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Abstract
OXYGEN SENSING BY PHOTOLUMINESCENCE USING POLYMER OPTICAL FIBERS

This thesis is the culmination of research performed at the Danish Technical University (DTU) in the
years 2017-2020 by the author, as part of the Ph.D. studies.

The research was focused on the design and fabrication of polymer optical fiber (POF) sensors,
primarily for oxygen. Central elements of the research have been various modification techniques (such
at solvent etching) which can be performed on POFs, and how these can be leveraged in different sensor
designs. The ideal goal of the project was the fabrication of multi-point oxygen sensors, and so research
into techniques and designs capable of reaching this was also carried out.

Three main results were obtained during the project, the first of which was the application of
Hansen Solubility Parameters (HSPs) for the selection of POF etching solvents. Secondly, results on an
all-polymer end-point sensor utilizing light harvesting antenna dyes for increased sensor brightness,
were also achieved. Third and finally was the investigation of a design for an in-fiber annular cavity
sensor, which may have potential for a future multi-point sensor. These results will all be presented as
part of this thesis.

The work has been in conjunction with a project funded by the EUMaritime and Fisheries Fund,
as well as the Danish Fisheries Agency, aimed at developing oxygen (multi-point) and cortisol fiber optic
sensors for fish-farms. The project has been in collaborationwith the consultancy company PiscoGroup
Aps, who have specialized in all aspects of aquaculture.
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Abstract (Dansk)

ILT -MÅLING MED FOTOLUMINISCENS VED BRUG AF POLYMER OPTISKE FIBRE

Denne afhandling er kulminationen på forskning gjort hos Danmarks Tekniske Universitet (DTU) i
årene 2017-2020 af forfatteren, som led i dennes Ph.D studier.

Forskningen har haft fokus på design og fabrikation af polymer optiske fiber (POF) sensorer,
primært til ilt. Centrale elementer i forskningen har været de forskellige modifikationsteknikker (så-
som solvent-ætsning), der kan bruges på polymer optiske fibre, og hvordan disse kan bruges i diverse
sensor-designs. Det idéelle mål i projektet har været konstruktionen af multi-punkt oxygen sensorer, og
derfor har forskningen også haft fokus på teknikker og designs som kunne bringe dette tættere på.

Tre hovedresultater blev gjort under projektet, den første af hvilket var applikationen af Hansens
Opløseligheds Parametre (HSPs) til at ætse polymer optiske fibre. Det andet har været resultater fra
en fiber-ende-funktionaliseret sensor, udelukkende bestående af polymer, som har benyttet sig af lys-
høstende antenne-farvestoffer til at øge lysstyrken af luminoforerne. Trejde og sidst har vi undersøgt et
fiber-sensor design bestående af ring-grøfter drejet i fiberen, sommulighed har potentiale for fremtidige
multi-punkt sensorer. Disse resultater vil blive præsenteret i denne afhandlingen, sammenmed udvidet
baggrund og kontekst.

Arbejdet har været i samspil med et projekt finansieret af EUs Maritim og Fiskeri Fond (EMFF)
og den danske Fiskeristyrelse. Projektet har haft til formål at udvikle fiber optiske oxygen- og kortisol-
sensorer til fiskefarme. Projektet har været i samarbejdemed konsulentvirksomheden PiscoGroup ApS,
der har specialiseret sig inden for alle aspekter af akvakultur.

Page 3 of 156



Acknowledgements

I first off want to thank my supervisors for the opportunity to do pursue this degree. The research we
have done has touched uponmany different fields, which has made progress challenging at times. While
at times frustrating, this broadness also has the benefit of teaching you how everything is connected. You
may not get as deep into every single field, but multi-disciplinarity is a buzz-word today, so I guess its
good either way – and no one says you have to be a master of it all after your PhD. To that effect, I thank
you, and hope you will provide opportunities to others, such as you did to me.

I also want to thankmy good friend Emil, who graciously offered to dowhatever read-through for
grammar and spelling he had time for. Thank you for your support, and I look forward to the next batch
of beers we will brew together.

Finally, I want to thank my family. In particular my girlfriend, Mia, and my daughter, Alea. You
have supported me in my endeavour the best you could, and at home you have been there to provide
happy moments and hygge and fun. And in the last couple of months, you have been a solid foundation,
allowing me time to work long hours, and making sure I had almost nothing to focus on, beside fin-
ishing this thesis. I will sure miss being brought food and drinks by my two “servants”. I thank you for
everything, and look forward to a less stressful time with you.

Page 4 of 156



Contents
I. INTRODUCTION 7

1. Overview 8
1.1. The Project and It’s Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2. This Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3. Previous Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2. A Historical Perspective on Fiber Sensing 12
2.1. Luminescence and spectroscopy before the 19th century . . . . . . . . . . . . . . . . . 12
2.2. Early Optical Sensing and Fiber Optics in the 19th Century . . . . . . . . . . . . . . . 13
2.3. Optical Sensing and Fibers before the 1970 . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4. The Birth of Fiber Optical Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5. Fiber Optical Oxygen Sensors from 1990-2010 . . . . . . . . . . . . . . . . . . . . . . 17
2.6. Polymer Optical Fiber Sensing for Oxygen . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7. The Field Today . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3. A System Overview 21
3.1. Optical Fiber Oxygen Sensors in General . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2. Sensor Configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3. The Optical Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4. Electronic Hardware and Digital Signal Processing . . . . . . . . . . . . . . . . . . . . 36
3.5. Moving Forward . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

II. SENSING WITH PHOTOLUMINESCENCE 39

4. On Absorption, Emission & Energy States 40
4.1. Absorption of Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2. Internal Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3. Photoluminescence Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.4. Results from our work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5. Quenching and Sensing 58
5.1. The Quenching Mechanism and Its Effects . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2. Phase Fluorometry and Multiple Lifetimes . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.3. Multiple Lifetimes &Multi-Point Sensing . . . . . . . . . . . . . . . . . . . . . . . . . 71

Page 5 of 156



CONTENTS

III. SOLVENTS AND POLYMERS 74

6. Polymers & Hansen Solubility Parameters 75
6.1. Polymers – the short story . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2. Solubility and Dissolution with HSP . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.3. Solubility for Photoluminescent Compounds . . . . . . . . . . . . . . . . . . . . . . . 91

IV. APPROACHES TO POF OXYGEN SENSOR DESIGN 96

7. End-Point Sensing 97
7.1. Manufacturing End-Point Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.2. Results from Actual Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
7.3. Effect of Contamination Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

8. In-Fiber Sensing 106
8.1. In-Fiber Sensing Designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
8.2. The Annular Cavity Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

V. TYING IT ALL TOGETHER 120

9. Final Remarks 121
9.1. The Road From There to Here and the Future . . . . . . . . . . . . . . . . . . . . . . . 121
9.2. The Outlook for POF Oxygen Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
9.3. In Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

VI. REFERENCES & APPENDICES 126

Bibliography 127

A. Radiometry Basics 136
A.1. Radiometric Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
A.2. Examples of Calculating Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

B. Various Photoluminescence-Related Derivations 147
B.1. Derivation of Beer Lambert’s Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
B.2. Absorption Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
B.3. Constant Ground-State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

C. Flory-Huggins Theory 151
C.1. The Entropy of Mixing, ∆Smix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
C.2. Interaction Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
C.3. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

D. Publications 156

Page 6 of 156



Part I.

INTRODUCTION



Chapter 1
Overview

Begin - to begin is half the work, let
half still remain; again begin this,
and you will have finished.

Marcus Aurelius, Roman Emperor

SYNOPSIS In this chapter I aim to give an overview of the project as a whole, as well as an introduction
to the different chapters in this thesis. In Section 1.1 of this chapter, I will introduce the project and its
goal aswell as the timeline of the developments from2017 to 2020. In Section 1.2, the contents, parts and
chapters of this thesis will be outlined and Section 1.3 will give a brief overview of the publications pro-
duced as part of the project. Results from these publications will be used in various chapters throughout
the thesis.

1.1 THE PROJECT AND IT’S AIM

The project began in september 2017, after securing funding from the European Maritime Fisheries
Fund (EMFF) as well as the Danish Fisheries Agency (Fiskeristyrelsen). The aim of the project was to
work toward the development multi-point fiber-optical dissolved oxygen sensors, for use in aquaculture
fish farms, as well as a cortisol sensor. The focus of this thesis is the work done on developing dissolved
oxygen sensors.

When developing a new sensor, decisions have to be made as to the technological platform to
be used, and in the first phase of the project we were faced with such decisions. Most of 2017 and
some of 2018, was spent understanding and testing the various approaches. The use of microstructured
polymer optical fibers (POFs) was initially investigated, but was eventually decided against, and solid-
core fibers were instead used. In 2018 it was also decided to focus on the use of photoluminescence and
photoluminescence quenching as the sensing mechanism for the dissolved oxygen sensors.

Also during 2018, much effort was on the development of fabrication techniques for the optical
fiber sensors, and the design of the electronic reader solution. The company PiscoGroup ApS 1, was lead
on the development of electronics. At the end of 2018 a submission to the 26th International Conference
on Optical Fiber Sensors (OFS-26) was made and accepted. This submission dealt with aspects of polymer
optical fibermodification usingHansen Solubility Parameters (HSPs), which had been investigated through
2018. This submission was extended in a new paper in 2019 and published in the Journal of Lightwave
Technology (JLT).

In 2019, work continued with the oxygen sensor and tests of the system were conducted with
positive results, showing that oxygen could now be measured. The rest of 2019 was spent on further
1 http://piscogroup.dk
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1. OVERVIEW

refining the fabrication method, investigating new designs capable of handling multi-point sensing, as
well as looking for strategies on how to perform the multi-point sensing.

In the summer of 2020, a second publication was submitted to MDPI Sensors Journal presenting
results on a particular design for a photoluminescent fiber optical sensor, and a third publication was
submitted to JLT, with results on an fiber optical oxygen sensor with a functionalized tip.

So did the project accomplish its goals? To some degree. It did not succeed in actually fabricating
multi-point POF sensors for oxygen, but this is within reach. It requires further research and develop-
ment to bring the technology to a point where it can be commercially applied, but when we compare
with the initial starting point, a foundation has been created which can be used to springboard the next
step of research and development.

1.2 THIS THESIS

This thesis is centered on the development of polymer optical fiber (POF) sensors for oxygen to be used
in the measurement of dissolved oxygen in fish farms. A sensor is only as good as its weakest part,
and so it is necessary to understand each part and be mindful of its limitations. Additionally, concerns
such as commercialization is often hovering in the background further narrowing your focus to cheaply
implementable designs. During this thesis, I will attempt to provide an overview of each part as well as
the interconnections and limitations.

To start us off, I will in Chapter 2 take a tour through the history underlying todays fiber optical
sensors and review the field of POF oxygen sensing as it stands today. Chapter 3 will focus on describing
the elements of a fiber optical sensor and introduce the system for the interrogation of the fiber sensors.

After the introductory part (Part I), I will move on to Part II the fundamental basis for the sensors
developed, namely photoluminescence and how it can be used in sensing. In Chapter 4 the theory of pho-
toluminescence will be introduced, as well as some results from the project pertaining to the strength
of the photoluminescent signal from the sensor. In Chapter 5 I will go into detail on how photolumi-
nescence can be used for sensing by the phenomenon called quenching and will likewise introduce the
technique of phase-fluorometry. The chapter will also contain results on the self-quenching behavior of the
oxygen indicator used, as well as the use of resonance energy transfer for enhancing the brightness of the
sensor. The last part of the chapter will look at the use of phase-fluorometry for multi-point sensing.

In Part III I will instead turn to look at the material part of the sensor – namely the polymers.
The solubility of polymers has been an integral part of the research for the project, and a paper was
published on the use of Hansen Solubility Theory for the etching of POFs. Chapter 6 will contain the
theoretical underpinnings of polymer solubility, and in addition to the work on etching, results on the
use of the solubility theory for photoluminescent indicators.

After having introduced polymers and photoluminescence, Part IV will move ahead and look at
two different designs investigated in the project and present their results. Chapter 7 will look at results
from fibers with the end-point functionalized for sensing, while Chapter 8 will instead look at a design in
which the fiber has been in-fiber functionalized at a specific point along the length of the fiber.

The final chapter (Chapter 9) will make an attempt at giving directions for future research in this
area. As was mentioned in the previous section, the goal of developing multi-point sensors was not
achieved experimentally, but is within reach and should be pursued.

In Part VI, references and appendices can be found. The appendices contains introduction and
derivations of concepts used through the thesis.

• Radiometry basics can be found in Appendix A
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1. OVERVIEW

• Various derivations pertaining to photoluminescence is in Appendix B
• Details of the derivation of Flory-Huggins theory is in Appendix C
• The three main publications can be found at the back of the thesis Appendix D

1.3 PREVIOUS PUBLICATIONS

During the years 2017-2020, three journal papers were published (two are in review) and a conference
contribution. The following provides a list of these and a short summary of their contents.

1.3.1 FIRST AUTHOR JOURNAL PAPERS

• “Polymer Optical Fiber Modification By Etching Using Hansen Solubility Parameters—A
Case Study of TOPAS, Zeonex, and PMMA”, R. Inglev, O. Bang, G. Woyessa and J. Janting [1]
The paper deals with the etching/tapering of POFs using simple solvents. The use of Hansen Sol-
ubility Parameters are investigated as a possible tool for selecting the solvents to use for different
polymers. Solubility and etching results for TOPAS, Zeonex and PMMAwas presented, as well as
in-depth discussion of the various dynamics of polymer dissolution. The work was an extension
of previously submitted work to OFS-26. The results will be presented in Chapter 6 of this thesis.

• “AnnularCavityDesign forPhotoluminescentPolymerOptical FiberSensors [InReview]”,
R. Inglev, J. Janting and O. Bang [2]
This work centered on the investigation of a specific design for a photoluminescent polymer opti-
cal fiber sensor using annular cavities milled into the fiber surface. A numerical simulationmodel
was developed to help understand the results. The design has potential for use in future multi-
point sensing designs. The results of this paper are presented in Chapter 8.

• “Optimization of All-Polymer Optical Fiber Oxygen SensorsWith Antenna Dyes and Im-
proved Solvent SelectionUsingHansen Solubility Parameters [InReview]”, R. Inglev, J. Jant-
ing and O. Bang [3]
This work looked at how it is possible to increase the signal from a POF sensor, by using so-
called antenna dyes, and by carefully selecting solventmixtures for increased solubility of polymer,
dyes and sensing compounds. Hansen Solubility Parameters was once again the tool for this. The
response-time of one of the developed POF sensors was also investigated and presented. Results
from this paper are used in Chapter 6 and Chapter 7.

1.3.2 CO-AUTHOR JOURNAL PAPERS

• “Small and Robust All-Polymer Fiber Bragg Grating Based pH Sensor”, J. Janting, J. Pedersen,
R. Inglev, G. Woyessa, K. Nielsen and O. Bang [4]
This work investigated the effect of solvent etching (a technique I will discuss later in the thesis),
on microstructured POFs. The findings have impact on not only microstructured POFs, but all
situations where solvents are used for polymer solubility.

[1] Inglev et al. (2019) “Polymer Optical Fiber Modification By Etching Using Hansen Solubility Parameters—A Case Study of
TOPAS, Zeonex, and PMMA”
[2] Inglev, Janting, and Bang (2020) “Annular Cavity Design for Photoluminescent Polymer Optical Fiber Sensors [In Review]”
[3] Inglev et al. (2020) “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and Improved Solvent
Selection Using Hansen Solubility Parameters [In Review]”
[4] Janting et al. (2019) “Small and Robust All-Polymer Fiber Bragg Grating Based pH Sensor”
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1. OVERVIEW

1.3.3 CONFERENCE SUBMISSIONS

• “The Application of Hansen Solubility Parameters for Local Etching of TOPAS Polymer
Optical Fibers.”, R. Inglev, O. Bang K. Nielsen, G. Woyessa and J. Janting [5]
This particular publication dealt with how one could select solvents for etching TOPAS POFs
using an approachwithHansen Solubility Parameters. Thisworkwas later extended to the journal
paper published in 2019 [1].

[5] Inglev et al. (2018) “The Application of Hansen Solubility Parameters for Local Etching of TOPAS Polymer Optical Fibers.”
[1] Inglev et al. (2019) “Polymer Optical Fiber Modification By Etching Using Hansen Solubility Parameters—A Case Study of
TOPAS, Zeonex, and PMMA”
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Chapter 2
A Historical Perspective on Fiber Sensing

We are not the makers of history. We
are made by history.

Martin Luther King, Jr.

SYNOPSIS Optics is an ancient scientific field comprised of many different sub-fields. Two of these
fields will be of particular interest in the quest to trace the origin of fiber optical sensors, namely the
fields of spectroscopy and luminescence. Optical sensing relies on the interaction between light andmatter.
Absorption, reflection and transmission are well-known optical phenomena, and can be used in sensing
by looking at e.g. absorption lines. Luminescence is the property of matter, in which it emits light by
way of internal or external processes such as chemical reactions (chemiluminescence), thermal energy
(thermoluminescence) or light absorption (photoluminescence). The analysis of light-matter interactions
by way of looking at the light coming from (or through) an object or material, is the field of spectroscopy.
Before fiber optical sensors based on photoluminescence could be realized, it was necessary for these
two scientific fields to reach a certain level of maturity. In the middle of the 20th century the fields were
at a stage, such that they could be coupledwith the new field of fiber optics to create the first fiber optical
sensors.

In this chapter I will revisit the development of fiber optical sensing from its roots in spectroscopy
and luminescence and up until modern day fiber optical sensors. I will not detail the sensors in this
section, but briefly walk through the achievements, in order to create a broad outline of the subject.

