for the production

of graded-index materials based on miscible, amorphous polymer blends.

5.2   Theoretical

5.2.1   Absorption loss due to carbon-hydrogen overtones

One of the causes of the decrease in intensity of light while guided through an optical

fibre is absorption of the light due to carbon-hydrogen overtones. The fundamental frequency

ν1 [cm-1] of the stretching vibrations of the carbon-hydrogen atom pair can be calculated using

the following equation:4,5
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ν
κ
π µ1 24

= (5.1)

where, κ is the interatomic force constant [g/cm2] and µ is the reduced mass [g]. Since the

vibration between two atoms is not absolutely harmonic, additional absorptions (higher

harmonics or overtones) appear at approximately multiples of the fundamental frequency, thus

at shorter wavelengths. The wavelength at which the υ-th harmonic carbon-hydrogen vibration

νυ occurs can be written as:6

ν
ν υ ν υ υ

υ =
− +

−
1 1 1

1 2

x

x

( )
(5.2)

where, x is the anharmonicity vibration constant [-], and υ the quantum number [1,2,3…]. If

the position of the fundamental vibration (3390 for carbon-hydrogen stretch) and the

anharmonicity constant are known (x=0.019 for carbon-hydrogen stretch),6 the spectral

positions of the overtones can be calculated using Equation 5.2.

According to the Lambert-Beer law, the absorption of light travelling through an

absorptive polymer medium is given by:

I

I

a L

MM

0

10=
−

ε ρ

(5.3)

with, I0 is the intensity of the incident light, I is the intensity after propagating distance L [m],

εa is the absorption coefficient [m2/mol], ρ is the density [kg/m3] and MM is the molecular

weight of the repeat unit [kg/mol]. If per repeat unit, more than one identical bond contributes

to the absorption, the attenuation αv [dB/km] is expressed as:10

α
ρ

εv c
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I
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= −
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10
10

4

0

4log (5.4)

where, nc and εc denote number and absorption coefficient of the carbon-hydrogen bond.

Equation 5.4 indicates, that the absorption loss due to carbon-hydrogen overtones of a polymer

can be approximated from known values of a different polymer, assuming that the loss is

proportional to the density of the polymer and the number of carbon-hydrogen bonds of the

repeat unit, and inversely proportional to the molecular weight of the repeat unit.
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5.2.2   Rayleigh scattering loss

Another cause for the decrease in intensity of light while guided through an optical fibre

is scattering of the light due to density and concentration fluctuations. The intensity of the light

after a propagation distance L is given by:10

I

I
e L

0

= −σ (5.5)

where I0 is the intensity of the incident light, I is the intensity after propagating distance L [m]

and σ is the turbidity, also known as the attenuation coefficient [m-1]. The attenuation α

[dB/km] is expressed as:10

α σ= −






 = ⋅

10 10
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4

L

I

I
log

ln
(5.6)

The attenuation coefficient for scattering is obtained by integration of the total

scattered intensity of unpolarised light UU [m-1] over the whole angular range, that is composed

of Rayleigh ratios referring to the directions of the analyser (X) and polariser (Y) which are

oriented vertically (X,Y=V) or horizontally (X,Y=H) to the scattering plane:10

σ π θ θ π θ θ
ππ

= = + + +∫∫ U d V V H H dU V H V Hsin ( ) sin
00

(5.7)

The individual scattering components of an unoriented amorphous polymer or polymer blend

exhibit spherical symmetry and, hence, are only a function of the amplitude of the scattering

vector q [nm-1]:10

q =
4

2

π
λ

θ
sin (5.8)

where, λ is the wavelength of the incident light [nm] and θ is the angle between the wave

vectors of the incident and scattered waves [degrees]. Since,

V HH V= (5.9)
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and

H V HH V V= +cos sin2 θ θ

(5.10

)

measurement of only two components is sufficient to characterise the scattering behaviour.

Previously, it was shown that HV is small compared to VV (<2%)12 and, therefore,

measurement of only VV can suffice. Equation 5.7 can now be approximated by:

σ π θ θ θ
π

= +∫ V dV ( cos ) sin1 2

0

(5.11

)

The scattering of radiation by an isotropic system arises from fluctuations in density

and/or concentration. In polymer blends, the contribution of concentration fluctuations to the

Rayleigh scattering is large in comparison to the contribution of density fluctuations.10 The

scattering loss in polymer blends is, therefore, approximated as the excess Rayleigh scattering

loss caused by concentration fluctuations.

It depends on the experimental method used, which of the above described scattering

components are measured. In general, the density and concentration fluctuation contribution to

the measured scattering component can be expressed as a Rayleigh ratio R [m-1] that depends

on the amplitude of the scattering vector q and can be presented by the Ornstein-Zernike

equation:13

R q
R

B q
( )

( )

( )
=

+
0

1 1
2 2 2

(5.12

)

where, R(0) [m-1] is the density or fluctuation contribution to the Rayleigh factor at q=0, and

B1 [nm] is considered as the Ornike-Zernike coefficient describing the angular dependence of

the scattering. R(0) and B1 are derived from a so-called Ornstein-Zernike plot of [R(q)]-½

versus q2.14-16

It was demonstrated, that the scattering in forward direction is related to the

thermodynamic properties of the system according to:17-19
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c T
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)

where, c is the concentration [kg/m3], R is the gasconstant [8.3143 J⋅mol-1⋅K-1], T is the

temperature [K], π is the osmotic pressure [Pa] and K is a technique specific constant for, for

instance, light, X-ray or neutron scattering [mol⋅m2/kg2]. For light scattering the constant is

given by:19
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)

Here, Na is Avogadro’s number (NA=6.022169⋅1023 [mol-1]), again λ is the wavelength of the

light [m], n is the refractive index [-] and ∆n is the refractive index difference between the two

components [-].

For X-ray scattering the constant is given by:19
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e
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2
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(5.15

)

where, ie is Thomson’s number20 (ie=7.9⋅10-30 m2) and ρi
e is the electron density of either

component [mol electrons/m3]. The thermodynamic properties of a binary system in Equation

5.13 can also be described using the Flory-Huggins21,22 lattice theory. Benoit et al.23,24

calculated ∂π/∂c (see Equation 5.13) for polymer blends to obtain the scattering in forward

direction:10
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)

Here, V0 is the volume of the lattice cell [m3/mol] that is approximated as the volume of the

smallest repeat unit. Without performing scattering experiments, Equation 5.16 can be used in

Equations 5.11 and 5.6 to estimate the Rayleigh scattering loss of a miscible polymer blend,

provided that the Flory-Huggins interaction parameter of the binary polymer blend is known.

The Flory-Huggins interaction parameter can, for instance, be determined from phase

separation data (see Chapter 2).

In a homopolymer, Rayleigh scattering is caused by density fluctuations. When an

amorphous polymer vitrifies from the melt, its liquid structure is frozen in. Therefore,

amorphous polymers may be treated as supercooled liquids. The turbidity due to density

fluctuations of an isotropic liquid can be calculated using Clausius-Mossotti’s equation:25-27

σ
π
λ

β= − +
8

27
1 2

3

4
2 2 2 2( ) ( )n n kTf iso

(5.17

)

Here, k is the Boltzmann constant (1.38⋅10-23 J/K), Tf the fictive glass transition temperature

[K] below which the scattering structure is frozen in, and βiso the isothermal compressibility

[Pa-1]. Here, also, only the scattering in forward direction is taken into account. In general,

light scattered by liquids is depolarised because of molecular anisotropy. The net effect is an

enhancement of the scattering.25 This enhancement is accounted for with the so-called

Carbannes factor Cu(90) [-], that is a multiplication factor for Equation 5.17:25

Cu
u

u

( )
( )

( )
90

6 6 90

6 7 90
=

+
−

ρ
ρ

(5.18

)

where, ρu(90) is the ratio of the parallel to the vertical component of the scattered light at 90

degree angle when the incident light is unpolarised. For instance, the Carbannes factor is 1.1

for poly(methyl methacrylate).4 The isothermal compressibility of homopolymers in Equation
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5.17 can be derived from, for instance, X-ray scattering using absolute intensity data,

extrapolated to zero angle (see Equation 5.12):13

R
i Z N

M
RTe M A

M
iso( )0

2

2=
ρ

β (5.19)

5.3   Experimental

5.3.1   Materials

The monomers methyl methacrylate (H2C=C(CH3)CO2CH3, MMA), and 2,2,3,3-

tetrafluoropropyl methacrylate (H2C=C(CH3)CO2CH2CF2CHF2, TFPMA), the initiator ditert-

butyl peroxide ((CH3)3COOC(CH3)3, Trigonox-B), and the chain transfer agent n-

butylmercaptan (C4H9SH) were supplied by Aldrich Chemical Company, Steinheim, Germany.

The solvent ethyl acetate was provided by Merck, Darmstadt, Germany.

The monomers MMA and TFPMA were purified by distillation under reduced pressure

after removing the inhibitor by extraction with an aqueous 0.5N sodium hydroxide solution,

washing with distilled water and drying with sodium sulfate.
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5.3.2   Polymer synthesis and blend preparation

Poly(methyl methacrylate) (PMMA) and a PMMA/poly(2,2,3,3-tetrafluoropropyl

methacrylate) (PTFPMA) blend with 0.5 volume fraction PTFPMA were prepared in specially

designed glass ampoules which fit directly in the light scattering equipment. The glass

ampoules with a diameter of 2 cm were thoroughly cleaned in a down-flow-hood with filtered

acetone (0.2 µm Millex FGS filter unit, Millipore, Etten Leur, The Netherlands) and dried. The

initiator (0.2 wt%) and chain transfer agent (0.5 wt%) were added to the monomers and the

mixtures were placed in the glass ampoules through 0.2 µm filters. The monomer mixtures

were checked on the presence of glittering owing to impurities by application of a helium-neon

laser beam. Only those mixtures were used that did not show glittering and were degassed by

several freeze-thaw cycles and the ampoules were sealed. Polymerisation was performed at 90

°C for 24 hours, followed by a post-polymerisation at 130 °C for 24 hours. In the case of a

blend, a specific amount of MMA monomer mixture was placed on top of the polymerised

TFPMA through a 0.2 µm filter in a down-flow-hood. The mixture was degassed by several

freeze-thaw cycles and the ampoule was sealed again. After complete dissolution,

polymerisation was performed as described above. The ampoule was cooled to room

temperature (1 °C/hour).

For the small-angle X-ray experiments PMMA and PTFPMA were synthesised by bulk-

polymerisation in sealed glass tubes under vacuum. The initiator (0.2 wt%) and chain transfer

agent (0.2 wt%) were added to the monomers and degassed by several freeze-thaw cycles.

Polymerisation was performed at 90 °C for 24 hours, followed by a post-polymerisation for 24

hrs at 130 °C. PMMA/PTFPMA blends were prepared by codissolving specific amounts of

polymers in ethyl acetate at room temperature. After complete dissolution, the solutions were

cast and the solvent was removed by evaporation at room temperature for 24 hours and

subsequently at 120 °C under reduced pressure for 24 hours. The blends were compression

moulded into plates (thickness approximately 1 mm).

5.3.3  Characterisation

The molecular weight of the homopolymers was measured by gel permeation

chromatography (Waters GPC: model 440 UV-detector 254 nm, and a model 410 refractive

index detector). The two Shodex KF-80M (8*300 mm, linear) columns (40 °C) were calibrated

with narrow distribution polystyrene standards. Tetrahydrofuran was used to dissolve the

polymer samples and as an eluent for GPC (velocity 1 ml/min). The samples (1 mg/ml) were

filtered prior to injection. PMMA possessed a molecular weight of 100 kg/mol, and PTFPMA

a molecular weight of 75 kg/mol.
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Static light scattering measurements were performed on a ALV-1800 multiangle

apparatus (ALV GmbH, Langen, Germany), which permitted simultaneous measurement of

scattered intensities at 18 different angles in the range from 25 to 140 degrees. The light source

was a polarised 100 mW argon ion laser with 514 nm wavelength (Omnichrome model 543-

150 GS, Chino, CA, United States of America). The polarisation was perpendicular to the

scattering plane. The intensity of the scattered light was detected by 18 photodiodes, one for

every angle. Toluene was used as a reference material, i.e the total scattered light in vertical

direction for toluene is 30.87·10-4 m-1 at 514 nm.28 Measurements were performed at several

spots of the samples and averaged.

Small angle X-ray (SAXS) measurements were performed on the ID2-BL4 beam-line

of the ESRF (European Synchrotron Radiation Facilities, Grenoble, France). The wavelength

of the radiation was 1 Ångstrom, the sample-to-detector distance was 10 meter, the beam size

was 0.2 mm x 0.5 mm and the collection time was 6 seconds. Scattering data were collected

using a gas-filled multiwire two-dimensional detector. The data were divided by the detector

response in order to correct for intrinsic errors in the intensity measurements of the detector. A

flatfield correction was performed, to translate the data recorded by the detector to a flat 2D

pattern. The total beam intensities in front of and behind the sample were recorded by pinholes.

The data were normalised by the simultaneously recorded beam intensity behind the sample, to

correct for the decreasing intensity of the X-ray source with time, and the absorption, surface

scattering and thickness of the sample. The background scattering, mainly due to the air

through which the beam passes, was subtracted. In order to convert the data into absolute

intensities, the background scattering and the scattering of Lupolen with known absorption

coefficients were measured.29 The conversion factor was 111,000 [m-1].

5.4   Results

5.4.1   Absorption loss due to carbon-hydrogen overtones

In Section 5.2.1 it was argued, that the absorption loss due to carbon-hydrogen

overtones of a polymer can be approximated from known values of a different polymer,

assuming that the loss is proportional to the density of the polymer and the number of carbon-

hydrogen bonds of the monomer unit, and inversely proportional to the molecular weight of the

repeat unit. The number of carbon-hydrogen bonds, the density and the molecular weight of

the repeat unit of poly(methyl methacrylate) (PMMA) and poly(2,2,3,3-tetrafluoropropyl

methacrylate) (PTFPMA) are given in Table 5.1. Kaino et al.5 measured the absorption loss

due to carbon-hydrogen overtones of PMMA at several wavelengths and his values were used
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to calculate the carbon-hydrogen absorption loss of PTFPMA. The results at 567 nm and 650

nm are also given in Table 5.1. Table 5.1 shows, that the absorption loss of PTFPMA is lower

than the absorption loss of PMMA, which is mainly due to the higher value of the molecular

weight of the repeat unit. The absorption loss of PMMA/PTFPMA blends with a certain

composition can be calculated from the contributions of the two individual polymers in the

blends. For instance, the absorption loss of a PMMA/PTFPMA blend with 0.3 volume fraction

PTFPMA is 6 dB/km and 78 dB/km, at 567 nm and 650 nm respectively.

Table 5.1: The number of carbon-hydrogen bonds (nc), density (ρ), molecular weight of

the repeat unit (MM) and the attenuation due to carbon-hydrogen overtone

vibration absorption (αv) at 567 nm and 650 nm of PMMA5 and PTFPMA.

Polymer nc

[-]

ρ

[g/cm3]

MM

[g/mol]

αv
567

[dB/km]

αv
650

[dB/km]

PMMA 8 1.190 100.12 7 88

PTFPMA 8 1.496 200.14 4 55

5.4.2   Rayleigh scattering loss

The scattering of vertically polarised light in optically clear samples of PMMA and a

PMMA/PTFPMA blend with 0.5 volume fraction PTFPMA was measured at 514 nm and the

results are shown in Figure 5.3. Figure 5.3 shows, that the blend scatters more light than the

PMMA sample, indicating that blending of miscible polymers introduces additional Rayleigh

scattering in comparison to homopolymers due to concentration fluctuations.

The Ornstein-Zernike equations for both samples were derived to allow the integration

of the scattering over the whole angular range for the calculation of the excess Rayleigh

scattering loss (see Section 5.2.2). The scattering in forward direction and the Ornstein-

Zernike coefficient were derived taking the background scattering b [m-1] (see Figure 5.3) into

account and are given in Table 5.2. The fits by the Ornstein-Zernike equations for PMMA and

the blend with 0.5 volume fraction PTFPMA are also shown in Figure 5.2. As expected, the

scattering data are well described. Assuming that the scattering of vertically polarised light

equals the vertical component (VV) only, the excess Rayleigh scattering loss was calculated

using:



Theoretical Optical loss of the Model System 69

α π θ θ θ
π

c

R

B q
b d=

+
+









 +













∫
10

10

0

1
1

4

1
2 2 2

2

0ln

( )

( )
( cos ) sin

(5.20

)

The excess Rayleigh scattering losses of PMMA and the PMMA/PTFPMA blend at 567 and

650 nm are also given in Table 5.2.
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Figure 5.3: Scattering of vertically polarised light (R(q)) in a PMMA/PTFPMA blend with

0.5 volume fraction PTFPMA (s) and in PMMA (l) versus the scattering

vector (q). The solid curves are fits by the Ornstein-Zernike equations (b is the

background scattering).

Table 5.2: The background scattering (b), scattering in forward direction (R(0), Ornstein-

Zernike coefficient (B1), and the measured excess Rayleigh scattering loss (αc)

at 567 nm and 650 nm of PMMA and the PMMA/PTFPMA blend.

Polymer 1 Polymer 2 b

[m-1]

R(0)

[m-1]

B1

[nm]

αc
567

[dB/km]

αc
650

[dB/km]

PMMA - 0 0.00077 0 20 12

PMMA PTFPMA 0.005 0.02920 172 195 113
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The measured scattering losses of PMMA at 567 nm and 650 nm equal the values

previously reported by Kaino et al. (20 dB/km at 567 nm and 12 dB/km at 650 nm).5 The

higher Rayleigh scattering loss of the blend is most probably a consequence of concentration

fluctuations. However, light scattering is very sensitive to extrinsic causes of scattering such as

dust particles and/or orientation within the prepared samples. Also, the preparation of pure

samples in an optical sense is a laborious and time-consuming process. Therefore, in order to

check the results, the scattering loss due to concentration fluctuations in PMMA/PTFPMA

blends was also measured using small-angle X-ray scattering (SAXS). The samples prepared

for the SAXS measurements do not need to be optically clear, since the scattered intensity is

caused by structures with sizes in the order of the wavelength of the incident light and the size

of dust particles is much larger then the wavelength of the X-ray (1 Å).

SAXS measurements were performed on the homopolymers PMMA and PTFPMA and

on PMMA/PTFPMA blends with 0.21, 0.44 and 0.70 volume fraction. The two-dimensional

X-ray patterns of the samples (see Section 5.3.3) are shown in Figure 5.4.

a) b) c) d) e)

intensity

Figure 5.4: Small-angle X-ray  patterns of PMMA/PTFPMA blends with a volume fraction

of PTFPMA (φ) of respectively: (a) φ=0; (b) φ=0.21; (c) φ=0.44; (d) φ=0.70;

(e) φ=1.

As expected, the small-angle X-ray patterns only show the amorphous halo, since there is no

structure formation present in the amorphous, miscible blends to introduce specific scattering

patterns. The X-ray patterns in Figure 5.4 were integrated to obtain the absolute intensity

expressed as Rayleigh ratios versus 2θ angle. Equation 5.8 was used to convert the 2θ angle to

the scattering vector q. The absolute intensities of PMMA and PTFPMA versus the amplitude

of the scattering vector are shown in Figure 5.5. Again, the Ornstein-Zernike equations were

determined and the derived scattering in forward direction and the Ornstein-Zernike coefficient

are given in Table 5.3. The fits by the Ornstein-Zernike equations are also shown in Figure 5.5

and again, the scattering data are well described.
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The Rayleigh scattering loss due to density fluctuations of the polymers (αR) was

calculated with the following equation (see Section 5.2.2):

α
π
λ

βR f ison n kT= ⋅ ⋅ − +11
10

10

8

27
1 2

4 3

4
2 2 2.

ln
( ) ( ) (5.21)

The isothermal compressibility of PMMA and PTFPMA in Equation 5.21 were derived from

the scattering in forward direction (see Equation 5.19) and are also given in Table 5.3.
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Figure 5.5: Scattered X-ray (R) versus the amplitude of the scattering vector q: (¡,——)

PMMA; (∆,— —) PTFPMA. The curves are fits by the Ornstein-Zernike

equations.

Table 5.3: The scattering in forward direction (R(0)), Ornstein-Zernike coefficient (B1),

number of electrons (ZM) and molecular weight (MM) of the repeat unit, density

(ρ), and isothermal compressibility (βiso) of PMMA and PTFPMA.

Polymer R(0)

[m-1]

B1

[nm]

ZM

[-]

ρ

[kg/m3]

MM

[10-3 kg/mol]

βiso

[10-10 Pa-1]

PMMA 0.0232 47 54 1190 100.12 2.62

PTFPMA 0.0152 52 102 1496 200.14 2.30

The isothermal compressibility of PMMA is in good agreement with the value previously

reported by Wendorf et al.30 (βiso=2.55⋅10-10 Pa-1). The Rayleigh scattering losses at 567 nm



72 Chapter 5

and 650 nm are given in Table 5.4. As expected, the scattering loss of PTFPMA is lower than

the scattering loss of PMMA. Moreover, the scattering loss of PMMA determined using SAXS

measurements is lower than the loss determined using light scattering measurements (see Table

5.2). This is probably due to the fact that the scattering loss obtained with X-ray scattering is in

principle intrinsic, whereas the scattering loss measured with light can also be influenced by

extrinsic factors.

The absolute intensity of various PMMA/PTFPMA blends versus the amplitude of the

scattering vector are shown in Figure 5.6.

Table 5.4: The isothermal compressibility (βiso), refractive index (n), fictive glass

transition temperature (Tf), and Rayleigh scattering loss (αR) at 567 nm and

650 nm of PMMA and PTFPMA.

Polymer n

[-]

Tf

[K]

αR
567

[dB/km]

αR
650

[dB/km]

PMMA 1.490 363 15 9

PTFPMA 1.422 313 7 4
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Figure 5.6: Scattered X-ray (R) versus the amplitude of the scattering vector q of

PMMA/PTFPMA blends with 0.21 (o, · · · ·), 0.44 (∆,— —), and 0.70 (¡,——)

volume fraction PTFPMA. The curves are fits by the Ornstein-Zernike

equations.
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Here, also, the Ornstein-Zernike equations were determined and the derived scattering in

forward direction and the Ornstein-Zernike coefficient are given in Table 5.5. The fits by the

Ornstein-Zernike  equations are also shown in Figure 5.6 and again it is shown, that the SAXS

data are well described. The scattering of X-rays can be considered as the total amount of

scattering of unpolarised light (UU) and the Rayleigh scattering loss was, therefore, calculated

as (see Section 5.2.2):
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Some relevant properties for the calculation of the Rayleigh scattering loss of the blends using

Equation 5.22 are given in Table 5.5 and 5.6. The Rayleigh scattering losses at 567 nm and 650

nm are also given in Table 5.6.

Table 5.5: The composition (φ2), refractive index (n), refractive index difference (∆n),

scattering in forward direction (R(0)) and Ornstein-Zernike coefficient (B1) of

the PMMA/PTFPMA blends.

Polymer 1 Polymer 2 φ2

[-]

n

[-]

∆n

[-]

R(0)

[m-1]

B1

[nm]

PMMA PTFPMA 0.21 1.4757 0.068 0.025 45

PMMA PTFPMA 0.44 1.4601 0.068 0.034 48

PMMA PTFPMA 0.70 1.4424 0.068 0.046 51

Table 5.6: The composition (φ2), electron densities (ρi
e) and the excess Rayleigh scattering

loss (αc) at 567 nm and 650 nm of the PMMA/PTFPMA blends.

Polymer 1 Polymer 2 φ2

[-]

ρ1
e

[mol/m3]

ρ2
e

[mol/m3]

αc
567

[dB/km]

αc
650

[dB/km]

PMMA PTFPMA 0.21 6.4·105 7.6·105 152 88

PMMA PTFPMA 0.44 6.4·105 7.6·105 157 91

PMMA PTFPMA 0.70 6.4·105 7.6·105 162 94

It is shown, that the obtained excess Rayleigh scattering losses are lower than the

values obtained by light scattering measurements (see Table 5.2). Considering that the SAXS
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measurements are insensitive to extrinsic causes of scattering, the obtained Rayleigh scattering

losses by SAXS measurements should be considered as the minimum intrinsic Rayleigh

scattering losses. In practice, the scattering will always be higher depending on the sample

preparation.

Previously, Dettenmaier10 correlated the theoretical excess scattering loss of miscible

polymer blends to the Flory-Huggins interaction parameter. Without performing scattering

experiments, the excess scattering loss of a miscible blend can, therefore, be calculated if the

Flory-Huggins interaction parameter of the blend is determined using, for instance, phase

separation data. The Rayleigh scattering loss of a selection of PMMA/PTFPMA blends as a

function of the Flory-Huggins interaction parameter was calculated using (see Section 5.2.2):
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Some relevant properties for the calculation of the excess Rayleigh scattering loss of the

selected blends using Equation 5.23 are given in Table 5.7 (see also Section 2.4). The

calculated excess Rayleigh scattering loss at 650 nm as a function of the negative Flory-

Huggins interaction parameter for the selected blends is shown in Figure 5.7.