2.1 LUMINESCENCE AND SPECTROSCOPY BEFORE THE 19TH
CENTURY

Luminescence is the phenomenon of light emission from matter as a result of internal or external pro-
cesses. Before the 17th century, luminescence was mostly just described and its causes seldom investi-
gated [6, p. 88-89]. The 17th century brought a change to this, as many authors began investigating the
phenomenon more closely, and several treatises were published on the subject [6, chap. IV]. The cen-
tury also saw the beginning of the field of spectroscopy, as spectra of light were investigated by Marci,
Kircher, Boyle, Grimaldi andNewton [7]. Newton is often called the founder of spectroscopy, but he was
not alone in the investigation, nor was he the first [7]. However, Newton definitely built one of the first
so-called spectroscopes, and utilized both a slit and a prism in its construction [7]. Although he did not

[6] Harvey (1958) A History of Luminescence from the Earliest Times Until 1900
[7] Burns (1987) “Aspects of the Development of Colorimetric Analysis and Quantitative Molecular Spectroscopy in the
Ultraviolet-Visible Region”
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2. A HISTORICAL PERSPECTIVE ON FIBER SENSING

describe the absorption lines in sunlight, something which would become important later in the analysis
of chemical species, according to Burns he should have been able to see them [7].

The 18th century, also known as the Age of Enlightenment, brought more experiments and investi-
gations into the field of luminescence and the phenomenon made its way into textbooks of physics and
chemistry [6, p. 166-181]. The century had many scientists invested in optics, and much work was done
on the measurement of light intensity by various means [8, chap. 4]. The field of spectroscopy, however,
seems to have been at a standstill.

At the onset of the 19th century, optics had come far. Many of the basic laws of geometrical optics
had been discovered and the Newtonian corpuscular theory of light held sway. Spectroscopy and lumi-
nescence had come to a point where it required scientists with better equipment in order to study and
reveal more secrets, as pointed out by Harvey [6, p. 192-193]:

“However, research was hampered by inadequate instruments and crude methods, as well as by
the general level of scientific knowledge. The eighteenth century was mainly important in outlin-
ing the problems, in anticipation of the intense attack of better equipped workers during the next
century.”

As we march into the 19th century, we are met head on with important discoveries.

2.2 EARLY OPTICAL SENSING AND FIBER OPTICS IN THE 19TH
CENTURY

In the first few years of the 19th century several important discoveries are made, building toward the
principle of measuring with light. First, we have the discovery of interference by Thomas Young, which
ended up overturning Newtons corpuscular theory of light. Next, Fraunhofer and Wollaston would
improve upon the spectroscope invented byNewton, and as the first researchers note and publish results
on the absorption lines visible in the spectrum of sunlight [6, p. 207-208] [7].

At the turn of the century the scientific understanding and technological development were at a
point from which actual sensors could start to be manufactured. Incidentally, it was also in the 19th
century that the first electronic temperature sensor was developed [9].

2.2.1 THE DEVELOPMENT OF CHEMICAL ANALYSIS BY SPECTROSCOPY

WilliamHydeWollaston developed a spectroscope in 1802 capable of showing the dark absorption lines
present in sunlight. He used a narrower slit than Newton and also did not use a lens and was thus able
to see and record the dark lines in the spectrum [7]. He believed these dark lines were the boundaries
between the colors [6, p. 207-208] [7]. However, Fraunhofer rediscovered these lines with an even bet-
ter version of the spectroscope (utilizing a collimator, and labeled the dark lines he observed with the
letters of the alphabet – such as the famous the D-lines at around 589 nm formed by the “sodium dou-
blet” [10, chap. 3].

John Herschel was, in 1822-1823, possibly the first to suggest that spectra might be used to de-
tect small quantities of a substance. This idea was carried forward further by Talbot, Wheatstone and
Brewster [6, p. 208]. It all culminated with the publications by Kirchoff and Bunsen in 1860 and 1861 on
spectrochemical analysis [6, p. 208] [7]. Several types of spectroscopic instruments were also developed

[8] Darrigol (2012) A History of Optics from Greek Antiquity to the Nineteenth Century
[9] Hunt (1964) “The Early History of the Thermocouple”
[10] Brand (2017) Lines of Light
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2. A HISTORICAL PERSPECTIVE ON FIBER SENSING

in the latter half of the century, for the identification and detection of dyes, contaminants and poisons
in food [7].

In general, the 19th century brought about the beginning of spectroscopic analysis of gases, mate-
rials and substances. Additionally, the wavelength scale used todaywas also adopted aftermeasurements
done by Muller, Mascart and Angström in 1863 [6, p. 209].

2.2.2 INCREASING UNDERSTANDING OF LUMINESCENCE

Using spectral analysis, it was possible for Stokes to present his famous Stokes’s Law in 1852, which states
that emitted fluorescent light is always of longer wavelength than the exciting light. It is also in this
century that facts about how fluorescence and phosphorescence depend on temperature, pressure and
other factors, start to emerge. Several theories of phosphorescence, fluorescence and other luminescence
types came about in the latter part of the century as well, laying the groundwork for the multitude of
scientific advances that would happen in the 20th century [6, chap. VI].

2.2.3 DISCOVERY OF LIGHT -ELECTRON EFFECTS

Apart from the increasing understanding of luminescence, and the beginnings of spectroscopy as an
analytical technique, there were important technological developments in the 19th century – namely
the demonstration of the photoelectric, photo-conductive, and photo-voltaic effects. These light-electron
effects would be crucial in the development of light-detection equipment in the 20th century.

These early efforts of optical sensing by electronic means, starts with the demonstration of the
photo-voltaic effect by Edmond Becquerel in 1839. It was was later used in experiments by Minchin in
1892,whenhe fabricated somephoto-voltaic cells and attempted tomeasure the intensity of starlight [11].

The photoelectric effect is assumed to have been discovered by Hertz in 1887 [11]. The effect was
investigated by first Hallwachs in 1888 and later Elster & Geitel who, in 1893, published on the devel-
opment of photoelectric cells capable of measuring the intensity of ultraviolet light [11,12].

2.2.4 THE FOUNDATION OF FIBER OPTICS

The final piece of the puzzle, before we move into the century in which fiber sensors are developed, is
the discovery of the phenomenon of total internal reflection (TIR). In 1842, John-Daniel Colladon and
Jacques Babinet reported the phenomenon of light being guided by a stream of water, and later, in 1870,
John Tyndall also demonstrated this [13]. The phenomenon provides the basis for how light is guided by
optical fibers and one of the early examples of its application, was in the use of glass rods for illumination
by the medical doctors Roth and Reuss [13].

Thus the stage is set for the 20th century with the invention of true fiber optics, quantummechan-
ical theories of luminescence and electronic spectroscopic equipment.

2.3 OPTICAL SENSING AND FIBERS BEFORE THE 1970

The early 20th century saw many developments, particularly the invention of vacuum tubes. The first
photomultiplier tube was developed in 1934 by Harley Iams and Bernard Salzberg [14]. At the same time,

[11] Miles (2007) “A Light History of Photometry from Hipparchus to the Hubble Space Telescope”
[12] Elster and Geitel (1893) “Beobachtungen des atmosphärischen Potentialgefälles und der ultravioletten Sonnenstrahlung”
[13] Ballato and Dragic (2016) “Glass”
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research into the development of transistors was hot, and in 1948, John N. Shive developed the first
photo-transistor at Bell Labs, and presented the results in 1950 [15]. A decade later, in 1959, R. Mueller
published an article on the use of a photodiode as a “novel light sensor” [16]. Incidentally, this was the same
year that Atalla and Kahng invented the metal-oxide-semiconductor (MOS) structure [17, p. 22-33], and
in the decade that followed, research into this structure led to the invention of the CCD by Boyle and
Smith in 1969 [11]. TheCCD is today one of themost prevalent technologies in spectroscopic equipment,
and is indeed the basis for many of the measurements in this thesis.

Fiber optics technology also saw significant development during this part of the century. In partic-
ular, the use of a claddingwas first done in 1954 by vanHeel [18], and in the 60s commercial optical fibers
of both glass and polymer were available and being investigated [19,20], and some of the first patents for
fiber-optic sensor devices were published [21,22].

For photoluminescence the major landmarks happened in the first half of the century, leading to
an almost complete understanding of the phenomena. In 1919, Stern andVolmer presented their famous
relation for fluorescence quenching and in 1926-1927, Gaviola introduced phase-fluorometry (measur-
ing fluorescence lifetimes by phase-delay) [23–26]. In 1927, Gaviola and Pringsheim demonstrated res-
onance energy transfer (RET) in solutions and Perrin, who was perhaps the most prolific researcher on
the subject of fluorescence and phosphorescence, presented a quantummechanical theory of long-range
energy transfer between atoms [26,27]. Jablonski presented his diagram in 1935 and Lewis and Kasha
describe triplet states in 1944. In 1948 Förster provides a quantum mechanical theory of dipole-dipole
energy transfer [26,28], an important landmark and important for the explanation of RET.

This period also saw the first uses of photoluminescence in sensing and detection of various sub-
stances. In 1927, Papish and Hoag publish on the detection of uranium by photoluminescence [29].
Davidson and Gregory used the phenomena in the detection of kitten carriers for ringworm [30]. The de-
tection of oxygen is done by Damon in 1935 [31] and seems to be the first example of photoluminescent
sensing of oxygen. The method of photoluminescent labeling of antibodies was pioneered by Coons in
the 1940s [32,33]. The quenching of phosphorescence by oxygenwas first again used in 1965 byHormats
and Unterleitner for the measurement of the diffusion of oxygen in polymers [34]. In 1972, Longmuir
and Knopp are the next to take up the mantle of photoluminescent sensing of oxygen by quenching, and
published two papers on the measurement of intracellular oxygen [35,36]. Their studies would be the
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spark for the development of fiber optical oxygen sensors in the years to come.

2.4 THE BIRTH OF FIBER OPTICAL SENSORS

Apart from a few patents in the latter part of the 1960s, the true birth of fiber optic sensing is in the
1970s. In 1975, two important papers are published in the field of optical sensing. Lübbers et al. publish
in Zeitschrift Für Naturforschung, a paper demonstrating the development of a dual pCO2/pO2 sensor
(they call it an optode) [37]. The same year, Hardy, David, Kapany and Unterleitner publish a paper in
Nature, explaining the concept of a fiber optical chemical sensor based on chemical reactions occurring
on the surface of an optical fiber [38], and demonstrate the concept for the measurement of cyanide
concentrations. While the concept presented by Lübbers et al. did not actually make use of optical
fibers, the concept of an “optode” was birthed. In their later developments, they used “light guides” to
carry light to and from the optode [39]. In 1980, Goldstein, Peterson and Fitzgerald publish two papers
on their optical fiber pH sensor, however it is evident that they first demonstrated it on a conference in
1977 [40–42]. In 1977 Bucaro et al. and Cole et al. publish papers on the development of fiber-optical
sensors for sound [43,44]. In 1979 a paper by Labeyrie and Koechlin demonstrate the use of an optical
fiber in the construction of a “photoelectrode” capable of measuring the changes of calcium activity in
the cerebral cortex [45] of a mouse.

These papers mark the beginning of the field of optical fiber sensing. In the years that followed,
a few more papers on chemical sensing came out, but it was soon overtaken by the rapid expansion of
the field of physical fiber optical sensing (temperature, pressure, acoustic, magnetic etc.) as evident by
a review by Thomas Giallorenzi in 1982 outlining the state of the field, and with more than a hundred
references on physical parameter sensing using fibers [46].

The field of (bio)chemical sensing is continued with first a report on “optodes” in 1981 by Stuart
Borman [47]. In 1983, Sepaniak et al. publish on the development of an in-vivo fluorescence based optical
fiber for the anti-tumor drug doxorubicin and demonstrate its use in a laboratory on mice [48]. The
same year Giuliani et al. demonstrate an ammonia sensor based on optical waveguides [49], basically
using the same concept presented byHardy in 1975. In 1984 Rudolf Seitz publishes a report inAnalytical
Chemistry on the use of optical fibers for chemical sensors, and outlines the basic designs of such sensors.
Both fluorescence-based, absorption-based and competitive arrays are covered at this point. Also in
1984, Peterson et al. publish on the first fully integrated fiber-optic probe for O2 sensing using fluorescence
quenching [50]. They build upon their earlier work of the fiber-optic pH sensor. A few years later, in
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1988, a few important works are published on fiber-optic sensing of gases. Lippitsch et al. demonstrates
the first fiber optical sensor for oxygen based on measurement of the fluorescence lifetime [51], while
Munkholm andWalt demonstrated an optical fiber capable of CO2measurements, but with the sensing
layer covalently bonded to the glass-optical fiber. The third, by Wolfbeis et al., demonstrates the dual
measurement of CO2 and O2 using fluorescence in a single optical fiber, with two different indicators
embedded in the same sensing layer [52]. Earlier work byMiller in 1987was the development of a triple-
sensor capable of sensing pH, pO2 and pCO2, but with three individual fibers [53]. The work byWolfbeis
et al. in 1988 moved the field forward by combining indicators in one fiber.

As a side-note it should bementioned that the 1980s also saw the beginning of Fiber BraggGrating
sensors, when Morey et al. presents the development of Bragg grating temperature and strain sensors
in optical fibers at a conference in 1989 [54].

As we entered the 20th century, several technological and scientific developments paved the way
for fiber optical oxygen sensors. The development of electronic detection of light is one, while the com-
plete theoretical understanding of photoluminescence was another. The development of optical fibers
itself was the last piece of the puzzle, and then the field of optical fiber sensing began in earnest in the
1970s. It is clear that from 1975 to 1990, the birth of fiber optical sensing took place, and through the
1990s and into the 21st century, the developments continued and went in many different directions. It
is outside the scope of this thesis to review all optical fiber sensors, and therefore, going forward I will
instead turn the attention toward the development of optical fiber oxygen sensors.

2.5 FIBER OPTICAL OXYGEN SENSORS FROM 1990-2010

The basis for fiber optical oxygen sensing had been laid from the beginning, with the papers by Lüb-
bers et al. [37,39] and the work by Peterson and Goldstein [50]. The work by Wolfbeis, Lippitsch, Miller
and others in the same era, expanded on this knowledge and so, in the beginning of 1990, the field of
fiber optical oxygen sensing was still young. However, these early pioneers paved the way for what was
to come in the following decades. When looking at the research, it is clear that the development has
mainly been along three different tracks: (1) the investigation of novel indicators for oxygen, (2) the use
of different matrices and membranes, and (3) the application of fiber optical oxygen sensors in different
problem areas.

In the 1990s, Liu et al. looked into the use of the sol-gel process and its applicability to optical
fiber oxygen sensors [55]. Papovsky et al. developed phosphorescent films using Pt(II) and Pd(II) type
porphyrins [56], and used them at the tip of optical fibers for sensing of oxygen. These two developments
would be important in the following decades, as PtOEP and other metallo-porphyrins would become
some of the most widely used indicators for oxygen, and the sol-gel process would be used in many
optical fiber designs as amatrix. An evanescent-wave based sensor was developed byMaccraith et al. [57]
and Vanderdonckt et al. investigated the used of Ir(III) as the indicator [58]. Several researchers also
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published on optical fiber sensors for multiple analytes [59–62].
Going forward into the 2000s, the development has been along the same direction. Garcia et al.

demonstrated a multi-position dissolved oxygen sensor in 2002, by utilizing several fibers [63], Borisov
and Wolfbeis demonstrated the use of europium(III) probes in 2006 [64], and the use of quantum dots
was investigated by Jorge et al. in 2008 [65].

In 2013, Susanne Eich et al. published a paper on multi-point oxygen sensing by way of time
domain “reflectometry”. However, it is not really reflectometry, as it is not the reflected excitation light
which is of interest. This is, as far as I know, also the first time this was attempted. The same year Rickelt
et al. constructed a multi-channel optical fiber sensor for oxygen, and use it to measure the depth profile
of oxygen concentration in soil. In 2016, Noor et al. fabricated and characterized an optical fiber sensor
for dissolved oxygen sensing in aquaculture. As with many before them, they used sol-gel as the matrix
and a Ruthenium (II) compound as the oxygen indicator [66]. Partridge et al. took another route and
instead created a sensor based on a long-period grating (LPG) coated with hemoglobin [67].

Thus, there aremanyways inwhich one canmake a fiber optical oxygen sensor, andmany different
approaches have been tried throughout the years. Most optical fiber sensors have been based on silica
fibers, but I will now narrow down the focus even further and concentrate upon the field of polymer
optical fiber (POF) sensors for oxygen.

2.6 POLYMER OPTICAL FIBER SENSING FOR OXYGEN

It is interesting to note, that the first truly integrated optical fiber sensor for oxygen, by Peterson and
Fitzgerald in 1984 [50], was constructed of a polymer optical fiber. In the 1990s only a few papers and
conference submissions using POFs for oxygen sensing are published. Most of the work is done by a
group in Japan, with Vishnoi and Morisawa as the main authors on the submissions. On a conference
in 1996, Morisawa et al. presented their work, in which they use different “claddings” on a POF to
measure oxygen. The “claddings” are made mixing PMP (poly(4-methyl-1-pentene)) and PMtMA (poly-
l-menthylmethacrylate) in different ratios, together with the oxygen indicator dye DPA (9,10-diphenyl
anthracene) [68]. How the claddings are deposited is uncertain as the authors simply state that themixture
“was deposited on the PMMA core with a 1mm diameter, using a spinner” [68]. The group returns in 1997with
a new conference submission with Vishnoi as the main author. This time, they use a different polymer
material in place of PMtMA, namely PCMA (poly(cyclohexyl methacrylate)). The procedure this time is
clearly stated as “dip-coating”. In 1998, three contributions to the scientific literature are made with one
conference submission and two papers, all with dip-coating as the procedure (either of the head of the
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fiber or a section along it). They explore different polymers and indicators [69–71].
In 1997 Liao et al. also publish on the use of POF for oxygen sensing. In their work, they coat the

end of a PMMA fiber with Pt(TPP) (Platinum-(tetraphenylporphyrin)) (presumably in a polymer matrix
of some sort, but they do not state which). At the same time, an alexandrite crystal is attached to the end
of the fiber, and using a frequency-domain approach, they are capable of measuring the temperature and
oxygen concentration simultaneously [62]. In 1999 Toba et al. submit a contribution to a conference, on
the development of a POF sensor using a polymer fiber-coupler. The oxygen indicator they use is Solvent
Green 5. Their work is continued in the year 2000 with a journal paper [72,73].