Table 5.7: The composition (φ2), refractive index (n), relative chain length (zi), and

volume of the lattice cell (V0) of a selection of PMMA/PTFPMA blends.

Polymer 1 Polymer 2 φ2

[-]

n

[-]

z1

[-]

z2

[-]

V0

[10-6 m3/mol]

PMMA PTFPMA 0.3 1.4696 999 795 84.1

PMMA PTFPMA 0.5 1.4560 999 795 84.1

PMMA PTFPMA 0.5 1.4560 999 1725 84.1

Figure 5.7 shows, that the influence of the composition of the blend, of the relative chain length

and, consequently, of the molecular weight of the polymers is very small. As expected, the

Rayleigh scattering loss decreases as the Flory-Huggins interaction parameter decreases, i.e.

the favourable interactions between the polymers in the blend increase, and consequently the

improved miscibility results in a substantial decrease in Rayleigh scattering.

The Flory-Huggins interaction parameters of the PMMA/PTFPMA system were

determined in Chapter 2 and are given in Table 5.8 for a selection of compositions. The

Rayleigh scattering losses of the selected blends at 567 nm and 650 nm wavelength were
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calculated using Equation 5.23 and are also given in Table 5.8. As expected, the scattering

losses at 567 nm are much higher than the losses at 650 nm, which is due to the fact that

Rayleigh scattering is inversely proportional to the fourth power of the wavelength.

As shown in Table 5.8, the Flory-Huggins interaction parameters that were used to

determine the Rayleigh scattering loss of the blends are large and negative, which can not be

explained from the presence of favourable interactions such as hydrogen bond formation.  The

values of the Flory-Huggins interaction parameters were obtained by a substantial

extrapolation, since data on phase separation were only available over a relatively small

temperature region (see Section 2.4). Surprisingly, the estimated theoretical scattering loss is in

good agreement with the measured excess Rayleigh scattering loss by light scattering. It can

therefore be concluded, that the theory can provide guidelines in the selection of suitable

blends for the production of graded-index preforms with a low attenuation.
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Figure 5.7: The excess Rayleigh scattering loss at 650 nm as a function of the negative

Flory-Huggins interaction parameter (-χ) for a PMMA/PTFPMA blend with

0.3 volume fraction (v/v) PTFPMA  (————), and PMMA/PTFPMA blends

with 0.5 v/v PTFPMA; (— — —) z2=795; (· · · · · ·) z2=1725.

Table 5.8: The composition (φ2), relative chain length (z2), Flory-Huggins interaction

parameter (χ), and the excess Rayleigh scattering loss at 567 nm and 650 nm

of the selected PMMA/PTFPMA blends.

Polymer 1 Polymer 2 φ2

[-]

z2

[-]

χ

[-]

αc
567

[dB/km]

αc
650

[dB/km]
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PMMA PTFPMA 0.3 795 -0.04 228 132

PMMA PTFPMA 0.5 795 -0.05 182 106

PMMA PTFPMA 0.5 1725 -0.05 184 107

5.4.3   Theoretical minimum optical loss of PMMA/PTFPMA blends

The intrinsic minimum attenuation of the PMMA/PTFPMA blends was calculated as

the sum of the intrinsic loss factors caused by absorption due to carbon-hydrogen overtones

and by the Rayleigh scattering loss. The minimum attenuation of a selection of blends at 567

nm and 650 nm are given in Table 5.9. Table 5.9 indicates, that the minimum optical loss of a

miscible polymer blend is higher than the loss of a homopolymer, which is mainly due to the

increase in excess Rayleigh scattering due to concentration fluctuations. The influence of the

composition is not substantial as was also concluded from the theoretical estimation.

Table 5.9: The composition (φ2) of a selection of PMMA/PTFPMA blends and the

minimum theoretical optical loss (αtot) at 567 nm and 650 nm of PMMA,

PTFPMA and the blends.

Polymer 1 Polymer 2 φ2

[-]

αtot
567

[dB/km]

αtot
650

[dB/km]

PMMA - - 21 96

PMMA PTFPMA 0.21 158 169

PMMA PTFPMA 0.44 163 164

PMMA PTFPMA 0.70 167 159

PTFPMA - - 11 59

The results indicate, that graded-index POF’s with a varying ratio of PMMA and

PTFPMA along the radius of the fibre can be produced that possess an attenuation of

approximately 170 dB/km at both 567 nm and 650 nm.

5.5   Discussion
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The theoretical attenuation in miscible polymer blends is determined by the intrinsic

absorption loss originating from carbon-hydrogen overtones and the intrinsic excess Rayleigh

scattering loss due to concentration fluctuations.4-6 In this particular study, the theoretical

attenuation of the model system based on miscible blends of poly(methyl methacrylate)

(PMMA) and poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA) was investigated. It was

shown, that the absorption loss of the blends decreases with increasing PTFPMA content, since

the absorption loss of PTFPMA is lower (55 dB/km at 650 nm) than that of PMMA (88 dB/km

at 650 nm). The excess Rayleigh scattering was determined using light scattering and small-

angle X-ray scattering. Both methods indicated, that the excess Rayleigh scattering in the

blends is approximately 100 dB/km.

Previously, Dettenmaier calculated the excess Rayleigh scattering loss in miscible

polymer blends.10 In the calculations, the concentration fluctuations were estimated using the

Flory-Huggins lattice theory. Since miscible polymer blends were not available to Dettenmaier,

the excess scattering loss was calculated as a function of the Flory-Huggins interaction

parameter. The Flory-Huggins interaction parameters of the PMMA/PTFPMA model system

were derived in Chapter 2. The obtained Flory-Huggins interaction parameters are large and

negative (-0.07≤ χ ≥-0.03) which could not be explained from the structure of the polymers,

i.e. favourable interactions such as hydrogen bond formation are not present. Moreover, the

values of the Flory-Huggins interaction parameters were obtained by a substantial extrapolation

of phase separation data, which were only available over a relatively small temperature region.

Despite the serious assumptions and approximations in the theory and the determination of the

Flory-Huggins interaction parameters of the blends, the calculated excess Rayleigh scattering

loss (~110 dB/km at 650 nm) is in good agreement with the measured scattering loss. This

indicates, that the theoretical estimation can provide guidelines in the selection of suitable

blends for the production of graded-index materials with a low attenuation.

The calculated absorption loss and obtained excess Rayleigh scattering loss indicated

that graded-index, optical fibres with a theoretical attenuation of approximately 170 dB/km in

the visible wavelength region can be produced with the PMMA/PTFPMA model system. The

theoretical attenuation is reduced in comparison to, for instance, preforms with a gradient in

comonomer composition (>200 dB/km)31 which increases the maximum transmission distance

to several hundreds of meters. The low attenuation contradicts the statement that a low

attenuation can only be obtained in polymer/dopant systems.11

The theoretical estimation of the attenuation in miscible polymer blends  indicates that

the attenuation can be further reduced by suppressing the excess Rayleigh scattering loss. It

was shown, that the excess Rayleigh scattering loss depends primarily on the Flory-Huggins

interaction parameter and on the refractive index difference between the two homopolymers of
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a miscible blend. As was shown in Figure 5.7, a decrease in the Flory-Huggins interaction

parameter and, hence, an increase in the favourable interactions in a blends results in a decrease

in the attenuation. A decrease in the refractive index difference also decreases the attenuation,

since the concentration fluctuations are reduced. This is demonstrated in Figure 5.8 for a

miscible blend based on PMMA and a second polymer with varying refractive index. Figure 5.8

indicates, that the use of other miscible polymer blends with a lower refractive index difference

can result in attenuations below 100 dB/km.
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Figure 5.8: The excess Rayleigh scattering loss at 650 nm as a function of the negative

Flory-Huggins interaction parameter (-χ) and the refractive index difference

between the two homopolymer in the blend (n=1.490).

5.6   Conclusions

The theoretical minimum attenuation caused by carbon-hydrogen overtone absorption,

and Rayleigh scattering was determined for the model system based on miscible blends of

poly(methyl methacrylate) (PMMA) and poly(2,2,3,3-tetrafluoropropyl methacrylate)

(PTFPMA). The absorption loss of the PMMA/PTFPMA blends was estimated from the

individual contributions of PMMA and PTFPMA. The excess Rayleigh scattering loss of the

blends was determined by light scattering and small-angle X-ray scattering and theoretically

estimated using the Flory-Huggins lattice theory. The theoretical estimation was in good
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agreement with the measurements. The results indicated, that graded-index polymer optical

fibres based on the PMMA/PTFPMA model system can be produced with an attenuation of

approximately 170 dB/km at both 567 nm and 650 nm. The increase in optical loss compared

to the corresponding homopolymers is caused by additional Rayleigh scattering due to

concentration fluctuations. It was shown, that the excess Rayleigh scattering loss can be

suppressed using other miscible blends with a lower refractive index difference, resulting in

attenuations below 100 dB/km.
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Chapter   6

Theoretical Bandwidth of Graded-Index Fibres;
Calculation using Refractive Index Gradients of Preforms

6.1   Introduction

In Chapter 1, it was discussed that the network bandwidth is one of the important

properties in resource-intensive data, voice and video applications.1-3 Almost all short-haul

data-transfer applications such as local area networks and fibre optics to and in the home are

currently based on copper wiring, and copper cannot support the bandwidth requirements of

multimedia and Internet technologies, especially, since the demand for bandwidth is ever

increasing. High bandwidth glass optical fibre seems to be the logical alternative to copper.

However, the small core diameter and low numerical aperture (N.A.) of glass fibres create

handling problems, especially in fibre connection and interfacing to other components. This

increases the installation costs dramatically.4,5 Graded-index polymer optical fibres possessing a

parabolic refractive index gradient over the cross section and a high bandwidth are an excellent

alternative because of their large core diameter, relatively high numerical aperture and

flexibility.6-8

In Chapters 3 and 4, a new process was presented to generate and to fix compositional

gradients in blends of two miscible and amorphous polymers using centrifugal fields. It was

shown, that substantial compositional and refractive index gradients can be generated in

miscible, highly transparent, amorphous polymer blends by a proper selection of the materials
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and processing conditions. The refractive index gradients of the preforms could be varied with

respect to shape and refractive index difference between the centre and the periphery of the

preforms upon changing the processing conditions.

The graded-index preforms are intended for the production of high bandwidth, graded-

index polymer optical fibres by the preform-drawing technique. Previously, Koike et al.

showed that the refractive index of the preform can be retained in the fibre when the energy

and mass transport phenomena during drawing are accurately controlled.9,10 The objective of

this chapter is to calculate the theoretical bandwidth of the polymer optical fibres that can be

spun from the newly developed preforms, assuming that the index gradient of the preforms is

preserved during the spinning process.11

6.2   Theoretical

The bandwidth of optical fibres determines the maximum information transmission

capacity.12 When a digital signal is transmitted through an optical fibre, the width of the pulses

of the signal increases with distance of propagation, caused by dispersion.12 If a sufficient time

is not allowed between pulses, pulses will interfere. Bandwidth is, therefore, also often

characterised as the maximum bit rate expressed in number of bits per second.13 In general, bit

rate is calculated from the width of the output pulse, using expressions for the dispersion.13

In optical fibres, the two important sources of dispersion are; (i) modal dispersion and

(ii) material dispersion.12 Modal dispersion is the dominant source of dispersion in multimode

fibres. In graded-index optical fibres, modal dispersion is minimised by the parabolic-like

refractive index gradient (see Appendix).12 As modal dispersion decreases, material dispersion

becomes more important. Material dispersion is caused by the wavelength dependence of the

refractive index, i.e. different wavelengths will propagate at different speed.13 Therefore, to

calculate the theoretical bit rate and/or bandwidth in graded-index optical fibres, both modal

dispersion and material dispersion must be taken into account.

The root mean square (rms) output pulse width of graded-index optical fibres is

calculated from the contributions of the modal and material dispersion, using the Wentzel-

Kramers-Brillouin (WKB) method.11,13,14 The rms width in seconds due to modal dispersion

σmodal [s], and the rms width due to material dispersion σmaterial [s], are given by:13
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and,
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In Equations 6.1 and 6.2, L is the length of the fibre [m], c is the velocity of light in vacuum

[m/s], λ is the wavelength of the light source [nm], σλ is the rms spectral width of the light

source [s], ∆ is the fractional refractive index difference [-], g is the index exponent [-], and N

is the material group index [-].