In the years 2007 to 2009, a Chinese group publishes several papers on a U-shaped POF sensor for
oxygen using the ruthenium indicator (Dichlorotris (1, 10-phenanthroline) ruthenium(II)) [74–78]. In
2008, Chu and Lo present a dual temperature and oxygen POF sensor by way of PtTFPP (Platinum(II)-
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-porphyrin) as the oxygen indicator, and an epoxy glue
as the temperature indicator [79]. Pulido and Esteban demonstrate POF oxygen sensors based on side-
illumination in 2010 and 2013, but interestingly they use solvent etching (which will be demonstrated in
this thesis) of the POFs to increase the sensitivity [80,81]. Yang et al. create an oxygen sensor in 2011 based
on a microstructured POF [82]. This is the first, and as far as I know only, demonstration of an mPOF
oxygen sensor. Also in the 2010s, Rongsheng Chen et la. investigated the effect of different polymer
matrices on POF oxygen sensors and published their results in 2014 and 2016 [83,84].

2.7 THE FIELD TODAY

So where does the field of POF oxygen sensing stand today? The U-shaped fiber for oxygen sensing by
Chu et al., is probably a good example of a design in which optical fibers made of glass would be prob-
lematic. The high flexibility of polymers compared to glass, allows POFs to be used in situations where
large bending is required. Also, the use of solvent etching of POFs by Pulido and Esteban demonstrate
an area in which POFs excel. Etching of glass optical fibers is done with hydrogen-fluoride acid, and
requires cumbersome protective gear. For POFs, etching is possible with safer solvents (comparably),
and requires simpler protective gear.

These techniques are some of what polymers can bring to the table relative to glass optical fibers.
Most of the designs used for glass optical fibers have been tried in POFs also, and so, the “new” thing that
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POFs should present are the unique ways in which they can be modified relative to glass optical fibers.
POF oxygen sensing has not yet set itself aside as a “special” branch of fiber optical oxygen sensing, but
rather, has seen sporadic uses which not always seem to rely on the fact that the fiber is made of polymer.
It rather seems that the use of POFs is due to the fact that “it was available”.

The results from this project build upon ideas of etching POFs and using different polymer matri-
ces. Specifically, Iwill show results on the etching onPOFs, but by investigating how to selectively choose
the solvent for the etching. I will also show results for end-point oxygen sensing with different polymer
matrices (Polystyrene (PS) and Poly-methylmethacrylate (PMMA)), but extend it by using Hansen Solu-
bility Parameters for, once again, selectively choosing solvents. This results in stronger signals and will
be important when combining several fluorophores.

Polymer optical fibers do have many unexplored possibilities available, stemming from the nature
of the polymers themselves. This thesis attempts to explore a few of these aspects.
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Chapter 3
A System Overview

There is no such thing as pure
pleasure; some anxiety always goes
with it.

Publius Ovidius Naso (Ovid)
43 BC – 17 AD

SYNOPSIS In the last chapter, I reviewed the history of fiber optical sensing from its roots in spec-
troscopy and luminescence research and outlined how the field initially began in the 1970s, but really
only cemented itself in the 1980s. Fiber optical oxygen sensing with photoluminescence was part of this
development from the beginning.

In this chapter, I will look into the system which makes up a fiber optical oxygen sensor and con-
struct an overview of the elements. To begin with, I will outline the different configurations a sensor
can be in, and relate these to some of the historical developments. The discussion will then move on to
briefly introduce photoluminescent sensing (a more thorough introduction is given in Chapter 4). Fi-
nally, I will talk about the optical and electrical components of the system, and construct a simple model
of the sensor output.

3.1 OPTICAL FIBER OXYGEN SENSORS IN GENERAL

In order to measure anything from an optical sensor, it needs to be connected in a larger system, capable
of interrogating whatever signal coming from the sensor. There are basically only four ways in which
an optical fiber can be configured in a sensing setup. Either the fiber is used in a (a) forward propagation
setup, (b) backward propagation setup, (c) self-generation setup or (d) side-illuminated setup, as depicted in
Fig. 3.1.

The fiber can be functionalized in a number of ways, and the particular designs we have used are
described in Chapter 7 and Chapter 8, but can be seen in Fig. 3.2 and Fig. 3.3. The distinction between
a configuration and a design of the fiber is important. The design of the optical fiber sensor has to do
with the actual functionalization of the fiber, and not the particular larger setup in which the sensing is
performed (what excitation source is used, optical elements, detectors etc.). The configuration we used
in the system is a backward propagation setup and is depicted in Fig. 3.4. The elements of the setup will
be explained in more detail in Section 3.3.
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Figure 3.1. Fiber optic sensor configurations. In (a) is depicted the forward propagation setup, in (b) the backward
propagation, in (c) the self-generating and (d) the side-illumination.

Figure 3.2. The “end-point” concept. The distal end of the optical fiber has a sensing film attached to it. The
film is made of polymeric material, and contains photoluminescent molecules capable of being used
in oxygen sensing.

Figure 3.3. The “annular cavity” concept. The fiber is modified at certain position along its length, where are
cavity is milled into the fiber core. This cavity is then filled with a sensing gel of polymeric material
and containing photoluminescent molecules. These molecules are sensitive to the presence of oxygen.
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Figure 3.4. The configuration used for the experiments. The fibers have either been functionalized at the distal
end or at a point along the fiber.

3.1.1 WHAT IS THE SIGNAL?

No matter the configuration of the fiber optical sensor system, the detection must be performed on the
optical field received by the electronic detector equipment. There are relatively few characteristicswhich
we can measure on the optical field, and changes in these characteristics must correlate with changes in
the oxygen concentration. This is the basis behind all sensors, namely that characteristics measured are
correlated with the measurand of interest. A list of basic measurable characteristics follows:

• Wavelength / spectral features (absorption lines, peaks etc.)
• Intensity / Radiant power
• Electromagnetic phase
• Modulation phase
• Modulation amplitude
• Polarization
By wavelength features, we think of the actual spectrum of light received, and with intensity we are

basically just interested in the sum or integration of the spectrum over a particular wavelength region.
In this way, the two are connected and there are many different physical “mechanisms” which result in
changes to spectrum/intensity. These could be raman scattering, surface plasmon resonance, photolumines-
cence, absorption or reflection and many more.

With electromagnetic phase, we find techniques such as interferometry, where it is most often the
optical path length that is increased or decreased, either through a physical change in the length or as a
result of a refractive index change somewhere along the path.

For modulation (both phase and amplitude) we have setups in which the optical field intensity is
modulated by a periodic signal. Whatwemeasure is then changes in the intensity or phase of the received
signal. With the use of several modulation frequencies or a whole band of frequencies, we essentially
perform a Fourier analysis of the optical system. An example of a sensing system where modulation is
used is precisely the phase-fluorometric approach to oxygen, whichwas used for the sensors in this project.

For polarization we look at changes in the direction or the relative intensity between the polariza-
tion directions. For use in fiber optical sensors, polarization maintaining fibers must be used.

The interaction between the measurand and the optical field must happen somewhere on, along
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or within the optical fiber and the optical fiber must be set up in one of the four configurations which
allow us to measure the changes.

3.1.2 PHOTOLUMINESCENT OXYGEN SENSING

Asmentioned in the previous, optical sensors all rely on the fact that themeasurand of interest somehow
interacts with the optical field and changes the characteristics in such a way that we can measure them.
The most prevalent mechanism used for optical oxygen detection is the use of photoluminescence (of
which I will say more in Chapter 4).

The traditional method for dissolved oxygen detection is the Winkler titration [85], in which, by
adding manganese(II) sulphate, potassium iodide and potassium hydroxide to a water sample, the chem-
icals will react with the oxygen and create iodine, I2, until all oxygen has been consumed. The iodine
can be titrated with a starch indicator and by determining the amount of I2 which has been created, the
amount of oxygen which has been consumed can be deduced. Today, this method is used mostly for
calibration of oxygen sensors, and is still the benchmark oxygen detection method. However, in most
industrial or research settings, real-time measurements are required and Winkler titration must step
aside for different techniques.

The Clark electrode [86] has for long been the standard for the industrial oxygen sensors, and is
an polarographic method in which an electrode (made of platinum) is immersed in the water sample.
By electrocatalysis at the platinum electrode, oxygen reacts with hydrogen-ions (formed from the au-
toprotolysis of water) to become water. The current generated is dependent on the concentration of
oxygen, which is deducible with suitable calibration of the equipment. The Clark electrode is still by
far the most commonly used dissolved oxygen sensor. However, its position on the market is under at-
tack by fiber optic probes, which offer electromagnetic immunity, size reduction and a limited need for
re-calibration [87].

Oxygen sensing by photoluminescence seems to have been done first in 1935 by Glenn H. Da-
mon [31]. This is 16 years after the paper by Stern and Volmer on fluorescence quenching (we will return
to this subject in Chapter 5) [23], and Damon seems not to have been aware of their work. The results
by Stern and Volmer in 1919 seems to first have been used in a “sensing” setup by Baxter and Winans
separately in 1930 [88,89]. Baxter investigated the quenching of fluorescence fromNO2 by a foreign gas,
andWinans did the same but looking at sodium (Na). Photoluminescence quenching by oxygenwas used
by Hormats and Unterleitner in 1965, in a setupmeasuring the diffusion of oxygen in polymers [34]. The
actual measurement of oxygen by quenching is done again in the 1970s, with the papers by Knopp and
Longmuir [35,36] as well as Lübbers and Opitz with their work on the pO2/pCO2-optode in 1975 [37].
The first fiber-optical sensor for oxygen is made by Peterson and Fitzgerald in 1984 [50], after work they
did since 1977.

[85] Winkler (1888) “Die Bestimmung Des ImWasser Gelösten Sauerstoffes”
[86] Clark et al. (1953) “Continuous Recording of Blood Oxygen Tensions by Polarography”
[87] Wolfbeis (2015) “Luminescent Sensing and Imaging of Oxygen”
[31] Damon (1935) “Fluorescence of Gaseous Acetone as a Test for Traces of Oxygen”
[23] Stern and Volmer (1919) “The fading time of fluorescence”
[88] Baxter (1930) “Quenching of the Fluorescence of Nitrogen Dioxide”
[89] Winans (1930) “The Extiction of the Sodium Fluorescence by Foreign Gas”
[34] Hormats and Unterleitner (1965) “Measurement of the Diffusion of Oxygen in Polymers by Phosphorescent Quenching1”
[35] Knopp and Longmuir (1972) “Intracellular Measurement of Oxygen by Quenching of Fluorescence of Pyrenebutyric Acid”
[36] Longmuir and Knopp (1972) “NewMethod of Measuring Intracellular Oxygen by Fluorescence Quenching”
[37] Lübbers and Opitz (1975) “Die pCO2-/pO2-Optode”
[50] Peterson, Fitzgerald, and Buckhold (1984) “Fiber-Optic Probe for in Vivo Measurement of Oxygen Partial Pressure”
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(a) PtOEP molecular structure. (b) PtOEP absorption (blue dashed) and emission (red solid) spectrum.

Figure 3.5. The structure around the platinum atom is called octaethylporphyrin, and if the ethyl-groups (the “ten-
tacles” withCH3 at the end)were not there, the structurewould be called porphyrin. Platinum is used to
induce so-called spin-orbit coupling, whichmodifies the photoluminescence bymaking it phosphorescent
instead of fluorescent (more on that in Chapter 4). The absorption is strong below 400 nm, however
light in this range will tend to damage the PMMA core, and so is not well suited with that kind of
polymer fiber.

Photoluminescence requires that the sensing point is illuminated by a source. Therefore, it re-
quires a forward, backward or side-illumination setup. The sensing point on the fiber can be made in
a variety of ways but it is necessary to functionalize the optical fiber at that point and make it photolu-
minescent. Normal optical fibers do (sadly) not come with oxygen sensing capabilities and so, in order
to functionalize the optical fiber, the sensing point must be populated with so-called indicators. These
are photoluminescent molecules whose emission is quenched, or dampened, by the collision with oxy-
gen molecules (more on that in Chapter 5). The indicator molecules will have to sit in a medium and
most often this will be a rigid medium of either polymer or sol-gel. A big part of fabricating a sensor is
therefore to formulate how to create this sensing medium. The commonly used indicators are metallo-
porphyrins such as PtOEP, PdOEP, PtTFPP (and many others), or ruthenium (II) based complexes [90].
The particular indicator used in this project has been PtOEP (see Fig. 3.5).

3.2 SENSOR CONFIGURATIONS

The basic configurations for optical fiber sensors was described briefly in the beginning of this chapter,
and were depicted in Fig. 3.1. In the following, I will briefly summarize each of the configurations, with
examples from the literature of where they have been used.

3.2.1 FORWARD PROPAGATION

The fiber-optical sensor in a forward propagation setup is based on the concept of having the light-source
and the detector at opposite ends of the optical fiber. Light is launched into the fiber from one end and
is then perturbed on its way through the fiber by some means. At the far end of the fiber, a detector is
used to measure the perturbation of the light, and from this perturbation determine the value for the
measurand of interest. The forward propagation sensors were used early on in the design of the fiber-
optic detection of sound by Bucuro et al. and Cole et al., in which the phase of the electromagnetic field

[90] Quaranta, Borisov, and Klimant (2012) “Indicators for Optical Oxygen Sensors”
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Figure 3.6. Setup used by MacCraith (1994), in which the input and output are at opposite ends of the optical
fiber [91]. Permission for reuse has been acquired from the Institution of Electrical Engineers through
the Copyright Clearance Center (CCC).

Figure 3.7. Setup used by Chu (2007) [74]. An LED is used as a source, and is first passed through a band-pass
filter. The light travels through the U-bend, in which the sensing action takes place by interacting
with a fluorescent ruthenium oxygen probe. The light continues and passes through a long-pass filter
after exiting the fiber, in order to remove the excitation wavelengths. Permission for reuse has been
acquired from SPIE.
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is measured by interferometry [43,44].
A forward propagation setup has a couple of advantages when it comes to the detection. First off,

the connection to and from the optical fiber becomes simple, as one only has to concentrate on either
coupling light in or coupling light out. At the input end it is simply a matter of making sure the coupling
between the light source and optical fiber optimizes the amount of light being input. At the opposite
end of the fiber the reverse is what is needed (optimizing output), possibly with the addition of a filter to
remove the excitation source wavelengths.

In theworld of optical fiber sensing for oxygen, one of the early examples of a forward propagation
approach is the one used by MacCraith in 1994 (see Fig. 3.6). Another more modern example would be
the U-shaped POF oxygen sensor made by Chu et al. in 2007 [74]. The light from the LED is first passed
through a filter, and then into the POF. The sensing point of the POF is at the position where the fiber
is bent in a “U” shape. Light continues along the path of the fiber and through a long pass filter, such
that the excitation light is removed. The emission from the oxygen indicator dye is then collected by the
electronic detector (see Fig. 3.7).

3.2.2 BACKWARD PROPAGATION

The backward propagation approach is the concept of having light source and detector at the same end
of the optical fiber. When the excitation light reaches the sensing point along the fiber, whatever mech-
anism the sensor is based on will modulate the optical field. Light then returns through the fiber and
exits. It is then necessary to have to some sort of optical setup capable of splitting the light from the input
and output paths. A standard approach (as depicted in Fig. 3.1) is to use a beam-splitter. However, it is
also possible to use a fiber-splitter (sometimes known as a “coupler”) for this purpose. An example of the
backward propagation setup is the one used by Chu and Lo in 2008 [79] (see Fig. 3.8).

The backward propagating design is one of the most prevalent designs. It is often the case that
the electronics for the sensor (both excitation and interrogation), is located at the same position. Thus,
having the sensor in the forward propagating mode results in a “loop” of the fiber, which in some cases
may be impractical. The loop can catch onto things like a lasso and could be damaging to the setup as
a whole. Using a backward propagating setup makes sure that only “one strand” is going in and out. It
can bend as needed without damaging the electronics. Another reason that the backward propagating
configuration is more prevalent (and possibly the primary reason) is that many sensors have focused on
placing the sensing point at the end of the fiber. In such a case where the sensor is an end-point sensor, the
forward propagating setup will not work.

3.2.3 SELF-GENERATION

The self-generating setup is one inwhich no excitation light is coupled into the optical fiber. The sensing
point on the fiber merely emits light by some means, which is then collected at one end of the optical
fiber by a detector. One form of self-generationwould be to use the chemiluminescence from a chemical
reaction. If one could design the sensing point such that oxygen reactswith another chemical compound,
generating chemiluminescence in the process, it would constitute a self-generating scheme. An exam-
ple of a self-generating sensor (although not for oxygen), is the one developed by Freeman and Seitz in
1978 [92]. Their sensor relies on an enzyme in a gel at the tip of the optical sensor. As hydrogen perox-

[43] Bucaro, Dardy, and Carome (1977) “Fiber-optic Hydrophone”
[44] Cole, Johnson, and Bhuta (1977) “Fiber-optic Detection of Sound”
[74] Chu et al. (2007) “A Dissolved Oxygen Sensor Based on Ruthenium Fluorescence and U-Shaped Plastic Optical Fiber”
[79] Chu and Lo (2008) “A Plastic Optical Fiber Sensor for the Dual Sensing of Temperature and Oxygen”
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Figure 3.8. Backward propagation setup used by Chu and Lo (2008) [79]. Excitation light from the UV LED is
coupled into the bifurcated fiber at one end. Light passes through the fiber and through the SMA con-
nector into the actual sensing fiber with the probe at the distal end. After interacting with the phos-
phorescent oxygen probe Platinum-tetrakis-pentafluorophenyl-porphyrin (PtTFPP). The light then
returns through the fiber and is split at the bifurcated fiber. Permission for reuse has been acquired
from IEEE.

Figure 3.9. Self-generating chemiluminescence sensor (Freeman and Seitz 1978). The measurand (hydrogen per-
oxide) diffuses into the sensing layer consisting of a polyacrylamide gel with immobilized peroxidase.
The reaction of hydrogen peroxide and peroxidase generates chemiluminescence, which is then col-
lected by the optical fiber. Permission for reuse has been obtained from American Chemical Society.
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Figure 3.10. Side-illumination setup from Pulido and Esteban (2013). An LED shines light onto the side of the
fiber, which has been funtionalized for sensing with photoluminescent ruthenium complexes. Per-
mission for reuse has been obtained from Elsevier.

ide concentration increases in the gel, a reaction takes place in which light is emitted. This light is then
collected by the fiber optics.

The self-generating setup has a big advantage – no excitation system is needed, and this reduces
the complexity. Optically, the focus will be primarily on designing a good detector. The rest of the
development is obviously in the design and fabrication of the sensing point itself, which may very well
be difficult enough by itself.

3.2.4 SIDE-ILLUMINATED SETUP

In side-illumination setups, light is shone from outside the fiber and onto the side of the fiber at some
point (or points) along its length. Light is then coupled into the core and propagates back to the detector.
It is quite a special setup for a sensor, since you lose the advantage of being able to transport light inside
the optical fiber over distance, without the need for electronics. In the case of a side-illumination con-
figuration, you will need to have external electronics (or perhaps other optical fibers), which transport
the light to the point on the fiber which must be illuminated. This results in a rather bulky system. Even
so, one of the examples of this setup is by Pulido and Esteban in 2013 [93], which can be seen in Fig. 3.10.

3.3 THE OPTICAL ELEMENTS

Nomatter the design and configuration, a photoluminescence based POF sensor needs help from other
parts before it can actually produce any useful output. The approach in this project has been to use a
back propagation configuration, in which the light is sent out and received at the same end of the fiber.
For the two particular sensor designs used, the configuration can be seen in Fig. 3.4. In the following I
will go through each of the elements of the system, and briefly talk about its impact.

[92] Freeman and Seitz (1978) “Chemiluminescence Fiber Optic Probe for Hydrogen Peroxide Based on the Luminol Reaction”
[93] Pulido and Esteban (2013) “Tapered Polymer Optical Fiber Oxygen Sensor Based on Fluorescence-Quenching of an Embed-
ded Fluorophore”
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3.3.1 THE OPTICAL FIBERS

The optical fibers we have used in the experiments have been ø980 µm PMMA core fibers with 10 µm
fluorinated cladding. When jacketed, the fibers have an outer diameter of 2.2mm. The fibers were either
bought from Edmund Optics1 or FiberFin2 and are of the type Mitsubishi ESKA. The fibers have a nu-
merical aperture of 0.51. One of the advantages of this fiber is that it has a low-loss window at 650 nm,
coinciding with the emission maximum of PtOEP (see Fig. 3.11).

3.3.2 THE EXCITATION SOURCE

The first stop iswith the actual excitation source. Weuse a blueLEDwith a centralwavelength of 470 nm.
The spectrum can be seen in Fig. 3.12. There hasn’t been much work done in finding an optimal LED
for the setup, and so the LED was mainly used because it was available.

The LED spectrum does not overlap perfectly with the absorption spectrum of the photolumines-
cent probe we have chosen, in fact, most of the absorption is probably due to the upper tail of the LED
in the green region from 500 nm to 550 nm. One could argue that choosing instead a green LED with
a wavelength of around 535 nm would be much better for the project. However, such an LED will have
tail in its emission spectrum reaching above 600 nm, which is where the photoluminescent emission, and
hence sensor signal, is at. This means that the green LEDwould contaminate the sensor signal and lead to
a more complex interpretation of the data. In fact, even the blue LED we use has a small contaminating
signal, which can be measured.

What I mean by contamination is that, as the excitation light propagates through the system, it
encounters the sensing point at some instance. Some of the light is then reflected and propagates back
through the system, together with the emission from the sensing point. Now, one would think that
adding a filter would be all that is needed, however it is possible, even after adding a high-pass filter only
letting the wavelengths above 600 nm pass (see Fig. 3.13b), to measure contaminating photons originat-
ing from the LED. However, the power of this contamination is very low, and for well made sensors
the actual emission from the sensor will be orders of magnitude larger. My point, however, is that by
using a green LED this problem is intensified, and so there is some merit in using a blue LED. Another
advantage of the blue LED is that it fits perfectly with the technique of using “antenna dyes”, which will
be explained in more detail in Chapter 5.

3.3.3 THE OPTICAL DETECTOR

Whether we want to measure light from a single point or several points, in the end the light will have to
impinge on some form of optical detector. There are several components which can perform this task,
and it is outside the scope to cover all of them. However, there are four typeswhich I will talk very briefly
about.

• Photoresistors
• Phototransistors
• Photodiodes
• Photomultiplier tubes
The discovery of the photoresistor is tied to Willoughby Smith, who in 1873 discovered that Sele-

nium responded to light by changing its conductivity [94]. Photoresistors are rather simple to under-
1 www.edmundoptics.eu
2 www.fiberfin.com
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Figure 3.11. Fiber Loss Spectrum (taken fromMitsubishi Datasheet). Note the low-loss window at 650 nm, mak-
ing these PMMA core fibers suitable for the propagation of the PtOEP emission.

Figure 3.12. Spectrum of the blue LED used throughout this project.
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stand. In building an electronic circuit, they simply behave as a varying resistance, with the resistance
dependent on the light intensity (and spectral overlap with their sensitivity of course). They are com-
monly used components in simple light sensors and particular in meters measuring the intensity of am-
bient light. However, in our application we are interested in changes which are very small compared to
ambient conditions, and so a light dependent resistor (LDR) is not be the best choice.
The photodiode is a better candidate for sensitive measurements. In essence, it is simply a diode but made
in such a way that incident light will create electron-hole pairs in the depletion region of the junction.
In essence what happens is that incident light will cause a flow of current in the reverse direction.
The phototransistor is similar to the photodiode, however it is in essence a transistor, with the base func-
tioning as the light detector. Phototransistors are more sensitive than photodiodes, although with a
slower response. Thus, there is a trade-off to be made in designing the electronics.
A photomultiplier tube (PMT) is a device capable of detecting very low light intensities (even single pho-
tons), that works by creating a cascade of electrons through several steps. Photons will create electrons,
these electrons will be multiplied in several steps, through impacts at successive dynodes. The result is a
many fold increase in electrons through the PMT.

3.3.3.1 Photodiode Response

In the work done through this project, the development of the electronic detection circuit has been
relying on a photodiode. More precisely, it has relied on the S5971 photodiode from Hamamatsu. This
particular photodiode can be seen in Fig. 3.14. When light strikes the photoactive area, a photocurrent
will be created. This photocurrent will be the input to the electronic system outlined in Section 3.4.
The photodiode has a response depending on the spectral flux hitting the photoactive area. The response
curves for the photodiode can be seen in Fig. 3.15. To calculate the photocurrent we integrate the spectral
flux over the wavelength range of interest, multiplied by the photoresponsivity.

Iph =

∫
dI =

∞∫
0

Φ(λ)S(λ) dλ (3.1)

3.3.3.2 Spectral Filtering

The spectral filter used is a simple and cheap filter from LEE Filters3. LEE Filters is a company man-
ufacturing color filters for the photography and entertainment industry. Their filters are often used in
theaters. However, their filters are verymuch adequate for the problem at hand. By careful selection, it is
possible to create a filter which has an approximately 600 nm cut-off. The spectral response of the filter
is shown in Fig. 3.13b. The advantage of these filters compared to optical-grade filters used in research,
is that they are much cheaper, and will therefore not influence the price of a final commercial product.
When we add this spectral filter to the equation, the flux becomes

Φ(λ) = R(λ)Φuf (λ) (3.2)

where Φuf is the unfiltered radiant flux hitting the detector andR(λ) is the response of the filter.

[94] Smith (1873) “Effect of Light on Selenium During the Passage of An Electric Current *”
3 www.leefilters.com
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(a) The actual filters from LEE are
small coated sheets of polymer. (b) Spectral Response of the LEE Filter used in our applications (2 layers of Deep Golden

Amber). Measured as the relative transmission of a DH-2000-BAL broad spectral light
source from Ocean Optics on a HR2000 spectrometer.

3.3.3.3 Multimode Fiber Radiance

In order to determine the flux, we must integrate over the area of the photoactive element. The pho-
toactive area can be read from the datasheet (see Fig. 3.16). It tells us that the photosensitive area has a
diameter of 1.2mm, which would result in an area of 1.13mm2. However, we see that an “effective” pho-
tosensitive area is also given of 1.1mm2. We will assume that the photosensitivity outside the effective
area is zero, and so we will only be concerned about the irradiance of a disk of radius 0.59mm.

The calculation of the spectral flux is a radiometric problem, and we must take into account the
radiance of the optical fiber. An important dimension to be aware of is the distance between the optical
fiber end and the active detector area. In the photodiodewe use there is awindow in the detector, forcing
the fiber end and detector to be separated by d0 = 0.8± 0.2 mm (see Fig. 3.14). The derivation of the
solution to the radiometric problem can be found in Appendix A. The solution is given by

Φuf (λ) = 2πd2
0

Rd∫
0

2π∫
0

Rf∫
0

L(rf , rd, αf , λ)

(d2
0 + r2

f + r2
d − 2rfrd cosαf )

rf drf dαfrd drd (3.3)

If we assume the radiance,L, is independent of direction and position (lambertian), then the integral can
be evaluated numerically (see Appendix A):

Φuf (λ) = 0.69L (3.4)

If we know the total flux exiting the fiber, then we can write the radiance in terms of this flux and the
acceptance angle of the fiber:

Φexit = Lπ2r2 sin2 θA = Lπ2r2NA2 = 0.59L (3.5)

The fibers have an NA of 0.51. By isolating L and inserting in the expression for Φuf , the situation
becomes:

Φuf = 0.40Φexit = CdΦexit (3.6)

Here I have elected to call the effeciency of the transferCd.
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Figure 3.14. S5971 Photodiode from Hamamatsu (taken from S5971 Datasheet). To the left and actual image of
the device, and to the right the dimensions. Notice that a window is present, which forces a distance
between the photosensitive area and any light source, on approximately 0.8mm.

Figure 3.15. Spectral response curve for S5971 photodiode (taken from S5971 Datasheet). The response curve
has a maximum at around 900 nm, and around 0.4 A/W at 650 nm, which is the emission maximum
for PtOEP.
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Figure 3.16. Structural part of the Hamamatsu S5971 datasheet

3.3.3.4 System Propagation Loss

Abig factor in any system is the amount of loss incurred by the sensor signal as it travels from the sensing
point to the end of the optical fiber. This depends a lot on the length of the fiber used, but a big factor
is also the various connections between components. For example, the connection between the sensor
fiber and the fiber splitter will, unless designed well, be a large factor in the equation. The couplers used
in our setup are SMA-to-SMA couplers from FiberFin. Similar couplers are available with Thorlabs4,
and they state the insertion loss as <1.5 dB, which amounts to a loss of approximately 30%. This fits well
with work done by a bachelor student for his thesis, when we measured the loss for the SMA-to-SMA
couplers used in the setups. Additional losses are from the bifurcated fiber-splitter, which is a 50/50
splitter, and the actual transmission through the fiber (0.2 dB/m).

We can therefore describe the flux exiting the optical fiber, Φexit, in terms of the flux collected by
the fiber.

Φexit(λ) = CsCcT (λ, l)Φcol(λ) (3.7)

The constants Cs = 0.5 and Cc = 0.7 represent the transmission efficiency associated with the fiber-
splitter and the SMA-to-SMA coupler. The function T (λ, l) is the transmission function for the wave-
length λ through a total fiber-length of l.

3.3.3.5 Optical System Summary

The analysis from the above can be summarized in a single equation. The transmission functions asso-
ciated with the different elements can be seen in Fig. 3.17. Combining the equations from the previous
sections give us the following for the photocurrent:

Iph = Cs · Cf · Cd

∞∫
0

R(λ)S(λ)T (λ, l)Φcol(λ) dλ = 0.14

∞∫
0

R(λ)S(λ)T (λ, l)Φcol(λ) dλ (3.8)

As an approximation, we can take the responsivity of the detector to be constant at S = 0.45, and the
transmission efficiency for the filter asR = 0.6. Using a loss of 0.2 dB/m and imagining the fiber to be
10metres long, the transmission through the fiber is T ≈ 0.6. The result for the photocurrent is then
(after performing the integration):

Iph = 0.023Φcol (3.9)
In order to generate a photo-current of 100 nW, the collected radiant flux would thus have to be about
5 µW of power.
4 www.thorlabs.com
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Figure 3.17. The configuration used for the experiments, now with the various transmissions added for clarifica-
tion.

3.4 ELECTRONIC HARDWARE AND DIGITAL SIGNAL PROCESSING

I will now briefly go through the electronic parts that connects with the output of the photodiode.

3.4.1 PHOTODIODE CIRCUITRY

The diode can be installed in a circuit in two ways – the photoconductive mode or the photovoltaic mode
(see Fig. 3.18). The photovoltaic mode is when the photodiode is connected as in Fig. 3.18a, and the photo-
conductive mode when it is instead connected as in Fig. 3.18b. In the photovoltaic mode the irradiance of
onto the photosensitive area on the photodiode will cause a photocurrent in the reverse direction. This
will in turn lead to a voltage developing across the resistor given by

VR = iphR (3.10)

(a) Photodiode in a photovoltaic configuration (b) Photodiode in a photoconductive configuration

Figure 3.18. Photodiode in the two typical configurations

In the photovoltaic mode the photodiode functions as a source of power, and the voltage gen-
erated from the incident light can be turned into power by connecting a load. This is the the basic
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principle behind solar panels. In the photoconductive mode, we are kind of using the photodiode as
a light-dependent resistor. The more light is hitting the diode, the higher the reverse current will be.
The photodiode is then used in an amplifying setup known as a transimpedance amplifier, depicted in
Fig. 3.19.

Figure 3.19. Transimpedance amplifier. This amplifier converts the current to a voltage. The current source, Iin,
is generated by the reverse-biased photodiode.

Depending on the size of the feedback resistor,Rf , the amplificationwill vary. The relationship between
Iin, Vout andRf is given by

Vout = −IinRf (3.11)
The actual implementation is more complex, with capacitors and further amplification stages added, but
in essence this is the way that the incoming light from the sensor is converted into a voltage.

3.4.2 ADC AND LOCK-IN AMPLIFIER

The voltage signal is measured with an analogue-to-digital converter (ADC), and a microcontroller is
responsible for carrying out a lock-in amplifier (LIA) algorithm on the signal. The reason for this will be
made clear in Chapter 5. However, for now it suffices to say that the signals are measured and analyzed
with an LIA and can subsequently be extracted for further analysis.

3.5 MOVING FORWARD

The preceding chapter has been an introduction to the system inwhich the optical fiber sensorwill “live”.
The system configuration for the experiments we have used is of the backward propagation type and we
have been investigating two different fiber designs. The optical elements such as the LED, optical fiber,
spectral filtering and photodiode detector has also been discussed, and I presented the simple “system
model” for the output current, with many of the factors which will influence the power of the signal
being analyzed. It is important to realize, that one of the important tasks in the design of an optical fiber
sensor, is to maximize the signal power, since this aids in reducing noise and increasing resolution. One
way of optimizing the system is by optimizing each of the components in the path from sensor point to
detector, and another way is to design sensing points with a strong signal.

Moving forward, I will start to look at the actual mechanisms for photoluminescent oxygen sens-
ing, and which parameters are important for the signal, as well as some of the results from the project
on this particular subject. This will be covered in Chapter 4 and Chapter 5. I will then discuss the use
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of polymers and solubility in the fabrication of the fiber sensors, and results from our paper on POF
etching in Chapter 6. In Chapter 7 and Chapter 8, the two designs of sensors will be presented.
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SENSING WITH PHOTOLUMINESCENCE



Chapter 4
On Absorption, Emission & Energy States

The beginnings of all things are
small.

Cicero, 106-42 BC, Roman
statesman

SYNOPSIS What should be clear from the historical review I did in Chapter 2 is the that history of lu-
minescence is long. In the 16th, 17th and 18th centuries, luminescence was attempted described and
categorized, and in the 19th century the first theories started to form. However, the true scientific leaps
happened in the first half of the 20th century. By 1950, an almost complete understanding of the phe-
nomenon had been developed. The quenching of photoluminescence by oxygenwas first used byDamon
in 1935 [31], although it would not be until the 1970s that the development of actual sensors began with
the work by Longmuir and Knopp [35,36].