Equations 6.1 and 6.2 indicate, that the modal and material dispersion are calculated

from the refractive index difference between the centre and the periphery of the preforms and

from the shape of the refractive index gradient. The refractive index difference between the

centre and the periphery of the preforms is expressed as the fractional refractive index

difference:13
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where, n0 and n1 are the measured refractive index at the centre axis and the periphery of a

preform/fibre, respectively. The shape of the parabolic-like refractive index profile is

characterised by the index exponent, which can be calculated by fitting the refractive index

gradient with the power-law:15
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where, n(r) is the refractive index [-] at radius r [mm], and Rp is the radius of the preform [mm].

The material group index N is given by:13

N n
dn

d
= − ⋅0

0λ
λ

(6.7)

The total root mean square pulse width, σtotal, is given by:16

σ σ σtotal al material= +mod
2 2 (6.8)

Personick16,17 reported, that digital transmission at a bit rate B, causes approximately a

sensitivity penalty of the receiver of one decibel when the pulse width exceeds one fourth of

the bit period (1/B [s]). Therefore, the maximum bit rate, Bmax, is defined by:16,17

B
total

max =
1

4σ
(6.9)

The maximum bit rate is usually calculated for one hundred meter optical fibre. In that case, the

maximum bandwidth, βmax [Hz.km], can be approximated by: 18

β max
max=

B

2
(6.10)

Equations 6.1 and 6.2 show, that the maximum bit rate of graded-index optical fibres

can be calculated as a function of the index exponent. Therefore, the optimum value of the

index exponent, i.e. where the bit rate reaches its highest value at a certain wavelength of the

light source, can be predicted. For this evaluation, data on the wavelength dependence of the

refractive index of the system must be available (see Equation 6.2).

6.3   Experimental

6.3.1   Materials

The monomers methyl methacrylate (H2C=C(CH3)CO2CH3, MMA) and 2,2,3,3-

tetrafluoropropyl methacrylate (H2C=C(CH3)CO2CH2CF2CHF2, TFPMA) and the chain

transfer agent n-dodecylmercaptan (C12H25SH) were supplied by Aldrich Chemical Company,
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Steinheim, Germany. The monomers MMA and TFPMA were purified by removal of the

inhibitor and vacuum distillation. The initiator α,α‘-azobisisobutyronitrile (AIBN) and the

solvent ethyl acetate were supplied by Merck, Darmstadt, Germany.

6.3.2   Polymer synthesis and blend preparation

Polymers were prepared by bulk polymerisation in sealed glass tubes under a nitrogen

atmosphere. Before polymerisation, the initiator (0.2 wt%) and the chain transfer agent (0.2

wt%) were added to the monomers and degassed by several freeze-thaw cycles. Polymerisation

was performed by heating the sealed tubes at 60 oC for 24 hours, followed by a post-

polymerisation for 12 hours at 120 oC.

Blends were prepared by codissolving specific amounts of the polymers in ethylacetate

at room temperature. After complete dissolution, films were prepared by casting the solutions,

and the solvent was removed by evaporation at room temperature for 6 hours, followed by a

24 hour drying-step at 120 oC  under reduced pressure.

6.3.3   Characterisation

The molecular weight of the polymers were measured by gel permeation

chromatography (Waters GPC calibrated with narrow distribution polystyrene standards).

Tetrahydrofuran was used to dissolve the polymer samples and as an eluent. Poly(methyl

methacrylate) and poly(2,2,3,3-tetrafluoropropyl methacrylate) both possessed a weight

average molecular weight of 100 kg/mol.

The refractive indices of the homopolymers and the blends were measured at 20 °C on

an Abbe refractometer. In order to measure the refractive indices at several wavelengths, band

pass filters (∆λ~10 nm) were inserted in the refractometer. Five measurements were performed

on thin films (~10 µm) at each wavelength and averaged.

6.4   Results and discussion

In Chapters 3 and 4, the production of graded-index preforms with a varying

composition of blends of poly(methyl methacrylate) (PMMA) and poly(2,2,3,3-

tetrafluoropropyl methacrylate) in a centrifugal field was discussed. Graded-index preforms

were produced with an overall volume fraction of PTFPMA of 0.3, 0.4 or 0.5. For the

calculation of the theoretical maximum bit rate of fibres that can be spun from these preforms,

modal and material dispersion were calculated using the Wentzel-Kramers-Brillouin (WKB)

method (see Section 6.2).11,13,14 For the calculation of the material dispersion, the refractive
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indices of the homopolymers and the blends as a function of wavelength were measured and

these are shown in Figure 6.1.
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Figure 6.1: The dependence of the refractive index of the polymers and the polymer blends

on the wavelength: PMMA (¡); blend with 0.3 volume fraction (v/v) PTFPMA

(∆); blend with 0.4 v/v PTFPMA (o); blend with 0.5 v/v PTFPMA (l);

PTFPMA (▲). The solid curves represent fits with the Sellmeier equation.19

Previously, it was shown (for e.g. PMMA11), that the refractive index data versus

wavelength can be fit with a two-term Sellmeier dispersion equation:19
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λ λ

(6.11)

where Ai is the oscillator strength, and  λi is the oscillator wavelength. The fits are also shown

in Figure 6.1. The calculated oscillator strengths and wavelengths are given in Table 6.1. The

slope of the curves in Figure 6.1 indicate, that the second order derivative of the refractive

index decreases with increasing wavelength, with increasing PTFPMA content and, hence, with

decreasing refractive index. Hence, the material dispersion decreases with increasing

wavelength and decreasing refractive index as was previously reported by Ishigure et al.11
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The theoretical bit rate as a function of index exponent was calculated for graded-index

optical fibres based on blends with 0.3 volume fraction PTFPMA at 567 nm and 650 nm and

are shown in Figure 6.2. For comparative purposes, also the calculated theoretical bit rate at

567 nm taking only modal dispersion into account is included (see Figure 6.2).

Table 6.1: The oscillator strengths (A1, A2) and oscillator wavelengths (λ1,λ2) of PMMA,

PTFPMA, and blends with 0.3, 0.4, and 0.5 volume fraction (v/v) PTFPMA.

Material A1 λ1 A2 λ2

PMMA 0.4963 71.80 0.6965 117.4

blend (0.3 v/v PTFPMA) 0.4750 71.02 0.6595 113.7

blend (0.4 v/v PTFPMA) 0.4665 78.50 0.6498 108.0

blend (0.5 v/v PTFPMA) 0.4630 70.95 0.6340 112.0

PTFPMA 0.4330 75.00 0.5680 105.0
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Figure 6.2: Theoretical bit rate versus index exponent of graded-index optical fibres based

on a blend with 0.3 volume fraction PTFPMA: (1) only modal dispersion at

567 nm; (2) modal and material dispersion at 650 nm; (3) modal and material

dispersion at 567 nm. Fibre length L=100 m, spectral source width σs=2 nm,

and fractional refractive index difference ∆=0.01. gopt is the optimum index

exponent and Bmax the maximum theoretical bit rate at 650 nm.
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It is shown, that the theoretical bit rate reaches a maximum (Bmax) at a certain (optimum) index

exponent (gopt). It is clearly demonstrated, that the material dispersion should be taken into

account, since it has a major influence on the maximum attainable bit rate and the optimum

index exponent. If only modal dispersion is taken into account, the predicted bit rates are too

high and the predicted optimum index exponent is too low. Moreover, it is shown that the

maximum attainable bit rate becomes higher with increasing wavelength while the optimum

index exponent becomes lower, which is directly related to the decrease in material dispersion.

The optimum index exponents are 2.41 and  2.30 at 567 nm and 650 nm, respectively.

The influence of the material dispersion and wavelength on the theoretical bit rate is

also demonstrated in Figure 6.3 for graded-index optical fibres based on a blend with 0.3

volume fraction PTFPMA and based on PMMA.
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Figure 6.3: Theoretical bit rate versus index exponent of graded-index optical fibres based

on PMMA/PTFPMA blends: (————) volume fraction (φ) PTFPMA is 0.5;

(— — —) φ=0.1: (1) at 650 nm; (2) at 567 nm. L=100 m, σs=2 nm, and

∆=0.01.

Again it is shown, that the maximum attainable bit rate is higher at 650 nm than at 567 nm. As

expected, the maximum attainable bit rate becomes higher with increasing PTFPMA content

while the optimum index exponent becomes lower. As discussed above, the material dispersion

decreases with increasing PTFPMA content and, hence, decreasing refractive index. For higher
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index exponents (>2.5), the described effects are not significant, because the influence of

material dispersion becomes negligible (see also Figure 6.2).

The influence of the refractive index difference at the core of a fibre and at the

periphery of the fibre on the theoretical bit rate is shown in Figure 6.4 for graded-index fibres

based on a blend with 0.5 volume fraction PTFPMA at 567 nm and 650 nm wavelength,

respectively.
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Figure 6.4: Theoretical bit rate versus index exponent of graded-index optical fibres based

on a blend with 0.5 volume fraction PTFPMA: (1) at 650 nm; (2) at 567 nm.

L=100 m, σs=2 nm, and ∆=0.01 (————) or ∆=0.012 (— — —).

It is shown, that the bit rate decreases with increasing refractive index difference as was

previously shown for multimode, step-index optical fibres (see Appendix). The optimum index

exponent decreases only slightly with increasing refractive index difference, i.e the optimum

index exponent at 650 nm decreases from 2.27 to 2.26 upon increasing the fractional refractive

index difference from 0.01 to 0.012.

The influence of the spectral width of the light source on the theoretical bit rate is

shown in Figure 6.5 for a graded index optical fibre based on a blend with 0.4 volume fraction

PTFPMA at 650 nm. It is shown, that the maximum bit rate decreases dramatically with an

increase in the source spectral width. When the source width is large (>10 nm), the bit rate

becomes almost independent of the index exponent as shown in Figure 6.5. Therefore, when

instead of lasers more cost-effective light emitting diodes possessing spectral widths of about
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20 nm are used, the bit rates will be low. A deviation of the index exponent from its optimum

value will result in approximately the same bit rate. When a laser with small spectral width (≤2

nm) is used, the maximum bit rate is much higher, but small deviations from the optimum index

exponent result in a serious drop in bit rate.
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Figure 6.5: Theoretical bit rate at 650 nm versus index exponent of a graded-index optical

fibre based on a blend with 0.4 volume fraction PTFPMA: (1) σs=0 nm ;(2)

σs=2 nm; (3) σs=5 nm; (4) σs=10 nm. L=100 m and ∆=0.01.

Compositional and, hence, refractive index gradients in preforms were either introduced

in homogeneous solutions of PTFPMA in MMA (see Chapter 3), or in PTFPMA tubes filled

with MMA (see Chapter 4) by use of a centrifugal field. The index exponent and fractional

refractive index difference of the produced preforms were obtained using Equations 6.5 and

6.6 (see Section 6.2). The fractional refractive index difference, index exponent, and processing

conditions of a selection of these preforms are given in Table 6.2. The theoretical bit rates of

the fibres that can be spun from these preforms were calculated for 100 meter transmission,

using the WKB method. The bandwidth was approximated using Equation 6.10. It was

assumed, that the spectral width of the light source was 2 nm. The calculated bit rates and

bandwidths are given in Table 6.3. As expected, preforms with a high fractional refractive

index difference and a high index exponent possess a low bandwidth. Moreover, with the

process using centrifugal fields the lowest index exponent obtained is 2.6, which is higher than

the optimum index exponents at 567 nm and 650 nm (gopt<2.41).
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Previously, a possible explanation for the higher index exponents was reported.20

Waugh and Yphantis calculated the concentration gradients introduced in homogeneous

solutions of low molecular weight polymers in water using a centrifugal field. The derived

refractive index gradients are schematically shown in Figure 6.6. It is shown, that at equilibrium

conditions, the concentration exponentially increases with radius. This implies, that the

refractive index at equilibrium exponentially decreases with radius (see Figure 6.6). The

exponential decrease in refractive index at equilibrium is a possible explanation for the higher

index exponents, since the exponential decrease can be approximated with a higher order

polynomial.21

Table 6.2: Fractional refractive index difference (∆), index exponent (g), and processing

conditions of the produced preforms: type of process (I, homogeneous solution

of PTFPMA in MMA; II, PTFPMA tube filled with MMA), rotational speed

(ω), volume fraction PTFPMA (φ), and diffusion time at room temperature (td).