In this chapter, I will look at the basic properties of photoluminescence and describe it analytically.
I will first deal with the processes of light absorption in Section 4.1. Next, I will look at the internal
processes of themolecule in Section 4.2, and finally atmodeling the actual emission of photoluminescent
light in Section 4.3. Toward the end, measurements of the effect of layer thickness on an end-point
functionalized sensor will be presented, as well as an interesting, but as yet unexplained, “upstart” effect.

4.1 ABSORPTION OF LIGHT

When light is incident on a material, or in general travels through a medium, it will interact with the
molecular species that it encounters. The interactionsmay be in the form of either scattering, reflection or
absorption. The absorption of light is the first step in the processes of photoluminescence. I will assume
a certain level of prior knowledge in regards to quantum mechanics, atomic and molecular orbitals and
related subjects, in order to cover as much ground as possible.

4.1.1 ATOMIC ORBITALS

From quantummechanics it is possible (with suitable approximations as always) to derive the “position”
of electrons orbiting an atomic nucleus. The so-called orbitals are the quantum mechanical electron
wave-functions, and when we visualize the most probable positions for an electron, we end up with pic-
tures as the one in Fig. 4.1. The orbital depicted is called the 3d0 orbital.

[31] Damon (1935) “Fluorescence of Gaseous Acetone as a Test for Traces of Oxygen”
[35] Knopp and Longmuir (1972) “Intracellular Measurement of Oxygen by Quenching of Fluorescence of Pyrenebutyric Acid”
[36] Longmuir and Knopp (1972) “NewMethod of Measuring Intracellular Oxygen by Fluorescence Quenching”
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Figure 4.1. Atomic Orbital of a single-electron system (3d0 orbital)

The orbitals can look quite different depending on the state of the system. In a single-electron
system (that is, a system with a nucleus of one or more protons and neutrons but only one electron),
the orbitals will behave rather simply. The energy of the system is solely determined by the principal
quantum number, n. Apart from n, there exist also the azimuthal quantum number, l (historically we use
the letters s, p, d, f, g and more), as well as the magnetic quantum numberml. Finally we also have the
spin quantum number, s. The azimuthal andmagnetic numbers will describe the geometrical shape of the
atomic orbital, but for single-electron systems, only the principal quantum number, n, determines the
energy. For multi-electron systems the orbitals experience a screening effect due to electrons in lower
orbitals, andwhat results is a so-called energy-level splitting. This energy level-splitting results in different
energies for different azimuthal and magnetic quantum numbers [95].

4.1.1.1 Atomic Spectra

If we shine light through an atomic gas, photons will impinge on the atoms. If the energy of the photon
corresponds to the difference in energy between an occupied orbital and an unoccupied orbital, the atom
may absorb the photon and the electronwill jump to the higher-energy orbital. When looking at the light
making it through the gas, we will notice particular dips in the spectrum at wavelengths that correspond
to these energy levels. This is the basis of spectroscopy, and is what Fraunhofer and Wollaston noticed
in the beginning of the 19th century when looking at light from the sun (see Chapter 2).

4.1.2 MOLECULAR ORBITALS

When atoms come together to form molecules, the orbitals change into what is known as molecular or-
bitals. There are different approaches to calculating the molecular orbitals, one of them being the linear
combination of atomic orbitals (LCAO). One of the results of molecular orbital theory is the existence of
σ-bonds and π-bonds. The σ-bonds are formed when either s-orbitals overlap and form a bond (such as
in the hydrogen molecule), or with p-orbitals oriented toward each other. The π-bonds are formed by
p-orbitals “bending” toward each other when they are parallel - this most often happens when there is
already a σ-bond formed. The process of forming a π-bond can be see in Fig. 4.2.

An important note to the story of molecular orbitals is that there are two versions of each orbital -
a bonding and and anti-bonding version. The ones depicted in Fig. 4.2 are the bonding versions, but there
exist versions for which the p-orbitals and the s-orbitals will instead repel each other - leading to an

[95] Atkins and Friedman (2005)Molecular Quantum Mechanics
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(a) Atoms are too far away for the π-bond to have formed (b) The bond has formed

Figure 4.2. A π-bond formed by the overlap between p-orbitals of two atoms

increased energy of the system. The subject is more complex than I present, but this is nevertheless the
gist of what goes on.

When atoms come together and form molecules, new orbitals (or energy levels) emerge from the
formation, and the occupation of these depend on the atoms bonding together. The simplest example of
this is with molecular hydrogen as can be seen in Fig. 4.3. In this case, the two hydrogen atoms have each
an electron in a 1s orbital. When the hydrogens are brought together into di-hydrogen, a σ-bond forms
between the two 1s orbitals. Both electrons inhabit this new molecular orbital, one with spin up and
one with spin down. The anti-bonding orbital is denoted with a star (σ∗). For atoms with more than one
electron the complexity increases as in Fig. 4.4, which depicts the electron configuration of molecular
oxygen.

4.1.2.1 Singlet and Triplet states

An important concept for photoluminescence is the spin-multiplicity of a molecule, and it is defined as

SM = 2S + 1 (4.1)

where S is the total spin of the molecule. Electrons have spin±1/2, and when two electrons are paired
together in an orbital, their spins cancel (since one is up and one is down). Paired electrons therefore do
not contribute to the total spin of the molecule. The spin-multiplicity in that case becomes 1, and such
as state is called a singlet state. However, some molecules do not have all their electrons paired.

When molecular oxygen forms by two oxygen atoms, the top-most unpaired electrons go into
separate π-bonds. The molecule now has two possibilities – either the electrons have opposite spins, or
they have parallel spins. The state with the lowest energy is the one in which the spins are parallel, and
so the groundstate will be as in Fig. 4.4. When the spins are calculated for molecular oxygen, the two
highest lying electrons do not cancel, and so the total spin of the molecule becomes 1. This means that
the spin-multiplicity becomes 3. Such states are called triplet states.

Triplet states in general have lower energy than their singlet counterparts. However, transitions
between singlet and triplet states are normally “not allowed” due to selection rules. These selection rules,
however, are only so strict because of the approximations made in theoretical treatments, and so, there
exist higher order terms in the solutions which do allow the transitions, albeit they are not very big for
most molecules.

It is therefore often the case that molecules do not change between the singlet and triplet states.
However, when large atoms are present (such as platinum), an effect called spin-orbit coupling results in
those higher order terms in the solutions to become important [26]. As a result, it is possible to go from
[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
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Figure 4.3. Molecular hydrogen orbital diagram. The two 1s orbitals come together and form a σ-bond. If the
atom is excited by an incoming photon, an electron will be brought into the anti-bonding sigma-
orbital. The total energy of the systemwill therefore not be any different than the separated hydrogen
atoms, and the hydrogen-molecule may break apart.

Figure 4.4. Molecular oxygen orbital diagram. Electrons fill up all orbitals in one energy level before pairing up.
The two s-orbtals (1s and 2s) form together sigma bonds, and both the bonding and antibonding or-
bitals are occupied. The 2p orbitals form a sigma-bonda and two pi-bonds. The number of electroncs
is such that two electrons are in the antibonding pi-orbtals. The electronswill occupy different orbtals,
and they will have the spins in parallel, since that will be the lowest energy state possible.
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Figure 4.5. Energy states of a molecule. S0, S1 and S2 denote singlet states while T1 is a triplet state. The lines in
between signify the vibrational states that also exist for a molecule.

“not allowed” to “entirely possible” and even “most probable”. In fact, for PtOEP, which is used in this
project, the efficiency of the transition is very high.

The fact that PtOEP ends up in a triplet state, and that the ground-state of oxygen is a triplet, will
become important for how PtOEP can be used to sense oxygen.

4.1.3 MOLECULAR ENERGY LEVELS

When a photon impinges on amolecule, absorptionmay occur if the photon energymatches a difference
in energy between an occupied and non-occupied molecular orbital. As with the atomic spectra, the
electrons may then jump from one orbital to the other, increasing the energy of the molecule. The new
electron-configuration is a new energy state of the molecule. The electron-configuration leading to the
lowest energy is called the ground-state of the molecule (for H2 and O2 the ground-states were depicted
in Fig. 4.3 and Fig. 4.4). If we now calculate the energy for all possible electron-configurations of a
molecule, we could rank all the resulting energy states for increasing energy and construct a diagram
of these states. Such a diagram can be seen in Fig. 4.5. The singlet states are denoted as S0, S1, etc. The
triplet states are likewise denoted with T0, T1, T2 etc.

All the states now found (the states that we get when taking an electron and moving it to another
orbital), are called electronic states. In between the electronic states there are vibrational states, since the
molecules can also vibrate, and in-between the vibrational states we find the rotational states. With this
whole picture, we now have a description of the molecule energy in terms of different energy states it
can be in.

4.1.3.1 Relative State Populations

With a collection of molecules, we can calculate how the molecules are distributed among the different
energy levels. If E1 is the energy associated with the ground state of the molecule, it is then possible
to show, through statistical mechanics, that the molecules will be distributed according to a Boltzmann
distribution. This means that the probability of finding a molecule in energy stateEi is given by

P (Ei) ∝ e−Ei/kBT (4.2)

Since the probability is proportional to the number ofmolecules,Ni, in the energy state, we can calculate
the relative population between two energy states. We do this by dividing the the two populations by each
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other. This way, the proportionality factor1 also disappears.

N2

N1
= exp

(
−E2 − E1

kBT

)
(4.3)

The energy difference between the ground-state and the first electronic state is often on the order2 of
1× 10−19 J or approximately 2 eV. If we write the equation in terms of electron volts and at a tempera-
ture of 300K, the expression can be written as

N2

N1
= exp

(
−x · 1.602 · 10−19

kBT

)
≈ e−38x (4.4)

In the above, xwill be the difference in energy in electron volts, eV. Depending on x, the relative popula-
tionwill be different, however, even for an energy difference of 1 eV (∼1200 nm), the relative population
will be on the order of 10−17. It is therefore safe to assume that at room-temperature, if we are not doing
anything to excite the molecules, the vast majority of molecules will be in the ground state.

But what about the vibrational levels? Vibrational levels often given rise to photons in the IR spec-
trum. At 3 µm the photon-energy is 0.414 eV. It is also worth noting that the energy-difference from the
ground vibrational state of a given electronic state to the first excited vibrational state, is the most energetic.
So we can assume that the energy difference is probably larger than the 0.414 eV (it also depends on the
molecule of course). But if we for now use the 0.414 eV as a starting point, we can insert the value at the
position for x in the above equation and see that the relative population between the ground-vibrational
state and the first vibrational state is 1.5× 10−7 It should therefore be clear that we can also assume
that the majoritymolecules are going to be in the ground vibrational state at room temperature.

4.1.4 ABSORPTION CROSS-SECTIONS AND BEER-LAMBERT’S LAW

When photons pass through a medium with molecules, these molecules have certain energy states de-
termined by their electron configurations and the number and types of bonds that are present in the
molecule. If we want to change the molecule from one state to another, then it needs to absorb a photon
energy similar to the energy difference between the two states. I say similar because if you look at things
carefully, you will see that neither the energy state, nor the photon energy are precisely defined in quan-
tum mechanics, and so, it is possible for photons of different energies to be absorbed and still excite the
molecule.

The function at the heart of this is the absorption cross-section, σ(ν). This particular function char-
acterizes the absorption probability for a given transition between two energy states. It can be described
further by the so-called lineshape function, g(ν), such that

σ(ν) = Sg(ν) (4.5)

Here,S is called the transition strength and anddetermines howeasily the transition occurs. The lineshape
function g(ν) is normalized such that the integral of it from 0 to∞ is unity.

∞∫
0

g(ν) dν = 1 (4.6)

1 The proportionality factor is 1/z, where z is the so-called partition function. All it does is to normalize the exponentials, such
that they all sum up to unity.
2 Electronic state transitions often give rise to visible light (photons from 400 nm to 700 nm). The energy of such photons are
approximately from 1.5 eV to 2.5 eV, which is approximately 2.5× 10−19 J to 5× 10−19 J
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For each transition possible in the molecule, there is an associated lineshape and strength. These will
overlap and give rise to an absorption spectrum. The cross-section can be used in calculations of the ab-
sorption of photons passing through amedium, as it can be thought of as the “size” of a disk around each
molecule, in which photons will be captured.

The cross-section is important in the development of the Beer-Lambert Law, which is used to
describe the absorption of light as the photons move through a medium. It is important to note that the
Beer-Lambert Law breaks down under several circumstances, such as in scatteringmediums or inmedia
with high concentration of absorbers, it is nevertheless good foundation to build on. In Appendix B, a
derivation of the Beer-Lambert Law can be found.

In the following, the Beer-Lambert law is used for the derivation of how quickly a photon-stream
is attenuated as it moves through an absorbing medium. The basic equation for the transmission of a
light-beam in a cylindrical volume is given by

Φ(l) = Φ0e
−Naσcl (4.7)

whereΦ0 is the initial radiant flux (inW),Na is Avogadro’s number,σ is the absorption cross-section, c is
the concentration of absorbers and l is the thickness or distancewitin themedium. The length scale over
which the absorption happens is determined by the cross-section and concentration. The cross-section
obviously depends on the molecule we are looking at, the wavelength of light as well as the environment
it is in.

4.1.4.1 The Cross-Section of PtOEP

For PtOEP the best measurements done on the absorption cross-section is by Bansal et al. in 2006 [96].
They measure the cross-section in a number of different solvents and polystyrene. Their data is not
conclusive on the cross-section in polymer, and so we are left with having to make an estimated guess.
Some of their results can be seen in Fig. 4.6.

If we begin by looking at Fig. 4.6c, ameasured absorption cross-section for PtOEP in polystyrene is
plotted together with the cross-section in tetrahydrofuran (THF). The peak is clearly below the peak for
THF (3× 10−19 vs 9× 10−18 cm2). When moving to the left, it seems as if the absorption cross-section
plumets. However, if we look at Fig. 4.6b and compare the curve for the absorbance in polystyrene (4 %),
to the curve in Fig. 4.6c, it is obvious that the curve should rise instead. This can possibly be attributed
to instrumental factors pertaining to how they have measured the absorbance versus the absorption
cross-section up near the emission maximum for PtOEP (Fig. 4.6c). We can also compare the curves
of the absorbance in polystyrene and the absorption cross-section in solvents in Fig. 4.6a, and notice
that the curves have the similar shape and peaks. Absorbance is related to the cross-section through the
relationship

A = − ln
Φout
Φin

= Nacσl (4.8)

Where Na is Avogadro’s Number, c is the concentration, σ is the cross-section and l the length of the
sample. The absorbance and cross-section are thus proportional to each other. The unknown factor
in the equation is the length of the sample, l. If we assume the relationship between the cross-section
in polystyrene and the cross-section in THF retains the same ratio as in Fig. 4.6c, we make an edu-
cated guess as to a likely absorption cross-section in polystyrene. The ratio is 0.03 which gives the re-
sult that at 500 nm, PtOEP in PS would have a cross-section of 1.8× 10−17 cm2, and at 535 nm one of
2.4× 10−16 cm2. The “bottom” at 450 nm has a cross-section of 3× 10−19 cm2. A plausible range for the

[96] Bansal et al. (2006) “Absorption and Emission Spectroscopic Characterization of Platinum-Octaethyl-Porphyrin (PtOEP)”
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(a) Cross-sections of PtOEP in different solvents (b) Absorbance of PtOEP in doped polymer films.

(c) Emission and absorption cross-section close to emission
spectrum.

Figure 4.6. Absorption cross-sections measured by Bansal et al. (2006). Permission for reuse has been acquired
from Elsevier.
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cross-sections for the light coming from the LED (which is quite broad) is then from 3× 10−19 cm2 to
2.4× 10−16 cm2.

4.1.4.2 Penetration Depth

The strongest concentration used in our experiments has been 11mM. Converted to other units this is
11 µMol/cm3. We wish to find the length it will take until 50 % of the light has been absorbed. To do this,
we use the expression above and isolate l and have the following equation

l50 = − ln(0.5)

Naσc
(4.9)

We will calculate the situation at both extremum values for the cross-section, as well as the intermediate
1.8× 10−17 cm2 calculated for 500 nm

l50,high =
− ln(0.5)

2.4× 10−16 cm2 · 11× 10−6 mol/cm3 ·Na
= 4 µm (4.10)

l50,mid =
− ln(0.5)

1.8× 10−17 cm2 · 11× 10−6 mol/cm3 ·Na
= 58 µm (4.11)

l50,low =
− ln(0.5)

3.0× 10−19 cm2 · 11× 10−6 mol/cm3 ·Na
= 3000 µm (4.12)

(4.13)

For the regions of light near the center of the LED wavelength 470 nm, we expect that the light is not
very attenuated for thin samples (our samples are typically less than 50 µm). For the first part of the tail
near 500 nm, wewould expect some absorption, although not a complete extinction. Only for light at the
extreme end of the tail near 535 nmwould we see a fast attenuation of the light as it propagates through
the medium.

The absorption cross-section will have a large impact on the photoluminescent signal, as this is
directly proportional to the absorption (aswewill see later). If therewas away to ensure a high absorption
cross-section, such thatmost of the light was absorbed in a relatively thin layer on a sensor, then it would
be ideal. In fact, it is is possible to change the effective cross-section, by adding compounds known as
antenna dyes or light harvesters as they are also called. But this is a story for later and will be explored in
more detail in the next chapter. For now, these results are here to start mapping out the environment of
parameters which influence the photoluminescent signal, and the absorption cross-section has been the
first stop. A comparison with measurements performed at fibers fabricated during the projected can be
found in Section 4.4.1.

4.2 INTERNAL PROCESSES

When a molecule absorbs a photon it will be in an excited energy state. Internal processes then conspire
together to bring the molecule back into the ground state. These internal processes are shown in figure
Fig. 4.7, and in the following each of them will be described.
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Figure 4.7. Internal Processes of a molecule. Absorption can occur from the ground-state S0 and to one of the
states S1 and S2. The route back to the ground-state can be through many different processes, de-
pending on the starting state. Absorption is depicted as AB, vibrational relaxation is depicted by VR,
internal conversion is IC, inter-system crossing ISC, fluorescence FL and phosphorescence PH.

4.2.1 ABSORPTION PROCESS (AB)

The process of absorption occurs on a time-scale on the order of 1× 10−15 s [26]. We can calculate the
number of absorption events that occurs per second by calculating first the number of photons in a given
radiant flux Φe (we assume monochromatic light).

Φph = Φe
λ

hc
(4.14)

Next we use an equation for the absorption photon flux, Φab, which is derived in Appendix A, to calculate
the number of absorption events per time unit.

Φab = Φph

(
1− e−Naσcl

)
= Φe

λ

hc

(
1− e−Naσcl

)
(4.15)

The standard radiant powers, Φe, during the experiments for this project, have been on the other of
micro-watts. For a 470 nm LED this results in a photon flux of approximately 0.6 nmol/s, or in normal
units, a flux of 350× 1012 photons/s or 1 photon every 3× 10−15 s. Thus, for the case where all of the
light would be absorbed we have the following situation: A photon is absorbed, the absorbing molecule
begins its absorption process. As it finishes the process, a new photon is absorbed by another molecule
and begins its transition. The situation is therfore that the number of molecules “in the process of transi-
tion” is close to 1. For more realistic cases of absorption it will be far less, but even so, since the number
of molecules in total is much, much larger, we can disregard the actual absorption process, and simply
take the absorption to be instantaneous.

4.2.2 VIBRATIONAL RELAXATION (VR)

When a photon is absorbed, the molecule is excited into another electronic state but may also at the same
time be brought into a higher vibrational state of that particular electronic state. This all depends on
[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
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the energy of the photon. If the molecule ends up in a higher vibrational state, it will then experience
what is called vibrational relaxation. Through a number of different pathways, the molecule will shed its
vibrational energy and return to the ground vibrational state of the particular electronic state that it is in.
This process occurs with a time-constant of around 1× 10−14 s to 1× 10−11 s [26].

The relaxation can occur either to the environment (Intermolecular vibrational energy transfer
(IET)) or to other vibrational modes (Intramolecular vibration redistribution (IVR)). These processes
effectively bring the molecule down into the lowest vibrational state of the given electronic state.

4.2.3 INTERNAL CONVERSION (IC)

Internal Conversion occurs when the molecule changes its electronic state, but by way of retaining its
energy. In order for this to happen, the new electronic state must be in an excited vibrational state.
Therefore, the molecule will undergo vibrational relaxation immediately after its internal conversion.

4.2.4 INTERSYSTEM CROSSING (ISC)

Intersystem crossing is important for phosphorescence. The ISC is different from IC in the regards that
the molecule will change its spin state also. The molecule will therefore change form either a singlet or
a triplet state to the opposite. These types of transitions are often called “forbidden”. The “forbidden”
aspect is due to the fact that in analytical treatments, the approximations made for systems (dipole ap-
proximation etc.), are often such that the quantum mechanical selection rules disallow the transition.
Higher order approximations, however, do allow these transitions, albeit at a lower rate – unless a heavy
atom such as Platinum or Palladium is present [26]. Systems that undergo ISC will, just as in the case of
IC, undergo vibrational relaxation afterwards, and end up in a lower energy state.

4.2.5 EMISSION (FL & PH)

The last process I will mention is the relaxation of the molecule into a lower electronic energy state, by
the emission of a photon. This process is called fluorescence if it occurs between states of the same spin-
multiplicity (eg. singlet-singlet or triplet-triplet). If the transition is instead between states of differing
spin-multiplicity (eg. singlet-triplet or triplet-singlet), the emission is called phosphorescence.

4.3 PHOTOLUMINESCENCE MODELING

It is possible to model photoluminescence by way of coupled first-order differential equations. Each of
these equations constitute the rate of change of the population of a given state. At its most fundamental
level, the assumption is that we can write the rate of change of the population,N , of state i, as a sum of
functions, each explicitly depending on the population a given state, j, as well as a function f(t), which
may be solely be dependent on time.

dNi
dt = f(t) +

∑
j

gj(Nj , t) (4.16)

With an increasing number of states, and pathways between the states, the complexity of the analysis
will rise. For very complex systems a numerical approach will have to be used.

[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
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Figure 4.8. The two states being modeled. The population of the ground state is given byN0 and the population
of the excited state isN1

Most often, the rate function gj(Nj , t) is taken to be a simple probabilistic de-excitation. If there is
a given probability kj that a molecule will decay in a given timespan, then when we have a large number,
Nj , of molecules, then the number of molecules that decay in the given timespan is kjNj . The kj is
called the rate constant, and it is also the reciprocal of the time constant or lifetime, τj = 1/kj .

In the simplest system, we imagine a system of only two states - an excited state and a ground state.
It is often possible to approximate a real system by a 2-state system.

In such a two-state system the differential equations are as follows:

dN1

dt = Φab(N1, t)−
∑
i

k1,iN1(t) = Φab − k1N1(t) (4.17)

dN0

dt = k1N1(t)− Φab(N0, t) (4.18)

Here k1 represents the sum of all the relaxation pathways possible for state 1. I will assume that the absorp-
tion flux Φab, is independent of both time and ground-state population. This simplifies the equation to
a single first-order equation, and we simply solve the inhomogeneous equation for the populationN1.
The solution is:

N1(t) =
Φab
k1

+

(
N1(0)− Φab

k1

)
e−k1t (4.19)

In the equation,N1(0) represents the initial population of the state. If we turn the excitation off (Φab =
0), the equation becomes a simple exponential decay. The behaviour of this system when the excitation
is turned on and off can be seen in Fig. 4.9. The assumption that the absorption flux is constant is a good
approximation in most cases, and an analysis can be found in appendix Appendix B.

4.3.1 QUANTUM YIELD AND PHOTOLUMINESCENT EMISSION

The previous simply explains the population of the excited state. In order to get the photoluminescent
emission, the rate-constant k1 must be split into rate-constants for each relaxation pathway that exists
from the excited state to the ground state. In generalwe split the rate-constant into an non-radiativedecay
and a radiative decay. The radiative decay is precisely what gives rise to the photoluminescent yield.

N1(t) =
Φab

knr + kr

(
1− e−(knr+kr)t

)
(4.20)

By multiplying this equation with kr , we get the emission flux Φem.

krN1(t) = Φem = Φab
kr
k2

(
1− e−(knr+kr)t

)
= ΦabΦQY

(
1− e−t/τ1

)
(4.21)
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Figure 4.9. The time behaviour of the 2-state system. The system is modelled with a flux of 1× 1011 photons/s
and a lifetime if 1× 10−7 s. Note that the final total population (10000), will be miniscule compare to
the total number of molecules in a system – for systemwith 1 pmol of molecules the ratio between the
excited state population and the total population will be 1.7× 10−8

I have now introduced the value kr/k1 = ΦQY , which is called the quantum yield. It is effectively the
ratio of molecules that decay via emission of photoluminescence, to the total number of molecules that
decay.

The time-constant for the decay of PtOEP has been found to be around 60 µs [96]. We also know
that the quantum yield is cited as being in the vicinity of 40 % [90,96,97]. With these two equations we
can calculate both the radiative constant and the non-radiative constant (if we approximate PtOEP as a
two-state system).

kr =
ΦQY
τ

= 6666 s−1 =⇒ τr = 150 µs (4.22)

knr =
1

τ
− kr = 10 000 s−1 =⇒ τnr = 100 µs (4.23)

4.3.2 OTHER DECAY PATHWAYS (EG. QUENCHING)

There may exist other pathways for de-excitation. These pathways could theoretically have many differ-
ent mechanisms, but I will introduce now one of the most important ones - simple collision quenching.
Quenching is added by introducing another rate-constant, which is dependent on the concentration of
another chemical species called the quencher,Q. The photoluminescent flux then becomes:

Φem = Φab
kr

knr + kr + kq[Q]

(
1− e−(knr+kr+kq [Q])t

)
(4.24)

The mechanism of quenching is the basis behind photoluminescent sensing, and will be discussed more
in Chapter 5. There are other “quenching” pathways also, such as resonance energy transfer, which will
also be important later on.

[96] Bansal et al. (2006) “Absorption and Emission Spectroscopic Characterization of Platinum-Octaethyl-Porphyrin (PtOEP)”
[90] Quaranta, Borisov, and Klimant (2012) “Indicators for Optical Oxygen Sensors”
[96] Bansal et al. (2006) “Absorption and Emission Spectroscopic Characterization of Platinum-Octaethyl-Porphyrin (PtOEP)”
[97] Wang and Wolfbeis (2014) “Optical Methods for Sensing and Imaging Oxygen”
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4.4 RESULTS FROM OUR WORK

During the project,a number of fiber sensors were fabricated with their end-facets coated with a pho-
toluminescent matrix (see Fig. 4.10). In the previous, I have assumed that as the light passes through
the absorbing medium (a cylindrical volume), there is no loss of light other than the absorption. This is
obviously not true. As the light exists the optical fiber and travels into the sensing matrix, it may not be
confined as well (by total internal reflection) in the matrix as it was in the fiber. Further, there will be
losses associated with scattering also, whichwill add another term to the reduction of the flux. However,
the sensors we have made are often very thin (<100 µm), and so the effects may be limited.

Figure 4.10. Optical fiber with an end-facet of polymer (PMMA) with embedded PtOEP.

4.4.1 EFFECT OF END-POINT THICKNESS

For the LED we have, most of the power lies below 500 nm, and so we would expect that by increasing
the interaction length, the absorption will rise and so will the photoluminescence. In order to determine
the effect the end-point matrix thickness had on the photoluminescent signal, measurements were done
on fibers manufacturing with increasing thicknesses. The photoluminescent power output can be seen
in Fig. 4.11, and seems to fit this narative very well.

Figure 4.11. Effect of matrix thickness on radiant power. Overall increase in photoluminescence power as we
increase the thickness.

The output powerwill be proportional to the absorption, and the absorption depends on the length
of the sample.

Φem ∝ Φab = Φph

(
1− e−Naσcl

)
(4.25)

The fluxesΦ correspond to the emission (em), absorption (ab) and input photon flux (ph). Taking the deriva-
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tive wrt. l, we can find a simple relationship

dΦem
dl ∝ Naσce−Naσcl ≈ Naσc(1−Naσcl) ≈ Naσc (4.26)

If Naσcl is very small, then the expression will be linear in l, and since Na ∼ 1023, σ ∼ 10−17,
c ∼ 10−5 and l ∼ 10−6, then the argument to the exponential will be on the order of 10−5, and we
will be well within the linear description. We can even go so far as to approximate the expression with a
constant. If the absorption was higher (either through larger cross-section or higher concentration), the
derivative would begin to decrease with thicker samples. With enough thickness the derivative would
be zero, and no increase in photoluminescence would be seen, since no light would make it further into
the sample. However our experiments seem to fit the idea that the absorption is not very strong.

It is worth mentioning that the increasing thickness would not be solely beneficial for the sensor,
since a thicker sensor will require a longer time for oxygen to diffuse. This will result in much slower
response times for the sensor.

4.4.2 “STARTUP” EFFECT

Another interesting effect we have seen is when we initially turn on the excitation. The photolumines-
cent emission does not immediately reach an equilibrium, but has a “startup” effect. Results from fibers
used in our paper “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and
Improved Solvent Selection Using Hansen Solubility Parameters [In Review]” [3], are shown in Fig. 4.12.
These fibers are all manufactured to be approximately the same thickness (45 µm), and with the same
concentration of PtOEP (4.16mM [3]).

Figure 4.12. As the LED excitation is turned on, the sensors start to luminesce. As time goes, the luminescence
signal increases, until it then reaches a plateau. The upstart effect for these sensors are on the order
of 2-3 minutes.

By normalizing the curves such that they go from 0 to 1 (see Fig. 4.13), we can see that the ef-
fect is similar for each of the fibers. It takes approximately 200 s for the fibers to reach their maximum

[3] Inglev et al. (2020) “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and Improved Solvent
Selection Using Hansen Solubility Parameters [In Review]”
[3] Inglev et al. (2020) “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and Improved Solvent
Selection Using Hansen Solubility Parameters [In Review]”
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output. The obvious answer would be that this is an effect from the photo-diode. However, measure-
ments have been performed on the photodiode also, and it shows that the on-time for the photodiode
is much, much faster. Another easy answer would be that it could be a temperature effect. Now, we
have no good way of measuring the temperature inside the sensor, however there are two things that
talk against this point. First off, the power is very low, and so it would seem that temperature increases
on the order where it became a problem seems improbably (a measurement with the sensor in water
to facilitate faster temperature equilibration was also performed, and showed no change). The second
point, which is the most important, is that significatnt temperature increases will have the opposite effect
on photoluminescent [26]. As the system is heated, the system will more easily relax through internal
conversion and vibrational relaxation, and therefore the quantum yield would diminish. Yet we see the
opposite trend, namely an increase in photoluminescence.

Figure 4.13. Upstart effect normalized. All of the fibers from this batch showed the same behavior during the
“startup” phase.

The effect can be seen in other fiber batches as well. In Fig. 4.16, Fig. 4.17 and Fig. 4.18, the effect of
concentration, thickness and overall number of molecules can be seen. It seems as if the thickness does
not play a major role, but it is difficult to determine how much effect the concentration has, because of
the spread in data. The plot in Fig. 4.18 also does not give much clue to the origin.

Another very interesting effect can be see in Fig. 4.14, in which, upon turning the excitation off,
the photoluminescent dies immediately, however, when the light is turned on again, the process is not
immediately reset. Depending on the time between turning the excitation off and turning it on again,
the initial power returning from the fiber sensor will be different. This is also depicted in Fig. 4.15, in
which the initial power is plotted vs the time between turning the excitation off and turning it on again.
The data seems to suggest that whatever mechanism is responsible for the start up effect, has a similarly
long relaxation period when the excitation is turned off.

This phenomena might lead to the sensor needing an actual “warm up period”, since the higher
signal (more than 5 times larger than the initial in many cases), may be required for the output of the
sensor to have an acceptable resolution.

Another piece of the puzzle can be seenwhen looking at this “startup” effect with fibers containing
C545T molecules. This situation can be seen in Fig. 4.19. These fibers tend to have a much faster rise-
time (less than 10 seconds), compared with the non-C545T fibers. However, the “relaxation” seems to
be comparable, as can be seen in Fig. 4.15. The reason behind this behaviour is as still unknown.

[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
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Figure 4.14. The LED is turned on, and the “startup” effect is visisble. When the LED is turned off, all the pho-
toluminescence dissapears immediately. After a period of waiting, the LED is turned on again. The
luminescence does not start from its initial point again, but is already at an elevated level. From
this level it continues up and reaches the plateau. Depending on the length of waiting, the system is
“relaxed” more or less.

Figure 4.15. Initial power vs time between OFF and ON. The data seems to indicate an exponential relaxation of
a sort. Adding C545T does not seem to have as large an impact on the relaxation time, as it does on
the startup time (see Fig. 4.19).

Figure 4.16. Startup time for many fibers. Rise-time vs concentration. The colors signify the different batches.
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Figure 4.17. Startup time for many fibers. Rise-time vs thickness. The colors signify the different batches.

Figure 4.18. Startup time formany fibers. Rise-time vs amount of PtOEP. The colors signify the different batches.

Figure 4.19. Startup time for fibers with C545T molecules. The rise time is significantly faster than for fibers
without C545T. Although, it seems that these fibers experience some sort of photobleaching over
time.
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Chapter 5
Quenching and Sensing

The first step: Don’t be anxious.
Nature controls it all.

Marcus Aurelius, Roman Emperor

SYNOPSIS In the previous chapter I looked at the basics of photoluminescence. I showed how the pro-
cesses of absorption, internal conversion, intersystem crossing and emission, played together in an or-
chestrated manner to create the phenomenon of photoluminescence. What I looked at were processes
thatwerewholly private to themolecules themselves, but if a sensingmechanism is to exist, themolecules
must interact with their environment.

In this chapter, I will investigate the process of quenching, and how it creates the basis for the mod-
ern optical oxygen sensors. I will also look at the phenomena of resonance energy transfer, inwhich energy
is transferred from an excited donor to another molecule (the acceptor). I will also present results on the
self-quenching behavior of the indicators used in this project, and how this limits the concentration
which can be used. In the end I will look at phase-fluorometry, which is the technique used for the
sensors in this project, and touch upon the subject of how it can be used in a multi-point sensing setup.

5.1 THE QUENCHING MECHANISM AND ITS EFFECTS

Quenching happens as a result of the interactions between excitedmolecules and their environment. The
interaction could be with the electromagnetic field, or it could be in response to temperature, and then it
could be because of collissionwith anothermolecule. Some of these effectswere known as far back as the
19th century [6, p. 221], however the effect of quenching by other molecules is mostly attributed to Otto
Stern and Max Volmer, who in 1919 described the effect analytically and derived the so-called Stern-
Volmer relationship [23]. The Stern-Volmer relationship is commonly used in the calibration and analysis
of the performance of optical sensors based on quenching and will be presented in a short while.