Preform process ω

[rpm]

φ

[-]

td

[hours]

∆

[-]

g

[-]

1 I 15,000 0.3 - 0.0029 2.7

2 I 20,000 0.3 - 0.0061 2.6

3 II 10,000 0.3 2 0.0062 5.6

4 II 10,000 0.4 2 0.0081 3.6

5 II 10,000 0.5 4 0.0153 4.8

6 II 15,000 0.3 0 0.0365 3.0

7 II 15,000 0.4 0 0.0338 2.8

8 II 15,000 0.5 0 0.0326 4.8

Table 6.3: The calculated theoretical bit rate (B) and the approximated bandwidth (β) at

567 nm and 650 nm wavelength.

Preform B567

[Mb/s]

B650

[Mb/s]

β567

[MHz.km]

β650

[MHz.km]

1 2681 3784 1340 1892

2 2618 3268 1309 1634

3 693 682 347 341

4 1045 992 522 496
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5 339 325 170 162

6 388 329 194 165

7 579 464 290 232

8 157 145 78 72
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Figure 6.6: Schematic representation of the refractive index gradient at sedimentation

equilibrium and at the early stages in the approach to equilibrium: refractive

index versus the normalised radius (r/Rp, with RP is the radius of the preform).

The time when equilibrium is reached is teq.

In Table 6.3 it is shown, that a preform produced from a homogeneous solution of 0.3

volume fraction PTFPMA in MMA at 20,000 rpm can be spun into a graded-index fibre with a

bit rate and bandwidth of approximately 3 Gb/s and 1.5 GHz.km, respectively, which is high in

comparison to conventional multimode, step-index polymer optical fibres (B~5 MHz.km). The

numerical aperture (see Appendix) of this preform/fibre is approximately 0.18, which is rather

low. A low numerical aperture results in coupling difficulties and high bending losses.22

Therefore, the numerical aperture should preferably be between 0.2 and 0.3.22 An increase in

the rotational speed, will increase the numerical aperture and it is expected, that the index

exponent will decrease, resulting in a high bandwidth.23
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6.5   Conclusions

The theoretical bit rate and bandwidth of polymer, graded-index optical fibres were

calculated from the refractive index gradients of preforms using the Wentzel-Kramers-Brillouin

method. The refractive index gradients in the preforms were generated and fixed in initial

homogeneous solutions of poly(2,2,3,3-tetrafluoropropyl methacrylate) (PTFPMA) in methyl

methacrylate (MMA), or in PTFPMA tubes filled with MMA by use of centrifugal fields. It

was shown, that in the calculation of the theoretical bit rates both modal and material

dispersion must be taken into account.

The material dispersion was calculated from the dependence of the refractive indices of

the homopolymers and the blends on wavelength. It was shown, that the material dispersion

decreases upon increasing the PTFPMA content in the preforms, resulting in an increase in

maximum attainable bit rate. Moreover, it was shown, that an increase in the fractional

refractive index difference and/or index exponent leads to a decrease in bit rate. Also, the

maximum bit rate decreases dramatically with increasing spectral width of the light source.

It was shown, that the produced preforms can potentially be spun into graded-index

fibres with bit rates up to 3 Gb/s for 100 meter transmission in the visible wavelength region,

provided that the fractional refractive index difference (∆) and index exponent (g) are relatively

low (∆<0.01, g<2.8), and that the spectral width of the light source (σs) is small (σs≤2 nm).

The corresponding bandwidth (β) is approximately 1500 MHz.km, which is high compared to

the bandwidth of commercial multimode, step-index fibres (β~5 MHz.km).
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Chapter   7

Perfluorinated, Graded-Index Preforms

7.1   Introduction

In the previous chapters, new processes and materials were explored for the production

of graded-index, polymer optical fibres. It was shown that preforms can be produced with a

low attenuation (< 200 dB/km) and a high bandwidth (> 1 GHz.km) based on polymer blends.

The previous chapters were limited to methacrylate based homopolymers and their optical

properties were evaluated at wavelengths in visible light region (i.e. 567 and 650 nm).

Long distance optical networks based on inorganic optical fibres are usually operated in

the near infrared region at wavelengths of 1.3 or 1.5 micron. In principle, it is possible to apply

graded-index, polymer optical fibres at, for instance, 650 nm in combination with inorganic

optical fibres at 1300 nm. However, it is advantageous to operate both the long distance

inorganic network and the short distance polymeric optical network at the same wavelength.

Unfortunately, the attenuation of methacrylate based polymers in the near infrared

region is very high (>10,000 dB/km) due to the carbon-hydrogen vibrational overtones1,2.

Therefore, an extensive research and development effort was devoted to the production of low

loss polymer optical fibres operating in the near infrared region.3-7 Especially, amorphous

perfluorinated polymers have attracted attention because of their excellent mechanical and

environmental properties and, more importantly, their low theoretical optical loss due to the

absence of carbon-hydrogen overtones. Moreover, perfluorinated polymers generally possess a

low refractive index, resulting in very low scattering losses.8
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The development of a perfluorinated graded-index polymer optical fibre was mainly

focused on a single polymer i.e. poly(heptafluoro-1-butene-trifluoro-vinylether) (PBVE).9,10

PBVE (CYTOP®) is an amorphous, perfluorinated homopolymer with a glass transition

temperature of approximately 108 °C. The refractive index distribution in PBVE is introduced

via a dopant technique.9,10 The combination of a homopolymer with a low glass transition

temperature with a low molecular weight dopant results in preform and fibres with a poor time

and temperature stability, which is a severe limitation in most applications of these fibres. 11-13

In this chapter, it is attempted to select new materials and alternative routes to produce

perfluorinated graded-index preforms with increased stability and life-time of the refractive

index gradients. The bulk-polymerisation of perfluorinated monomers and polymer blends is

virtually impossible and notoriously hazardous.14,15 Therefore, it is attempted to enhance the

stability of the fibres by selecting polymer/dopant mixtures with a strongly enhanced glass

transition temperature. More specifically, a copolymer of 2,2-bistrifluoromethyl-4,5-difluoro-

1,3-dioxole (PDD) and tetrafluoroethylene (TFE) with a PDD content of approximately 65

mol% is selected as the host-polymer. This fully amorphous copolymer has a glass transition

temperature of 160 °C16 and it is attempted to select a suitable dopant, that can be used to

generate a refractive index gradient by diffusion in a centrifugal field at elevated temperature.

The concentration gradient, and thus refractive index gradient, is fixed by vitrification during

cooling. The bandwidths of the fibres that can be spun from the preforms are also calculated to

investigate the usefulness of the selected polymers, dopants and production methods.17

7.2   Experimental

7.2.1   Materials

TEFLON AF1600 (copolymer of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole

(PDD) and tetrafluoroethylene (TFE) with approximately 65 mol % PDD) was supplied by

DuPont Fluoroproducts, Wilmington, USA. The dopants perfluoro-fluorene, perfluorobenzyl-

tetralin, Fluorolube® FS 5 (poly(trifluoro-chloroethylene) oil), and 1,1,3,5,6-pentachloro-

nonafluorohexane were provided by Fluorochem Limited, Old Glossop, United Kingdom. The

solvent hexafluorobenzene was supplied by Aldrich Chemie, Steinheim, Germany.

7.2.2   Film and preform preparation

Specific amounts of the PDD-TFE copolymer and perfluorobenzyl-tetralin were co-

dissolved in hexafluorobenzene at elevated temperature. After complete dissolution, the
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solutions were cast and the solvent was removed by evaporation at room temperature and at

90 °C for 24 hours and 1 hour, respectively.

PDD-TFE copolymer tubes were prepared from the melt by horizontally rotating glass

tubes with an inner radius of 2.5 mm containing specific amounts of PDD-TFE copolymer at

20,000 rpm for 6 hours at 270 °C, using an ultracentrifuge. Subsequently, the tubes were filled

with perfluorobenzyl-tetralin (25 percent by weight) and diffusion took place during isotherm

heating for a specific time at elevated temperature (200-220 °C) while vertically rotating the

tubes at 5000 rpm. Finally, the produced preforms were cooled to room temperature. The

experimental conditions of the prepared preforms are summarised in Table 7.1.

Table 7.1: Experimental conditions of the produced perfluorinated preforms: weight

fraction perfluorobenzyl-tetralin (w), the time allowed for diffusion at elevated

temperature (td), and the diffusion temperature (Td).

Preform w

[-]

td

[hours]

Td

[°C]

1 0.25 9 100

2 0.25 1.25 200

3 0.25 3 200

4 0.25 4 200

5 0.25 6 200

6 0.25 8.5 200

7 0.25 5 225

7.2.3   Characterisation

Thermogravimetric analyses were performed on a Perkin-Elmer TGA-7 under a

constant airflow of 50 ml/min. The dopant, perfluorobenzyl-tetralin, was evaporated during

isotherm heating for 15 min at 300 °C in order to determine the film composition. The residue

was determined as fraction PDD-TFE copolymer.

The glass transition temperatures of the films were measured using a Perkin-Elmer

DSC-7 differential scanning calorimeter. A standard heating rate of 20 °C/min was adopted.

The glass transition temperature was defined as the intercept of the tangent at the point of

maximum slope and the extrapolated baseline at the low temperature side of the transition.

Cloud point temperatures were determined by light scattering. The PDD-TFE/dopant

films were placed between two thin glass sheets in a Linkam Scientific Instrument THMS 600
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hot stage. A class IIIa helium-neon 4 mW Uniphase laser was used as the incident light and the

intensity of the laser beam was detected by a photo diode sensor. The photo diode sensor was

placed at an angle of  20°. Initial intensity is zero and increases due to light scattering when

phase separation occurs. The temperature of phase separation was determined as the offset of

intensity increase.

The refractive indices of the PDD-TFE/dopant films were measured three times at 20 ±

0.1 °C on an Abbe refractometer at 589 nm and averaged. Refractive index gradients of the

preforms were derived from the radial composition distribution measured at certain spots with

a typical size of 1 µm by confocal Raman spectroscopy ( Dilor Labram spectrograph equipped

with a Peltier air cooled CCD array detector). The 632.8 nm line of a 20 mW helium-neon laser

was used. The excited Raman scattering was collected through an Olympus BH microscope

while the pinhole was set to 50 µm.

7.3   Results

7.3.1   Dopant selection

The driving force for setting the refractive index gradient in the selected host polymer,

a copolymer of  2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) and tetrafluoroethylene

(TFE) with approximately 65 molpercent PDD, is the diffusion of a dopant into the polymer.

Therefore, in order to establish high enough concentrations of dissolved dopant, the dopant

should have a high affinity with the copolymer. Moreover, the dopant must be non-volatile, i.e.

the dopant must possess a high boiling point since diffusion and spinning will be performed at

elevated temperatures exceeding the glass transition temperature of the copolymer.

Unfortunately, perfluorinated polymers possess a small solubility window for only a few

solvents and higher boiling solvents tend to be poorer solvents at low temperature.9

Furthermore, the refractive index of the dopant must be higher than the refractive index of the

copolymer in order to obtain the desired gradient. In Table 7.2, some relevant properties of

possible perfluorinated dopants are compared with the properties of the PDD-TFE copolymer.

The miscibility of the dopants with the perfluorinated copolymer was evaluated by

trying to dissolve specific amounts of dopant at various temperatures. Rather surprisingly, it

was found that perfluoro-polyether oil (Krytox) and perfluorobenzyl-tetralin could be

dissolved over the entire composition range. Unfortunately, the refractive index of the

perfluoro-polyether oil is too low (see Table 7.2). Perfluorobenzyl-tetralin possesses a higher

refractive index than the PDD-TFE copolymer, has a high boiling point and shows excellent

miscibility. Therefore, perfluorobenzyl-tetralin was selected as the dopant.
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Table 7.2: Refractive index of P(PDD-TFE), its miscibility with several dopants, and the

refractive indices (n) and boiling points (bp) of the dopants.