In the previous chapter, the following result was found for the photoluminescence of a simple
2-state system:

Φem = Φab
kr∑
i

ki

(
1− e

−
∑
i
kit
)

(5.1)

Where Φ denotes a photon flux. The 2-state system is a good approximation for many systems in which
other internal processes occur on time-scales faster than the absorption and decay from the excited state.

[6] Harvey (1958) A History of Luminescence from the Earliest Times Until 1900
[23] Stern and Volmer (1919) “The fading time of fluorescence”
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The kr is the rate-constant associated with radiative decay from the excited state, while the sum over i
includes rate-constants for all possible pathways for de-excitation.

Apart from radiative decay, we often describe the non-radiative decay by the rate-constant knr . The
non-radiative decay is associated with the internal conversion from the excited S1 state, to a vibrational
excited mode of the ground electronic state of the same energy, and subsequent vibrational relaxation.
Other importantant proceses of de-excitation are the various intermolecular pathways collectively known
as quenching. In these processes, the excited fluorophoreM* is dexcited by some process with another
molecule,Q (the quencher).

Thosewhich are of interest to thework done for this project are the collisional quenching and energy
transfer. Collisional quenching is what occurs for the actual sensingmechanism in the sensors. However,
I will also present a special technique for increasing the brightness of the indicator (PtOEP), by adding
another fluorescent molecule. The light that this new molecule absorbs will be transfered to the PtOEP
by way of resonance energy transfer (which will be elaborated further later on).

When a molecule enters its excited state, any de-excitation as a result of mechanisms other than
photoluminescence emission or internal conversion,must happenwithin the lifetime of the excited state.
When a quencher,Q, is the source of de-excitation, there are in general three situations that can be iden-
tified. These have been described by Bernard Valuer in 2001, in his book onMolecular Fluorescence [26].
I will re-iterate these cases here.

5.1.1 STATIC QUENCHING (CONCENTRATION QUENCHING)

For high concentrations of Q, the probability (at any time) of finding a quencher within the interaction
distance of an excited luminophore, will be particularly high. This means that during the excited state
lifetime, no mutual approach between the luminophore and quencher is needed. This is called static
quenching or concentration quenching. This type of quenching can also occur between molecules of the
same species. It is therefore possible for PtOEP to be in such a high concentration, that it quenches
itself. This is obviously a thing to avoid, and there have been reports of self-quenching by PtOEP in
other publications [98,99].

During the project, measurements of the photoluminescent emission from end-point functional-
ized sensors were made, in which the concentration of PtOEP was changed. This can be seen in Fig. 5.1,
in which the measurements from two different batches are shown, and indicates that self-quenching oc-
curs when the concentration is above 8mM. The optimum may lie somewhere between 4 and 8mM,
with self-quenching already occuring at 8mM, however this would require more measurements to de-
termine. For now it is safe to assume that the optimal concentration lies within the range of 4mM to
8mM.

5.1.2 DYNAMIC QUENCHING

If the quencher is not within the interaction distance of the luminophore, but the lifetime of the excited
state is long enough that mutual approach can occur before standard de-excitation, then the quenching
process is in essence determined by diffusion. This type of quenching is called dynamic quenching. This
is the case for oxygen quenching for most concentrations. At very high concentrations of oxygen, static-
quenching of PtOEP by oxygen may begin to enter the picture.

[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
[98] Grenoble et al. (2005) “Pressure-Sensitive Paint (PSP)”
[99] Davenport et al. (2016) “Fiber-Optic Fluorescence-Quenching Oxygen Partial Pressure Sensor Using Platinum Octaethyl-
porphyrin”
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Figure 5.1. Effect of PtOEP concentration in the polymer on the photoluminescence output. Self-quenching oc-
curs above 8mM, and an optimummust be presumed to exist between 4mMand 8mM. The different
colors discriminate results from two different batches of fabricated fibers.

The situation can be analyzed by considering the different “states” the molecule and quencher can
be in. These can be seen in Fig. 5.2 (inspired by figure found in Valeur (2001) [26]). The lower left state
is the state of the quencher, Q, and luminophore, M, being separated and with the luminophore in its
ground state. Upon absorption of a photon, the luminophore enters its excited state, and from there
two state changes possible. Either the luminophore will relax by standard de-excitation (given by k1 –
its ordinary rate constant we know from the previous chapter). Another possibility is the approach of
the quencher (with a rate constant given by kd), after which the quencher and luminophore now either
collide or form a complex of a sort.

Figure 5.2. Dynamic quenching

Diffusion of the quencher away from the luminophore may once again occur, represented by the
k−d rate constant (in a collision without complex formation, kd = k−d). In the “collisional state” (M*Q) ,
there may be the possibility that the luminophore relaxes by “normal means”, represented by k2. If a com-
plex is formed byM andQ, then the de-excitation may be different than for the luminophore alone (dif-
ferent rate constant, different photoluminescence spectrum etc.), and then k2 is not necesarrily equal to
k1. In other cases, if the characteristics of the relaxation do not change, then k2 = k1. The final pathway
is the actual quenching pathway, k3, by which the luminophore will loose its energy without emission
of a photon, by forming “products” determined by the nature of the quencher and the luminophore.

[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
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The “quenching rate” can be determined by considering howmanymolecules that de-excite through
the “quenching pathway” per unit time. Ifwe begin by havingN molecules in the state ofM*+Q, then the
number ofmolecules (of typeM*) which, in a unit time, will go into theM*Q state is kd[Q]N = Nt. The
Nt molecules (of type M*) will then have three routes,N1 = k−dNt will return back into the previous
state, N2 = k1Nt will de-excite by normal means and Nq = k3Nt will be de-excited by quenching.
The probability that a molecule entering theM*Q state is quenched, is then given by

pq =
k3

k−d + k1 + k3
(5.2)

The rate that molecules in the M* state are quenched will then be given by pqkd[Q]N , and we then
describe kq = pqkd. What should now be obvious is that if k3 is much larger than k−d and k1, then pq =
1. Two situations then arise - if kd << k3, then as soon as aM*Q product is formed, the quenching will
occur, and no build-up of population in theM*Q state will occur. This situation is called the diffusion-
limited case, since the quenching rate is only governed by the diffusion. If kd >> k3, then the population
ofM*Q will increase until an equilibrium is formed. If k3 is on the same order of magnitude as k−d and
k1, then the the relative sizes will have to be compared. For oxygen, pq = 1 [26], and since in such a
case k−d = kd (since moving into each other and away from each other in a collision is equal), then the
situation is diffusion-limited. In diffusion-limited cases, the constant kd is described by the diffusion of
the quencher and the luminophore. If the luminophore is immobilized (as we will assume in the case of a
polymeric matrix), then the diffusion is simply given by the diffusio of the quencher.

5.1.2.1 Stern-Volmer Quenching

With dynamic quenching we rate of quenching can be characterized by kq[Q], which, depending on the
system, can be described in the ways given above. I will now examine the photoluminescence intensity
as we add a simple quenching pathway.

Φem(t, [Q]) = Φab
kr

kr + knr + kq[Q]

(
1− e−(kr+knr+kq [Q])t

)
(5.3)

At equilibrium (when excitation and de-excitation is equal and opposite), we can compare the quenched
photoluminescent flux with the maximum flux and arrive at a famous result:

Φem(0)

Φem([Q])
=
kr + knr + kq[Q]

kr + knr
= 1 +

kq
kr + knr

[Q] = 1 +KSV [Q] (5.4)

This equation is the famous Stern-Volmer relationship, and the constantKSV , is called the Stern-Volmer
coefficient. This particular equation is used in calibration of photoluminescent sensors based onquench-
ing. The Stern-Volmer coefficient is dependent on the quencher in question, but as is evident, it is also
dependent on the radiative and non-radiative rate-constants of the system. Since these constants will
vary with environment, the Stern-Volmer coefficient must be calibrated for the particular environment
in which the sensor is to be used. The reason thatKSV changes with the environment can be see in the
analysis above. For example, in different polymer matrices the diffusion rate of oxygen will change, and
so the quenching rate will therefore be different. The effect of quenching on the intensity can be seen
in ref Fig. 5.3, where an optical fiber with the end-point funcitonalized by a PtOEP and PMMAmatrix.
When the fiber is in a nitrogen atmosphere, the intensity of the photoluminescence is at its strongest,
while it is quenched in a normal air atmosphere.

[26] Valeur (2001) “Molecular Fluorescence Principles and Applications”
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Figure 5.3. The intensity of the photoluminescence is strongest in a nitrogen atmosphere, since there are not
oxygen molecules to quench the PtOEP.

The Stern-Volmer relationship can be rewritten in a number of ways:

ΦQY,0
ΦQY

=
τ0
τ

=
I0
I

= 1 +KSV [Q] (5.5)

This allows one to investigate a photoluminescent systemusing several different techniques. It is possible
to measure the change in intensity of the photoluminescent emission, as a function of quencher concen-
tration, but it is also possible to instead measure the lifetime of the emission. This will be important for
the use of phase-fluorimetry, which will be discussed in Section 5.2.

5.1.3 LONG-RANGE QUENCHING AND RESONANCE ENERGY TRANSFER

If the situation is that the quencher is not able to diffuse to within the interaction distance before normal
de-excitation (k1 >> kd), then it is not possible to have close-range quenching. However, there are
mechanisms by which long-range quenching can occur – for example resonance energy transfer, which is
one of the techniques investigated during this project.

ResonanceEnergyTransfer (RET) is a “long-distance” phenomenon,whichmeans that themolecules
do not touch or collide in order to transfer energy. It is important to mark the difference between radia-
tive and non-radiative energy transfer. It is possible for two molecules that are “far” from each other to
transfer energy if one emits a photon which in turn hits the other molecule and is absorbed. However,
this is not RET. RET is an energy transfer which occurs without the emission of a photon.

The quenching rate (transfer rate is a better term), depends on several factors, the first ofwhich is the
interaction energy between the molecules (the excited molecule also called the donor and the quencher
molecule called the acceptor). The interaction energy can be described quantum mechanically, however
there are three regimes of interaction energy – (1) strong coupling, (2) weak coupling and (3) very weak
coupling.

5.1.3.1 RET, Antenna Dyes and Light-Harvesting

An interesting application of RET is in the use of antenna dyes for light harvesting. In addition to the
indicator one uses to detect oxygen by quenching, it can be useful to add another photoluminescent
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compound. It can be used in situations where the indicator has a low absorption cross-section for the
wavelengths used in the application. The new compound (the antenna dye or donor), which has a high ab-
sorption cross-section for that wavelength, will absorb muchmore energy from the excitation source. If
its emission spectrum overlaps with the absorption spectrum of the indicator, resonance energy transfer
can occur. The following is an except from some of our work currently in review [3], in which RET was
used as an antenna dye:

Excerpt from Inglev et al. (2020) in JLT – On “Resonance Energy Transfer”

NOTE References are printed as footnotes instead of bracketed numbers as in the original. Fig-
ures are numbered differently than the original text, in order to integrate with this thesis.

RESONANCE ENERGY TRANSFER AND LIGHT HARVESTING

Resonance Energy Transfer (RET) is a mechanism by which overlap in the emission and ab-
sorption spectrum (see Fig. 5.4) of two closely spaced luminophores can result in non-radiative
transfer of energy from the “donor” molecule to the “acceptor”. This is also known as “light har-
vesting”. Even though the principle had been used in other sensor contexts before, it was Mayr
et al. who, in 2009, proposed the use of light harvesting to increase the brightness in photolu-
minescent sensorsa.

PtOEP has a low molecular absorption cross-section around 470 nm, which is the center
wavelength for the LEDused in ourwork. Much higher absorption is found in theUV.However,
UV light tends to damage the PMMA core of the fiber and is therefore not a good candidate
as an excitation source. PtOEP has two higher lying absorption peaks at 500 nm and 535 nm,
and with a suitable green LED these could be utilized. Green LEDs, however, tend to be less
powerful than their blue counterparts, and a trade-off must in such a case be made. In addition,
the broad nature of the LED emission spectrum will result in some red light contaminating the
back-propagating light, which cannot be removed with a filter, as it will overlap with the PtOEP
emission. This effectwill bemuch strongerwith a green LED, and it is therefore easier to remove
the excitation light from blue LED with a suitable filter than it is with a green.

Figure 5.4. Normalized absorption and emission spectra of PtOEP (blue) and C545T (red).

When coumarin 545T (C545T) is added to the mixture, in suitable quantity, the situation

[3] Inglev et al. (2020) “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and Improved Solvent
Selection Using Hansen Solubility Parameters [In Review]”
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changes drastically. C545T has a very good absorption in the blue region, and its emission spec-
trum is broad and centered in the green. The emission spectrum therefore overlaps with the
absorption peaks for PtOEP at 535 nm. If the PtOEP and C545T molecules are close together,
RETb may occur and energy is transfered fromC545T to PtOEP, without emission fromC545T.
This will effectively increase the rate of excitation of the PtOEPmolecules and thereby result in
stronger photoluminescence emission. The emission spectrum of C545T also extends into the
red region, and so it could add too the trouble of distinguishing the emission from PtOEP from
all the rest. However, it is possible to choose concentrations carefully, such that the emission
from C545T is completely quenched.
a Mayr et al. (2009) “Light Harvesting as a Simple and Versatile Way to Enhance Brightness of Luminescent Sensors”
b Förster (1948) “Zwischenmolekulare Energiewanderung und Fluoreszenz”

5.1.3.2 Results from the work

In the excerpt, Fig. 5.4 shows how the blue LED used in our work overlaps perfectly with the absorption
spectrum for C545T. C545T, on the other hand, has an emissionwhich overlaps with the two smaller ab-
sorption peaks for PtOEP. This will result in RET if the distance between the molecules is small enough.

In order to find the average distance betweenC545Tmolecules and PtOEPmolecules, it is required
to look at the concentrations used for those experiments. In the paper, we used a concentration of PtOEP
of 4.16 mM – and this is the concentration inside the solid polymer matrix at the tip of the fiber. From
statistical approach it is possible to calculate the average nearest neighbour distance, which is given by the
equation [101]

D =
0.55396

n1/3
(5.6)

where n is the average number of particles per unit volume. The average particle number per volume is
found from the concentration

n = Nac = Na · 4.16 · 10−6 = 2.505× 1018 cm−3 (5.7)

Using this in the equation for the nearest neighbour the result becomes

D = 4.079× 10−7 cm = 4.079 nm (5.8)

The average nearest neighbour is therefore around 4 nm, and with many molecules being closer than
this also. The question then becomes: how close is the average C545T molecule? The answer is simple
and can be realized with a little thought – the average distance the C545T molece has to a PtOEP, is
the nearest neighbour distance between the PtOEP molecules. The 4 nm puts us well within the regime
where RET could occur. The concentration of C545T in the sample is 12.23mM,whichmeans that there
is close to 3 C545Tmolecules per PtOEPmolecule. The results from our paper can be seen in Fig. 5.5, in
which using the C545T molecules increase the photoluminescence intensity by 4-5 times. It is possible
to see remnants of the C545T emission below the PtOEP emission (<625 nm), which means that the
C545T has not been completely quenched by the PtOEP through RET. Using a higher concentration of
PtOEP may help in this regard.

[101] Chandrasekhar (1943) “Stochastic Problems in Physics and Astronomy”
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Figure 5.5. Effect of C545T and Resonance Energy Transfer on the photoluminescence intensity from the fibers.
The data is the same as in Inglev et al. 2020 [3].

5.2 PHASE FLUOROMETRY AND MULTIPLE LIFETIMES

Instead of measuring the intensity, it is possible to measure the lifetime of the fluorophore. One of
the earliest techniques used to measure the lifetime is the so-called phase-fluorimetric approach. This ap-
proachwas pioneered byGaviola with publications in 1926 and 1927 [24,25]. In this section I will outline
the ideas behind phase-fluorimetry, which advantages it has compared to intensity-basedmeasurements,
and how it can be used in the measurement of multiple lifetimes.

5.2.1 THE ISSUES OF INTENSITY BASED MEASUREMENTS

The simplest method ofmeasuring the quenching of a luminophore, is to look at the intensity of the light
being emitted from the sample. The Stern-Volmer relationship for a given quencher, Q, is given by

I0
I

= 1 +Ksv[Q] (5.9)

It looks straightforward, but there are inherent problems relating to the methods of measuring the in-
tensity and the intensity reference, I0. To elucidate the issue consider the system in figure Fig. 5.6. Light
travels through an optical system (eg. an optical fiber or lens system). The forward propagation has a cer-
tain loss and the transmission efficiency is characterized by η1. Light that reaches the photoluminescent
sensor is Iex = Iinη1. The system then interacts with the sample containing luminescent indicators
and fluorescence is emitted with intensity Iem = Iexf([Q]), where the function f is dependent on
the concentration of the quencher and quantifies the efficiency of the sensing point to convert incom-
ing light to emission back into the system. The light then returns through the optical system, this time
with a transmission of η2 (not necesarrily the same as forward). The intensity measured is then given by
Iout = Iemη2 = Iinη1η2f([Q]). We combine the loss terms together into one constant, and are left
with

Im = ηIin · f([Q]) (5.10)

Imagine now that we wish to calibrate this system, and we place it in an environment with the concen-

[24] Gaviola (1926) “Die Abklingungszeiten Der Fluoreszenz von Farbstofflösungen”
[25] Gaviola (1927) “Ein Fluorometer. Apparat Zur Messung von Fluoreszenzabklingungszeiten”
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Figure 5.6. Optical system with loss

tration of quencher equal to zero. This will become our reference intensity.

Im,0 = ηIin · f(0) (5.11)

Next we measure a point with a high concentration of quencher, and we divide the two, expecting a
Stern-Volmer relationship.