Material n

[%]

bp

[°C]

miscibility

P(PDD-TFE) 1.310   - -

perfluoro-fluorene 1.328 194 non-solent

perfluorobenzyl-tetralin 1.339 260 solvent

poly(trifluoro-chloroethylene) oil 1.401 2901 non-solvent

perfluoro-polyether oil 1.300 2881 solvent

pentachloro-nonafluorohexane 1.394 203 non-solvent
1Decomposition temperature

The miscibility of perfluoro-benzyltetralin and the PDD-TFE copolymer was studied in

more detail using differential scanning calorimetry and light scattering (see Section 7.2.3). The

glass transition temperatures of films with several dopant compositions are shown in Figure

7.1. It is shown, that the films exhibit a single glass transition temperature, which depends on

the composition approximately according to the well-known Fox relation.18

0.0 0.2 0.4 0.6 0.8 1.0

perfluoro-benzyltetralin [w/w]

-50

0

50

100

150

200

250

T
g 

[°
C

]



98 Chapter 7

Figure 7.1: Glass transition temperature versus composition (weight fraction, w/w) of

PDD-TFE copolymer/perfluorobenzyl-tetralin films. The broken curve

represents the Fox relation.18

Moreover, no cloud points were observed during light scattering experiments, indicating that

perfluorobenzyl-tetralin is an excellent solvent for the PDD-TFE copolymer up to high

temperature.

7.3.2   Preform preparation and characterisation

Since perfluorobenzyl-tetralin is a true solvent for the PDD-TFE copolymer, preforms

were produced using a different procedure than the previously reported dopant techniques with

two necessary diffusion steps.9,10 Compositional gradients were introduced in PDD-TFE

copolymer tubes filled with perfluorobenzyl-tetralin using a centrifugal field (see Section

7.2.2). The introduced compositional gradients were fixed upon fast cooling and determined

using confocal Raman spectroscopy.

Figure 7.2a shows the Raman spectra recorded of PDD-TFE copolymer/perfluoro-

benzyl-tetralin films with known composition. Figure 7.2a indicates, that the Raman shift at

673 cm-1 is characteristic for perfluorobenzyl-tetralin and that the Raman shift at 713 cm-1 is

characteristic for the PDD-TFE copolymer. The intensity ratio of the shift at 673 cm-1 and the

shift at 713 cm-1 is considered as an internal standard, i.e. the internal standard correlates the

intensity ratio to the composition as is shown in Figure 7.2b.
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Figure 7.2: Determination of the composition of preforms using confocal Raman

spectroscopy: (a) Raman spectra of PDD-TFE copolymer/perfluorobenzyl-

tetralin with varying composition (w is weight fraction perfluorobenzyl-tetralin

[-]); (b) (l) internal standard (I673 / I713 versus w).
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Figure 7.3: Refractive indices of PDD-TFE copolymer/perfluorobenzyl-tetralin films with

known composition (l). w is weight fraction perfluorobenzyl-tetralin.
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Figure 7.4: Refractive index gradients (n-n0, where n0 is the refractive index at r=0, versus

the normalised radius r/Rp) in preforms with 0.25 weight fraction

perfluorobenzyl-tetralin produced at 5000 rpm: (l) diffusion of the dopant in

the host-polymer at 100 °C; (∆) diffusion at 200 °C with diffusion time td.

For the calculation of the refractive index gradients from the compositional gradients,

the refractive indices of PDD-TFE copolymer/perfluorobenzyl-tetralin films with known

composition were measured at room temperature and the results are shown in Figure 7.3. The

refractive index gradient of the preforms in the radial direction was derived from the

compositional gradient using Figure 7.3. The refractive index gradients of a preform produced

below the glass transition temperature of the host-polymer and a preform produced above the

glass transition temperature of the host-polymer are shown in Figure 7.4. Figure 7.4 shows,

that the diffusion is slow below the glass transition temperature and that a parabolic-like

refractive index gradient is not obtained. It is also shown, that diffusion above the glass

transition temperature is relatively fast and that the obtained gradients are parabolic-like.

The temperature and time of diffusion of the dopant into the host polymer were varied

and the refractive index gradients of the preforms are shown in Figure 7.5. It is shown, that

parabolic-like refractive index gradients are obtained and that the refractive index difference

between the core and the periphery of the preforms decreases upon increasing the diffusion

time and/or diffusion temperature. As expected, the amount of dopant that diffuses into the

copolymer tube increases with increasing diffusion time and temperature.
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Figure 7.5: Refractive index gradients (n-n0, where n0 is the refractive index at r=0, versus

the normalised radius r/Rp) in preforms with 0.25 weight fraction

perfluorobenzyl-tetralin produced at 5000 rpm; diffusion temperature 200 °C

(l,∆,n,¡) or 225 °C (▲). td is the diffusion time.

7.3.3   Theoretical bandwidth of perfluorinated graded-index fibres

In Chapter 6 it was demonstrated, that the theoretical bit rate and bandwidth of the

fibres that can be spun from graded-index preforms can be calculated from the refractive index

gradients of the preforms. The theoretical bit rate is calculated from the root mean square

width of the output pulse using the Wentzel-Kramers-Brillouin (WKB) method in which both

modal and material dispersion are taken into account (see Section 6.2).17,19 Previously, it was

shown that the contribution of the dopant to the material dispersion can be neglected.20

Therefore, the material dispersion was calculated using the two-term Sellmeier dispersion

equation for the refractive index of the copolymer as a function of wavelength.21,22 The

oscillator strengths and wavelengths of the PDD-TFE copolymer in the Sellmeier dispersion

equation are given in Table 7.4.21,23

Table 7.4: The oscillator strengths (A1, A2) and oscillator wavelengths (λ1,λ2) of the PDD-

TFE copolymer with 65 mol% PDD.

Polymer A1 λ1 A2 λ2

P(PDD-TFE) 0.3290 65 0.3800 85

The theoretical bit rates as a function of the index exponent of the refractive index

gradient were calculated for a perfluorinated, graded-index optical fibre based on the PDD-

TFE copolymer at 650 nm and 1300 nm and are shown in Figure 7.6. For comparative

purposes, also the calculated theoretical bit rate at 1300 nm taking only modal dispersion into

account is included (see Figure 7.6). As is shown, the material dispersion must taken into

account, otherwise the predicted maximum attainable bit rates (Bmax) are too high and the

predicted optimum index exponent (gopt) is too low. Moreover, it is indicated that a decrease in

material dispersion increases the maximum attainable bit rate and decreases the optimum index.

The optimum index exponents are 2.1 and 2.0 at 650 nm and 1300 nm, respectively.

The influence of the material dispersion and wavelength on the theoretical bit rate is

also demonstrated in Figure 7.7 in which the bit rates of graded-index optical fibres based on

the PDD-TFE copolymer and based on poly(methyl methacrylate) (PMMA) are compared at

567 nm and at 650 nm. Again it is shown, that the maximum attainable bit rate is higher at 650



102 Chapter 7

nm than at 567 nm. Since the material dispersion decreases with decreasing refractive index,

the maximum bit rates of PDD-TFE copolymer based fibres are much higher compared to

those of PMMA.23
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Figure 7.6: Theoretical bit rate versus index exponent of PDD-TFE copolymer based GI-

POF’s: (1) modal dispersion at 1300 nm; (2) modal and material dispersion at

1300 nm; (3) modal and material dispersion at 650 nm. L=100 m, σs=2 nm,

∆=0.01. gopt is the optimum index exponent and Bmax the maximum bit rate.   
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Figure 7.7: Theoretical bit rate versus index exponent of GI-POF’s based on PDD-TFE

copolymer (————) and based on a PMMA/PTFPMA blend (— — —) with

φ=0.1: (1) at 650 nm; (2) at 567 nm. L=100 m, σs=2 nm, and ∆=0.01.

The influence of the refractive index difference at the centre and at the periphery on the

theoretical bit rate is shown in Figure 7.8 for PDD-TFE copolymer based graded-index fibres

at 1300 nm and 650 nm wavelength, respectively. It is shown, that the bit rate decreases with

an increasing refractive index difference as was previously shown for multimode, step-index

optical fibres (see Appendix).
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Figure 7.8: Theoretical bit rate versus index exponent of graded-index optical fibres based

on PDD-TFE copolymer: (1) at 1300 nm; (2) at 650 nm. L=100 m, σs=2 nm,

and ∆=0.01 (————) or ∆=0.012 (— — —).

In Figure 7.9, the influence of the spectral width of the light source on the theoretical

bit rate is shown for a PDD-TFE copolymer based graded index optical fibre at 1300 nm. It is

indicated, that when cheap light emitting diodes with large spectral widths of about 20 nm are

used, the bit rates will be relatively low and a deviation of the index exponent from its optimum

value only has a minor effect on the bit rate. The maximum bit rate is much higher when a laser

with small spectral width (≤2 nm) is used, but small deviations from the optimum index

exponent will result in a serious drop in bit rate.

In Table 7.5, the processing conditions of the produced preforms with respect to

diffusion time (td), and diffusion temperature (Td) are given. In this table, also the properties of

the preforms are given, such as the fractional refractive index difference (∆), the index

exponent (g), the numerical aperture (N.A.), and the glass transition at the centre axis (Tg
axial).

The fractional refractive index difference, and numerical aperture were calculated from the

refractive indices at the centre axis and at the periphery of the preforms.
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Figure 7.9: Theoretical bit rate at 1300 nm versus index exponent of a PDD-TFE

copolymer based graded-index optical fibre: (1) σs=0 nm; (2) σs=2 nm; (3)

σs=5 nm; (4) σs=10 nm; (5) σs=20 nm. L=100 m and ∆=0.01.

Table 7.5: Diffusion time (td), diffusion temperature (Td), fractional refractive index

difference (∆), index exponent (g), numerical aperture (N.A.), and the glass

transition at the centre axis (Tg
axial) of the produced preforms.

Preform td

[hours]

Td

[°C]

∆

[-]

g

[-]

N.A.

[-]

Tg
axial

[°C]

1 9 100 0.024 - 0.30 25

2 1.25 200 0.021 4.0 0.27 60

3 3 200 0.017 2.5 0.25 90

4 4 200 0.015 2.6 0.23 100

5 6 200 0.012 2.8 0.21 105

6 8.5 200 0.0085 2.7 0.17 108

7 5 225 0.0030 2.3 0.10 129

Previously, it was shown, that the bit rate decreases upon increasing the fractional

refractive index difference and, hence, upon increasing the numerical aperture (see Figure 7.8).

A too low numerical aperture, however, results in coupling difficulties and high bending
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losses.24 Therefore, the numerical aperture should be preferably between 0.2 and 0.3.24 Table

7.5 shows, that the desired numerical aperture can be obtained.

Also in Table 7.5, the glass transition temperatures at the position of the centre axis of

the preforms are given. These data were derived using Figure 7.3 to estimate the composition

at the centre axis and Figure 7.1 to relate this to the glass transition temperature. As was

reported previously,13 the glass transition temperature of a polymer optical fibre should be at

least 100 °C to meet the end-use requirements with respect to maximum operation temperature

of the fibre. At the centre axis, the highest dopant concentration is present, and consequently,

the lowest glass transition temperature. It is shown, that the end-use requirements can be met.

Moreover, it is shown, that the minimum index exponent obtained is 2.3, which is higher than

the optimum index exponent (gopt<2.1, see Figure 7.6).

The theoretical bit rate (B) of the fibres that can be spun from the produced preforms

was calculated for 100 meter transmission. It was assumed, that the spectral source width was

2 nm. The bandwidth (β) was approximated using Equation 6.10 (see Chapter 6).25 The

calculated bit rates and bandwidths are given in Table 7.6.

Table 7.6: The calculated theoretical bit rate (B) at 650 nm and 1300 nm wavelength and

the approximated bandwidth (β) at 650 nm and 1300 nm wavelength.

Preform B650

[Mb/s]

B1300

[Mb/s]

β650

[MHz.km]

β1300

[MHz.km]

1 - - - -

2 307 292 154 146

3 1416 1113 708 557

4 1333 1090 667 545

5 1253 1080 627 540

6 2050 1739 1025 869

7 9105 9947 4553 4973

It is shown, that preforms with a high fractional refractive index difference and a high index

exponent possess a low bandwidth. Moreover, it is shown that preforms were produced for

perfluorinated graded-index optical fibres with bit rates and bandwidths of up to 2 Gb/s and 1

GHz.km respectively, which is high in comparison to conventional multimode, step-index

polymer optical fibres (~5 MHz.km). In order to obtain even higher bit rates, it is desirable that

the index exponent is decreased. It is anticipated that this can be achieved by optimisation of
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the experimental conditions. For instance, increasing the diffusion temperature potentially

decreases the index exponent (see preform 7, Tables 7.5 and 7.6).

7.4   Discussion

In general, perfluorinated polymers and copolymers such as poly(tetrafluoroethylene)

and perfluorinated ethylene-propylene copolymer crystallise and do not dissolve in any

common solvents.26 In such polymers, it is therefore not possible to introduce a refractive index

gradient by means of dopants/solvents, since these are non-existing. Moreover, crystallisation

results in light scattering and a very high attenuation and, hence, such perfluorinated polymers

are unsuitable materials for the production of optical fibres and lenses. Amorphous

perfluorinated polymers, however, exhibit a low theoretical attenuation and are therefore

potential candidates for optical fibre applications, especially in networks in which inorganic and

polymer optical fibres both operate in the near infrared region.

Recently, the development of a perfluorinated graded-index polymer optical fibre based

on poly(heptafluoro-1-butene-trifluoro-vinylether) (PBVE) was reported.9,10 PBVE (CYTOP®)

is an amorphous, perfluorinated polymer with a limited solubility for only a few

solvents/dopants. The limited solubility of the dopants necessitates two diffusion steps to

introduce the high refractive index dopant in the centre of the host polymer. First, a PBVE

preform rod is saturated with the dopant. Secondly, the preform is heated to above the glass

transition temperature in vacuum or in an inert gas chamber and the dopant is diffuses towards

the outer surface of the rod to a certain extend. A concentration gradient is obtained which is

subsequently fixed by cooling and vitrification of the polymer/dopant mixture. PBVE possesses

a glass transition temperature of 108 °C, which is lowered by the immobilised low molecular

mass dopant, resulting in a poor stability and a low maximum operation temperature of a

fibre.12

The stability and operation temperature of perfluorinated graded-index fibres can be

increased by selecting a host-polymer with a higher glass transition temperature.13 In this

particular study, a copolymer of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) and

tetrafluoroethylene (TFE) with a glass transition temperature of 160 °C (TEFLON® AF1600)

was selected as a host-polymer. Rather surprisingly, it was found that the dopant

perfluorobenzyl-tetralin is a true solvent for the PDD-TFE copolymer up to high temperature.

Perfluorobenzyl-tetralin has a high refractive index (n=1.339) compared to the PDD-TFE

copolymer (n=1.310), which is necessary to obtain the desired increase in refractive index

towards the centre of the preforms.
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Since perfluorobenzyl-tetralin is a true solvent, preforms could be produced using a

single diffusion step. Compositional gradients were introduced in PDD-TFE copolymer tubes

filled with perfluorobenzyl-tetralin using a centrifugal field. At a first glance, the densities of

the selected materials seem to be wrong for the ultracentrifuge process. At room temperature

tetrafluorobenzyl-tetralin has a higher density (ρ=2.049 g/cm3) than that of the PDD-TFE

copolymer (ρ=1.780 g/cm3) and consequently sedimentation of dopant is likely to prevail over

sedimentation of the copolymer. Nevertheless, highly transparent preforms were obtained with

the desired parabolic-like refractive index gradient. A possible explanation is that at the

relevant diffusion temperature (Td≥200 °C), the density of the dopant is lower than that of the

copolymer, as the density of the dopant will decrease more with increasing temperature than

the density of the copolymer.

Unfortunately, it was not possible to produce perfluorinated preforms with a varying

ratio of copolymers, or a varying ratio of miscible polymer blends along the radius. Such

preforms must be produced using perfluorinated monomers, and their synthesis is notoriously

difficult and hazardous.14,15 The use of copolymers or miscible polymers would increase the

stability of the gradients and the operation temperature of the fibres substantially. Nevertheless,

with the selected materials the stability and operation temperature of perfluorinated, graded-

index optical fibres are potentially enhanced in comparison to perfluorinated, graded-index

fibres based on PBVE.

7.5   Conclusions

A new process for the preparation of compositional gradients in perfluorinated,

polymer preforms using centrifugal fields was presented. It was shown, that a compositional

gradient can be introduced in perfluorinated, polymer tubes that are filled with a high refractive

index dopant and rotated vertically about its centre axis, and that this gradient can be fixated by

cooling and vitrification while the centrifugal field is maintained. A copolymer of 2,2-

bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) and tetrafluoroethylene (TFE) with 65

mol% PDD and a glass transition temperature of 160 °C was selected as the host polymer and

perfluoro-benzyltetralin was selected as the dopant. These materials are completely miscible

over the entire composition range up to at least 250 °C. With this selection of materials, highly

transparent polymer glasses are produced with a parabolic-like refractive index gradient. It was

shown, that the refractive index difference between the core centre and the periphery of the

preform decreases upon increasing the diffusion time and temperature. It was shown, that the
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preforms fulfil the requirements with respect to numerical aperture (0.20<N.A.<0.30) and

maximum operation temperature (Tg≥100 °C).

The theoretical bit rate and bandwidth of perfluorinated, graded-index optical fibres

were calculated from the refractive index gradients of the produced preforms using the

Wentzel-Kramers-Brillouin method. It was shown, that the perfluorinated preforms can

potentially be spun into graded-index fibres with bit rates and a bandwidths of up to 2 Gb/s and

1 MHz.km respectively, for 100 meter transmission in both the visible and near infrared

wavelength region provided that the spectral width of the light source (σs) is small (σs≤2 nm).
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Technology Assessment

The aim of this thesis was to explore new processes and new materials for the

production of graded-index, polymer preforms. Such preforms can be spun into graded-index

polymer optical fibres with a strongly enhanced bandwidth in comparison to conventional step-

index, multimode polymer optical fibres and copper wire. Moreover, polymeric flat lenses can

be produced by cutting these fibres at specific lengths and can be used in, for instance, optical

fibre coupling.

Several methods were reported previously for the production of such graded-index

preforms.1-8 The interfacial-gel copolymerisation technique, for instance, introduces a refractive

index gradient by varying the ratio of two methacrylate based comonomers along the radius of

the preforms.4 In principle, this method combines diffusion processes with different monomers

possessing large reactivity ratio differences. Inevitably, the use of these monomers results in

non-random copolymers, in additional Rayleigh scattering and in a high attenuation (>200

dB/km).9

In the research presented here, graded-index preforms were produced in a centrifugal

field based on miscible polymer blends. In this particular case, graded-index preforms are

produced without using reactivity ratio differences between monomers and, therefore, excess

Raleigh scattering can be reduced which results in a decreased attenuation. For instance,

graded-index preforms with a attenuation of 170 dB/km were produced, based on a model

system of miscible blends of poly(methyl methacrylate) (PMMA) and poly(2,2,3,3-

tetrafluoropropyl methacrylate) (PTFPMA). Moreover, initial results indicate that the

attenuation in miscible polymer blends can be further reduced by using miscible polymer blends

with a low refractive index difference.10 Blends of poly(2,2,2-trifluoroethyl methacrylate)

(PTFEMA) and PTFPMA, for instance, possess a low refractive index difference (∆n=0.007)

and their theoretical excess Rayleigh scattering loss is compared with the PMMA/PTFPMA

model system in Figure T.1. It is shown, that the excess Rayleigh scattering loss can be

reduced to below 10 dB/km, indicating that the attenuation of graded-index preforms based on

miscible polymer blends can be reduced to below 100 dB/km taking also the absorption losses

into account. In this case, the maximum transmission distance increases to several hundreds of

meters which is more than sufficient for most short distance data transmission applications,

such as local area networks, car electronics or fibre optics to and in the home.
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Figure T.1: The Rayleigh scattering loss at 650 nm as a function of the Flory-Huggins

interaction parameter (χ) for PMMA/PTFPMA blends (∆n=0.068) and

PTFEMA/PTFPMA blends (∆n=0.007).

It was also attempted, previously, to reduce the attenuation in methacrylate based,

graded-index preforms by introducing the refractive index gradient using a low molecular

weight solvent/dopant with a technique related to the interfacial-gel copolymerisation

technique.6 The use of solvents/dopants also results in a low attenuation (<100 dB/km) but

simultaneously reduces the stability of the gradients which leads to a low operation

temperature and life-time of the fibres. On the other hand, graded-index preforms based on

miscible blends possess an excellent long-term and high temperature stability even at

temperatures far above the glass transition temperature of the preforms.

The interfacial-gel copolymerisation technique for both comonomers and

solvents/dopants relies to a large extent on the diffusion of monomers in polymers. Inherently,

these diffusion processes are slow which dramatically increases the time-scales needed for

generation of the graded-index profile especially at large preform diameters. The use of

centrifugal field also offers advantages related to the manufacturing of large diameter preforms,

i.e. the centrifugal field increases with increasing preform diameter and, consequently, the time-

scales needed for the generation of a concentration gradient decrease. During preform

production a rather large polymerisation shrinkage occurs and initial experiments on a new

ultracentrifuge with an increased diameter and rotational speed11 indicate, that the tendency

occurs to produce tubes rather than rods. In order to prevent this, the ultracentrifuge can be
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equipped with a piston that compensates for the polymerisation shrinkage. Also, monomers

can be selected with reduced polymerisation shrinkage such as tetrahydrofuran methacrylate.12

The above described materials and processes possess specific advantages for the

production of graded-index materials which operate in the visible wavelength region. The use

of graded-index, polymer optical fibres in the near infrared region (1.3 and 1.5 microns)

remains restricted to perfluorinated polymers in combination with solvent/dopants. Preferably,

preforms based on miscible blends or copolymers must be used to obtain the highest stability.

However, such preforms must be produced using perfluorinated monomers and their synthesis

is notoriously difficult and hazardous.13 Nevertheless, specific advantages in terms of processes

and stability were realised using centrifugal fields in combination with a host-polymer

possessing a high glass transition temperature and a proper dopant. Previously,

poly(heptafluoro-1-butene-trifluoro-vinylether) (CYTOP®) with a glass transition temperature

of 108 °C was used as a host-polymer.7,8 The refractive index gradient was introduced with a

dopant possessing a limited solubility, necessitating two diffusion steps. Here, a copolymer of

2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole and tetrafluoroethylene (TEFLON® AF1600)

with a glass transition of 160 °C was used in combination with a true solvent/dopant. The

combination of process and materials necessitates only one diffusion step, enhances the

stability of the gradients and potentially raises the maximum operation temperature with

approximately 50 °C.

Summarising, the use of centrifugal fields is a versatile means to produce graded-index

preforms based on a variety of polymeric materials. The process potentially facilitates the

production of large diameter preforms with an accurate control of the refractive index

gradients in the preforms. Preforms can be produced with a low attenuation (<100 dB/km) and

a high bandwidth (~1.5 GHz.km) possessing an excellent stability. With the proper materials

selection, preforms can be produced suitable for the spinning optical fibres that can be operated

in the visible and/or the near infrared region.
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Appendix

Basic Principles of Fibre Optics

Total internal reflection

Fibres that are used for optical communication are transparent dielectric waveguides

which guide visible and near infrared light over long distances. Basically, an optical fibre

consists of a core fibre with high refractive index covered with a lower refractive index

cladding. In an optical fibre, light is guided by total internal reflection which is shown

schematically in Figure A.1.1

θ<θC

a) b) c)

n1

n0

θ>θCθ=θC

Figure A.1: Total internal reflection of light rays: (a) angle of incidence (θ) smaller than

the critical angle (θC); (b) θ=θC; (c) θ>θC.

Within an optical fibre, light rays from the core with high refractive index (n0) strike the

cladding with lower refractive index (n1). Light propagating from a higher to a lower refractive

index refracts away from the normal (see Figure A.1a). At a certain critical angle of incidence,

the light no longer enters the second material (see Figure A.1b). When the angle of incidence

exceeds the critical angle, total internal reflection confines the light to the core (see Figure

A.1c).
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Fibre configurations

Optical fibres are classified in terms of the refractive index profile of the core. The three

major fibre configurations that are used in present fibre optic technology are shown in Figure

A.2.1,2 A distinction is made between step-index fibres in which the refractive index changes

abruptly from core to cladding and graded-index fibres which possess a parabolic refractive

index profile.

r

n(r)

b)

ra)

n(r)

rc)

n(r)

core

cladding

Figure A.2: Schematic representation of fibre configurations: (a) multimode, step-index;

(b) multimode, graded-index; (c) single mode, step-index.

A further distinction is made depending on whether only one trajectory (mode) or

several trajectories of light are possible in the guide. Such fibres are termed as single mode and

multimode optical fibres respectively.1,2 For light to be propagated in only one mode the

diameter of the core fibre must be very small, typically approaching the wavelength of the

guided light (<5 µm). 2

Numerical aperture

The numerical aperture is important in applications of optical fibres since it defines the

angular distribution of light accepted by a fibre.1 The maximum angle from which light can be
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coupled into a fibre (θmax) is determined by the critical angle for total internal reflection within

the fibre, and by refraction at the air/polymer interface as is shown in Figure A.3. The

maximum acceptance angle increases with increasing difference between the refractive indices

of core (n0) and cladding (n1).

θC

θmax

n0

n1

na

Figure A.3: The maximum acceptance angle of light (θmax) in a multimode, step-index fibre

(θC is the critical angle for total internal reflection).

The numerical aperture is defined as:

N A n n na. . sin( )max= ⋅ = −θ 0
2

1
2 (A.1)

where na is the refractive index of air (na~1).

Attenuation

Attenuation is the optical loss induced as a signal is propagating along a fibre, i.e. while

light is guided through a fibre, the intensity of the light decreases. The intensity of light after a

propagation distance L is given by:3

I I e L= ⋅ −
0

σ (A.2)

where, I0 is the intensity of the incident light, I is the intensity after propagating distance L [m]

and σ is the attenuation coefficient [m-1]. In the absence of impurities and defects, attenuation

of light results from absorption and from Rayleigh scattering of the fibre materials. Absorption

is predominant in the ultraviolet and infrared wavelength regions and is caused by carbon-

hydrogen overtones in the visible region. Rayleigh scattering decreases with an increasing

wavelength and is caused by density and concentration fluctuations. The attenuation is

measured using the so-called cut-back method which is schematically shown in Figure A.4.4

The attenuation can be calculated using:
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α σ= ⋅ ⋅ = −






4 343 10

103
4

2

1

. log
L

I

I
(A.3)

where, α is the attenuation [dB/km] and L is the cut-back length [m].

I0

I0

I1

I2

cut-back length (L)

optical fibre

Figure A.4: Schematic representation of the cut-back method.

The attenuation determines the distance over which a signal can be transmitted, i.e. the

transmission distance is inversely proportional to the attenuation (see Equation A.3). For

instance, a maximum transmission distance of 200 meters is obtained in a fibre with an

attenuation of 100 dB/km, assuming that the detection limit of optical signals is approximately

one percent of the input power.

Bandwidth

The bandwidth of optical fibres determines the maximum information transmission

capacity.1 The bandwidth properties of optical fibres are best understood in terms of the

minimum time that must be used between pulses. The width of a pulse propagating in an

optical fibre increases with increasing distance of propagation caused by dispersion in the

optical fibre. Therefore, if insufficient time is allowed between pulses, the pulses will overlap

and cannot be distinguished by the detector (see Figure A.5).

input output

core

modal
dispersion

Figure A.5: Pulse broadening in multimode, step-index fibres due to modal dispersion.
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The two important sources of dispersion in optical fibres are modal dispersion and

material dispersion. Modal dispersion is the dominant source of dispersion in multimode optical

fibres. In multimode, step-index fibres rays propagating along the centre axis have the shortest

transmission time, while rays experiencing multiple reflections travel further, and therefore,

take longer to reach the receiving end (see Figure A.5). As a first approximation, the extent of

pulse broadening is estimated by calculating the delay time between an axial ray and a ray

inserted at the critical angle. In this case, the resulting maximum bandwidth (βmax), expressed in

units of Hz.km, is given by:5

β max ( . .)
≅

n c

N A
0

2 (A.4)

where c is the velocity of light in vacuum [km/s], and N.A. is the numerical aperture (see

Equation A.1). As expected, the bandwidth decreases with increasing numerical aperture, since

light can be coupled into a fibre under larger angles introducing modes that experience even

more reflections and consequently the modal dispersion increases.

Multimode, graded-index fibres possess a parabolic-like refractive index profile. Instead

of following sharp zigzag paths as in multimode, step-index fibres, rays propagate in sinusoidal

paths due to the lens-like structure formed by the refractive index gradient (see Figure A.2b).

Since the speed of light in matter (v) depends on the refractive index (n);1

v
c

n
=  (A.5)

rays propagating near the centre axis move slower in comparison with rays propagating near

the cladding. Consequently, differences in path length are compensated by the speed of light,

modal dispersion decreases and the bandwidth increases compared to multimode, step-index

optical fibres. Single mode, step-index optical fibres possessing core diameters approaching the

wavelength of the light source (e.g. 5 µm) provide only one mode wherein the rays propagate

parallel to the centre axis. Therefore, modal dispersion is essentially eliminated.

If a spectrum of light propagates in an optical fibre, the wavelength dependence of the

refractive index will cause material dispersion, i.e. different wavelengths will propagate at

different speed (see Equation A.5). As modal dispersion decreases, material dispersion

becomes more important. The details of modal dispersion and material dispersion in graded-

index optical fibres are explained in more detail in Section 6.2.
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Samenvatting

Tegenwoordig vindt datatransmissie over korte afstanden in bijvoorbeeld computer-

netwerken meestal plaats door coaxkabels. Coaxkabels zullen in de toekomst echter niet de

toenemende behoefte aan bandbreedte kunnen ondersteunen voor de doorgifte van multimedia

en/of Internet. Wat betreft bandbreedte zijn glasvezels veel beter dan coaxkabels, maar de

kleine diameter en lage numerieke apertuur van glasvezels maken installatie erg moeilijk, wat

leidt tot hoge systeemkosten. Polymere optische vezels daarentegen, hebben juist een grote

diameter en een relatief hoge numerieke apertuur, wat installatie vergemakkelijkt en de

systeemkosten drukt. Graded-index polymere optische vezels met een parabolische

brekingsindexgradiënt over de dwarsdoorsnede, hebben bovendien een hoge bandbreedte en

zijn daarom bij uitstek geschikt om coaxkabels te vervangen.

In het verleden zijn er diverse experimentele methoden ontwikkeld om graded-index

polymere glazen te produceren en is er uitgebreid onderzoek gedaan naar de eigenschappen en

potentiële toepassingen van deze glazen. Recentelijk is grote vooruitgang geboekt in zowel de

productiemethoden als in de eigenschappen van graded-index polymere optische vezels, maar

er is nog altijd veel ruimte voor verbetering. Zo zijn bijvoorbeeld de experimentele procedures

om graded-index vezels te produceren vaak bewerkelijk en is de maximaal haalbare diameter

van de preform klein, wat de lengte van de optische vezel na vezelspinnen beperkt. De

temperatuurresistentie van de vezels is bovendien begrensd en er zijn vrij exotische, amorfe,

geperfluorideerde polymeren nodig om een laag optisch verlies te verkrijgen.

In dit proefschrift worden nieuwe materialen en processen onderzocht voor de

productie van graded-index preforms. Er wordt gebruik gemaakt van centrifugaal velden om

gradiënten in samenstelling te genereren en te fixeren in mengsels van twee polymeren, wat de

productie van preforms met een grote diameter kan vereenvoudigen. Een essentiële

voorwaarde voor de productie van graded-index optische vezels met een laag optisch verlies is,

dat de twee polymeren volledig mengbaar dienen te zijn in alle samenstellingen. De

mengbaarheid van amorfe polymere glazen is daarom uitgebreid bestudeerd. Er is gebleken, dat

blends van poly(methylmethacrylaat) (PMMA) en poly(2,2,2-trifluorethylmethacrylaat), en

blends van PMMA en poly(2,2,3,3-tetrafluorpropylmethacrylaat) (PTFPMA) volledig

mengbaar zijn tot bij hoge temperaturen. Vooral PMMA/PTFPMA blends hebben voordelige

eigenschappen met betrekking tot brekingsindex, dichtheid en mengbaarheid en zijn daarom
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geselecteerd als modelsysteem voor verdere evaluatie van verwerking en optische

eigenschappen.

Twee verschillende methoden om brekingsindexgradiënten te genereren met behulp van

centrifugaal velden zijn onderzocht. In een eerste procedure zijn substantiële gradiënten in

samenstelling geïntroduceerd in homogene oplossingen van PTFPMA in methylmethacrylaat

(MMA) en deze gradiënten zijn gefixeerd door polymerisatie van het monomeer bij verhoogde

temperatuur terwijl het centrifugaal veld blijft gehandhaafd. Zeer transparante polymere glazen

zijn geproduceerd met een parabolische brekingsindexgradiënt en het brekingsindexverschil

neemt toe met toenemende rotatiesnelheid. De graded-index preforms hebben een uitstekende

temperatuurresistentie in vergelijking tot preforms met een gradiënt van een

oplosmiddel/dopant over de dwarsdoorsnede.

In een tweede procedure zijn ook brekingsindexgradiënten geïntroduceerd en gefixeerd

in met MMA gevulde PTFPMA buizen. Wederom zijn zeer transparante polymere glazen

geproduceerd met een parabolische brekingsindexgradiënt. In dit specifieke geval zijn de

verkregen brekingsindexverschillen tussen de buitenkant en het centrum van de preforms groot

wat resulteert in een toename van de numerieke apertuur.

 Het theoretisch optisch verlies van het PMMA/PTFPMA modelsysteem is bepaald en

er is speciale aandacht geschonken aan de additionele Rayleigh verstrooiing als gevolg van

concentratiefluctuaties. Deze additionele verstrooiing is bepaald met behulp van licht

verstrooiing en small-angle X-ray. Er is een additionele Rayleigh verstrooiing van ongeveer

100 dB/km gemeten wat aangeeft dat graded-index optische vezels met een optisch verlies van

ongeveer 170 dB/km kunnen worden geproduceerd.

De theoretisch maximale bandbreedte van graded-index vezels is berekend op basis van

de brekingsindexgradiënten van de preforms met de aanname, dat deze gradiënten behouden

blijven tijdens het vezelspinnen. De berekeningen zijn gedaan met behulp van de Wentzel-

Kramers-Brillouin (WKB) methode, waarin rekening gehouden wordt met zowel

modusdispersie als materiaaldispersie. Er kunnen graded-index vezels worden geproduceerd

met datasnelheden over een afstand van 100 meter tot 3 Gb/s bij 650 nm, op voorwaarde dat

de spectrumbreedte van de lichtbron klein is (≤2 nm). De bandbreedte is hoog (~1500

MHz.km) in vergelijking tot die van zowel step-index polymere optische vezels (~5 MHz.km)

als coaxkabel (~30 MHz.km).

De hierboven beschreven op methacrylaten gebaseerde polymeren hebben een hoog

optisch verlies in het nabije infrarood wat wordt veroorzaakt door absorptie van koolstof-

waterstof vibraties. Daarom zijn geperfluorideerde polymeren onderzocht die geschikt zijn

voor de toepassing van vezels in het nabije infrarood (1.3 and 1.5 micron). Een copolymeer

van 2,2-bistrifluormethyl-4,5-difluor-1,3-dioxool en tetrafluorethyleen met een hoge

glasovergangstemperatuur (160 °C) is geselecteerd als gastpolymeer voor het verkrijgen van
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een goede temperatuurresistentie. Er is speciale aandacht geschonken aan de selectie van

geschikte dopants om de productie van de preforms te vereenvoudigen. Het is aangetoond, dat

perfluorbenzyl-tetralin volledig mengbaar is met het geperfluorideerde copolymeer tot minstens

250 °C. Zeer transparante, graded-index polymere glazen zijn geproduceerd bij verhoogde

temperatuur met behulp van centrifugaal velden en de geïntroduceerde gradiënten zijn

gefixeerd door afkoeling en vitrificatie. Los van een laag optisch verlies, hebben de preforms

een hoge theoretische bandbreedte. Bovendien bezitten de preforms een hoge

glasovergangstemperatuur in vergelijking tot conventionele systemen en daardoor wordt een

verbeterde temperatuurresistentie verwacht.

Samenvattend kan worden geconcludeerd, dat het gebruik van centrifugaal velden een

vruchtbare methode is om graded-index preforms te produceren op basis van verscheidene

polymere materialen. Dit proces kan mogelijk de productie van preforms met een grote

diameter vereenvoudigen met een accurate controle van de brekingsindexgradiënten in de

preforms. In het geval van methacrylaten kunnen preforms worden geproduceerd met een laag

optisch verlies en een hoge bandbreedte in het zichtbare gebied en met een uitstekende

stabiliteit. Een belangrijk voordeel van het proces en de gebruikte materialen is, dat het optisch

verlies kan worden gereduceerd in vergelijking met bijvoorbeeld preforms met een gradiënt in

copolymeersamenstelling. Dit vergroot de afstand waarover data kunnen worden verzonden tot

een paar honderd meter. Het gebruik van graded-index polymere optische vezels in het nabije

infrarood blijft gelimiteerd tot geperfluorideerde polymeren in combinatie met

oplosmiddelen/dopants. Toch kunnen specifieke voordelen worden behaald met betrekking tot

processen en stabiliteit door gebruik te maken van centrifugaal velden in combinatie met

temperatuurresistente polymeren en geschikte dopants.
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