Im,0
Im,q

=
ηIinf(0)

η∗I∗inf([Q])
(5.12)

I have marked the efficiency and the input intensity with stars, to remind ourselves of the fact that they
need not be equal between the measurements – things can change in the system from one measurement
to another. The intensity of our source could have changed, or the loss of our systemmight be different.
However, if we imagine for a moment that the loss through the system and the input intensity remain
the same (that is η = η∗ and Iin = Iin∗), we are left with the simple expression

Im,0
Im,q

=
f(0)

f([Q])
= 1 +Ksv[Q] (5.13)

We therefore know that f(0)/f([Q]) is the normal Stern-Volmer relationship. In a sensing scheme, we
would ideally have calibrated our system and found the Stern-Volmer coefficient, Ksv for our sensor.
For a given measurement, we would then calculate the ratio of our reference intensity Im,0 and our
measured intensity Im,q and finally solve for the concentration [Q]. But a problem arise when we no
longer assume that the intensity and the loss in the system is unchanged. In that case, our equation
becomes

Im,0
Im,q

=
ηIin
η∗I∗in

(
1 +Ksv[Q]

)
= β

(
1 +Ksv[Q]

)
(5.14)

The variable β is unknown to us, and without some other reference, we have no way of isolating [Q] and
determining the concentration of whatever we are measuring. Taking another measurement does not
help either, as both the variable β or the concentration could have changed in the meantime.

5.2.1.1 Reference fluorophores

The solution to this is to utilize a reference fluorophore which does not exhibit quenching by the measurand
(which means that the function f([Q]) for the reference fluorophore is constant). Our system becomes
more complex, however, as we now have to incorporate elements to distinguish between the emission
from our sensing fluorophore, and emission from our reference. But using the refernece helps in giving
us another two equations. During our initial calibration (where we measure with a concentration of
zero), we also measure the intensity of the reference fluorophore to be

Ir,0 = ηIinfr (5.15)

When measuring at a higher concentration, we have the equation

Ir,q = η∗I∗infr (5.16)
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By dividing these with each other we get the relationship
Ir,0
Ir,q

=
ηIin
η∗I∗in

= β (5.17)

It should now be evident, that by simultaneously measuring the intensity from our sensing fluorophore
and our reference fluorophore, we can directly measure the variable β. This allows us to solve for the
concentration of the measurand. Using a reference fluorophore is an easy solution to the problem, al-
though onewill have to design the optical system capable of splitting the returning light from the sample
into parts related to each of the luminophore.

5.2.2 DIRECT LIFETIME FLUOROMETRY

Instead ofmeasuring the intensity of the indicators one can choose instead tomeasure the lifetime. There
are two types of life-time measurements. The first is where you turn off the excitation of the sensor at
some instance, and then measure the time it takes for the photoluminescence to extinguish. The other is
to use modulated light (see the next section).

Without excitation, the system behaves like a simple exponential decay. All one needs is tomeasure
the decay and then fit themeasured decay curve to the above exponential and extract the time-constant τ .

Φem(t) = Φem(0)e−t/τ (5.18)
This has eg. been done by Liebsch et al. in 2000 [102], in which they measure the number of photons
arrived in two different time-spans of the decay. This is shown in Fig. 5.7.

Figure 5.7. Direct lifetime imaging used by Liebsch et al. [102]. Permission for use has been obtained from Applied
Spectroscopy.

The area under each of the curves is given by the integral

Ai =

ti+∆t∫
ti

Φem(0)e−t/τ dt = Φem(0)τe−ti/τ (1− e−∆ti/τ ) (5.19)

[102] Liebsch et al. (2000) “Luminescence Lifetime Imaging of Oxygen, pH, and Carbon Dioxide Distribution Using Optical Sen-
sors”
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By taking the logarithm of the ratio betweenA1 andA2 we get

ln

(
A1

A2

)
= ln

(
e(t2−t1)/τ

)
=
t2 − t1
τ

(5.20)

This then allows for the calculation of the lifetime, τ , as can be seen in Fig. 5.7. In their paper, Liebsch
et al. implement the integration by using a CCD.

5.2.3 PHASE FLUOROMETRY

Instead of measuring the lifetime directly, we can instead measure it by modulating the intensity of the
excitationwith a given frequency. This will result in a phase-shifted photoluminescence, alsomodulated
with the same frequency (See Fig. 5.8). The phase-shift (and also intensity), is dependent on the lifetime
of the luminophore, and it is therefore possible to determine the lifetime if onemeasures the phase-shift.

Figure 5.8. The basic concept of fluorometry. The intensity of the excitation is modulated by a certain frequency
ω, which results in an intensity modulated emission of the same frequency, but shifted in time.

5.2.3.1 Origin of the Phase-Shift

In order to explain the origin of the phase-shift, it is needed that we revisit the equations derived for the
simple 2-state system in Chapter 4. The 2-state system differential equations are given by

dN1

dt = Φab(t)− k1N1 (5.21)

dN0

dt = k1N1 − Φab(t) (5.22)

We can assume the ground-state to be constant for most cases (see Appendix B). The absorption flux
Φab(t) is then simply proportional to the excitation flux Φex(t). We need only to concern ourselves
with the rate equation for the excited state population, and we can write the following

dN1

dt = αΦex(t)− krN1 − knrN1 − kq[Q]N1 (5.23)

Here I have split the relaxation rate constant k1 into the radiative, non-radiative and quenching compo-
nents. The constant α the absorption. We are interested in the rate at which the state is relaxed by
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radiative decay, since this is the source of the photoluminescence. By multiplying through by kr , we can
arrive at the following equation

dΦem
dt = krαΦex(t)− (kr + knr + kq[Q])Φem(t) (5.24)

This equation can then be rearranged to get

dΦem
dt + (kr + knr + kq[Q])Φem(t) = krαΦex(t) (5.25)

This is a first-order driven (inhomogeneous) equation, and solvable (depending on the driver equation).
We will consider the case when the driver is of a sinusoidal form

dΦem
dt + k1Φem(t) = krA0 cosωt (5.26)

where k1 = kr + knr + kq[Q]. The steady-state solution to this equation is:

Φem(t) =
krA0

k2
1 + ω2

(k1 cosωt+ ω sinωt) (5.27)

By algebraic manipulation the expression can be simpliied to:

Φem(t) =
A0kr
k2

1 + ω2

√
k2

1 + ω2 cos(ωt− φ) =
A0kr√
k2

1 + ω2
cos(ωt− φ) (5.28)

And here φ = tan−1

(
ω

k1

)
. The equation above can be reduced a bit further by using the identity

cos(arctan(x)) = 1/
√

(1 + x2) and fiddling a bit algebraicly, which leads to the nice compact equa-
tion:

Φem(t) = A0ΦQY cos(φ) cos(ωt− φ) (5.29)
Where ΦQY is the quantum yield of the luminophore, which obviously depends on the quencher con-
centration through the Stern-Volmer relationship. The constant A0 came from the excitation signal of
the system, and is proportional to the absorption of the system and the intensity of the excitation source.
The main result of the development, however, is that the phase-shift of the photoluminescence signal is
given by

φ = tan−1(ωτ) (5.30)

5.2.3.2 Phase-Fluorimetric Sensing

Quenching can be described by the Stern-Volmer equation

I0
I

=
ΦQY,0
ΦQY

=
τ0
τ

= 1 +KSV [Q] (5.31)

The lifetime of the luminophore depends on the concentration of the quencher (oxygen in this project),
and so the phase-shift will likewise depend on the concentration. Using the Stern-Volmer equation
(Eq. 5.31) and the expression for the phase-shift (Eq. 5.30), we can arrive at the following expression.

φ = tan−1

(
τ0ω

1 +KSV [Q]

)
(5.32)

Page 69 of 156



5. QUENCHING AND SENSING

How such a curve looks can be seen in Fig. 5.9. The change in phase-shift becomes smaller and smaller
with larger concentrations. This has a negative impact on the precision on the system, since it becomes
increasingly harder to distinguish noise and changes in concentration. In order to measure precise
changes in higher concentrations, a strong signal will be required in order to achieve a good enough
resolution.

Figure 5.9. Phase-shift due to changing quencher concentration.

5.2.3.3 Phase-measurements from our sensors

During the project, the collaboration partner Pisco Group ApS, were responsible for the development
of an electronic interrogator for the fiber-sensors. The components in the device were introduced in
Chapter 3. A photodiode is the component responsible for converting the electromagnetic signl into a
an electrical signal, and a microcontroller with an analogue-to-digital converter will then record this
signal. The signal will then pass through a lock-in amplifier (LIA) algorithm, which will extract the
amplitude and phase of the signal.

An important note regarding this implementation is that the phase-shift being measured needs a
certain reference. The reference in our equipment is the driver signal for the LED itself. However, the
diode is not an ideal system, and will itself have a lag associated with the signal it emits (compared to
the signal that drives it). This means that the excitation signal travelling through the system, already has
a phase-shift because of the LED. Further lag is introduced because of the optical fibers and this means
that the signal that excites the sensing point is already phase-shifted in relation to the driving signal. The
phase-shift from the photoluminescence now enters the picture and the emitted signal travels back to
the detector. Here, the detector also introduces a phase-shift. The amplifiers and the actual analogue-to-
digital conversion will also impact the phase-shift.

All in all, the phase shift that is measured by the LIA, is a combination of many different phase-
shifts through the system. Luckily, the additional phase-shift does not change anything fundamental,
and the relation for the shift given in Eq. 5.30 does not change. All that changes is that the phase will
have an offset.

φtot = φsys + φlum = φsys + tan−1 ωτ (5.33)

In order to get the Stern-Volmer curves, it is important to know the phase-shift of the system, which will
be explained more in Chapter 7. For know, I wish to show how the phase-shift looks in an actual sensor
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manufactured by us. In Fig. 5.10, the phase shoft of a sensor with changing oxygen concentrations in
water is shown.

Figure 5.10. Phase-shift as the oxygen concentration is increased and decreased.

5.3 MULTIPLE LIFETIMES & MULTI-POINT SENSING

If two different photoluminescent signals are emitted, either from the same point or from different
points, they will add and assume the form of a single sinusoidal signal.

A1 cos(ωt− φ1) +A2 cos(ωt− φ2) = R cos(ωt− θ) (5.34)

The amplitudes of the signals are given by

Ai = A0,iΦQY,i cosφi (5.35)

At omega = 0, the combined signal is

R0 = A0,1ΦQY,1 +A0,2ΦQY,2 (5.36)

By dividing the initial equation with this factor, we can write the equation in terms of the factors fi,
which are the fractions of the total amplitude of the combined signal stemming from either of the signals.

A1 cos(ωt− φ1) +A2 cos(ωt− φ2) = f1 cosφ1 cos(ωt− φ1) + f2 cosφ2 cos(ωt− φ2) (5.37)

The phase-shift is still, φi = tan−1 ωτi. The combined amplitude,R and combined phase-shift θ of the
combined signal is given by

R =
√
A2

1 +A2
2 + 2A1A2 cos(φ1 − φ2) (5.38)

θ = tan−1

(
A1 sinφ1 +A2 sinφ2

A1 cosφ1 +A2 cosφ2

)
= tan−1

(
f1 sin(2φ1) + f2 sin(2φ2)

2(f1 cos2 φ1 + f2 cos2 φ2)

)
(5.39)

This problem was investigated by Gregorio Weber in 1981 [103], where he presented the general frame-
work for dealing with a signal combined from several distinct lifetimes. What is required in order to
distinguish the lifetimes is measurements for at least as many frequencies as there are lifetimes required.
[103] Weber (1981) “Resolution of the Fluorescence Lifetimes in a Heterogeneous System by Phase and Modulation Measure-
ments”
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5.3.1 MULTIPOINT SENSING

The fundamental concepts outlined in the preceding can be used in a scheme for a multipoint oxygen
sensor. If two points along the optical fiber are functionalized for sensing as in Fig. 5.11, the measured
signal will be precisely of the form as described previously. Using measurements at several frequencies,
or using a frequency sweep, it is possible to decompose the signal from the fiber into its to components.
That way one can determine the lifetime at each sensor point (if they are separated well enough), and in
that way decode the oxygen concentration through the Stern-Volmer relationship. The luminophores
used do not necesarilly need to be of the same type, but could be different species and with different
lifetimes, making it easier to distinguish the two.

Figure 5.11. Multipoint scheme.

The fractionsf1 andf2 canbewritten in termsof a strength ratio,F0 between the two luminophores
and a quenching degree, qi(x) of each of the fluorophores also. Two two fractions are given as

f1 =
A0,1ΦQY,1

A0,1ΦQY,1 +A0,2ΦQY,2
(5.40)

f2 =
A0,2ΦQY,2

A0,1ΦQY,1 +A0,2ΦQY,2
(5.41)

The quantum yields, ΦQY,i are can be rewritten in terms of the the quenching degree, by using the Stern-
Volmer relationship:

ΦQY,i =
ΦQY,i,0

1 +KSV,i[Q]
= ΦQY,i,0 · qi(x) (5.42)

where x = [Q]. By taking the ratio between f2 and f1 we get:

f2

f1
=
A0,2ΦQY,2
A0,1ΦQY,1

=
A0,2ΦQY,2,0
A0,1ΦQY,1,0

q2(x)

q1(x)
= F0

q2(x)

q1(x)
= F0Q(x) (5.43)

The strength ration,F0 is the ratio between the photoluminescent signals, when both of the signals are un-
quenched (no oxygen is present). The crucial point here is that this is a parameter which can be controlled
by manufacturing the sensor in a specific manner. The quenching degree functions and the combined
Q(x), is something which is determined by the use of polymer and indicator, since it relies on the stern
volmer coefficients for each of the sensing points. The phase-shift can then be rewritten in terms of
these:

θ = tan−1

(
sin(2φ1) + F0Q(x) sin(2φ2)

cos2(φ1) + F0Q(x) cos2(φ2)

)
(5.44)

PdOEP is another phosphorescent compound, with palladium instead of platinum as the central
metal atom. This particular compound has a lifetime of close to 2ms [104]. If a sensor is made such that
the initial point is made with PdOEP and the second point is made with PtOEP, and engineered in such
a way that the strength ratio is 0.1 (Such that the signal from PdOEP is 10 times larger than from PtOEP),
then it is possible to see very clearly how the effect of quenching has on the frequency sweep. In Fig. 5.12,
the phase-shift is depicted as a function of the frequency used to interrogate the system.
[104] Singh and Johnson (2003) “Phosphorescence Spectra andTriplet State Lifetimes of PalladiumOctaethylporphyrin, Palladium
Octaethylchlorin and Palladium 2,3-Dimethyloctaethylisobacteriochlorin at 77 K”
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Figure 5.12. Quenching Action of a Dual Point Oxygen Sensor

It is clear from the figure that quenching of the two points will have different effects on the fre-
quency sweep. By implementing a suitable interrogation scheme, it will be possible to decompose the
“phase-shift spectrum” into the two components. This is the most direct way of obtaining a multipoint
oxygen sensor by phase-fluorometry.
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Chapter 6
Polymers & Hansen Solubility Parameters

Observe constantly that all things
take place by change, and accustom
yourself to consider that the nature of
the Universe loves nothing so much
as to change the things which are,
and to make new things like them.

Marcus Aurelius

SYNOPSIS While the previous chapters have focused on the basic mechanism for the sensors, namely
the photoluminescence, this chapter switches to a new topic – polymers and solubility. The sensors that
have been created during the project are made from POFs with polymer cores and polymer claddings.
The matrices in which the photoluminescent compounds are embedded are also made of polymer. It is
always important to understand thematerials one work with, which is one of the reasons why I will now
investigate this subject.

The chapter will quickly summarize what polymers are, and then move on to the topic of solubility
parameters. In particular, I will move toward the solubility parameters which have been used in mywork
– namely theHansen Solubility Parameters. During the chapter, I will also present results from the project
in regards to applying Hansen Solubility Parameters in two particular situations – (1) etching of POFs
and (2) optimizing the dispersion of luminophores.

But first, a story of polymers.

6.1 POLYMERS – THE SHORT STORY

Polymers are basically just very long molecules made up of repeating units calledmonomers. An example
is poly(methylmethacrylate) also known as PMMA.This polymer ismade up ofmanymethyl methacrylate
(MMA)monomers. Howmany? It depends. One way to depict a polymer is by way of repeated monomer
diagram as shown in Fig. 6.1, in which the MMAmonomer is described as being repeated n times.

It is possible to create polymers that are mixtures of different monomers. If the polymers are
made of a single monomer type we usually can call them monopolymers, otherwise we would call them
heteropolymers. Another name which is often more commonly used for heteropolymers is co-polymers.
However, co-polymers come in different types also. Some are random, where the randomness has to do
with the sequence of monomers in the chain. Other co-polymers are called block co-polymers, which
means that the monomers are grouped together with monomers of their own type.

The creation of polymers is achieved through the chemical process suitably named polymerization.
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Figure 6.1. Poly(methyl methacrylate). The figure shows the monomer (MMA) and that it is repeated n times.

There are several types of polymerization, but they can be somewhat grouped together in two over-
all types called step-growth polymerization and chain-growth polymerization. The chain-growth is easiest
to understand. In all types of chain-growth polymerization the polymerization begins with a chemical
compound called an initiator. The initiator acts as the foundation, and the chain is built from this. Basi-
cally the polymerization consists of adding a monomer to the initiator, to form a first (very) short chain.
Another monomer is then added, and another, and another and so forth, and at some point the poly-
merization terminates (which can be through several different mechanisms). I will not go into details
about the polymerization, as there are many books on the subject which I would refer to instead (see eg.
Odian [105]). After polymerization we will be left with bulk polymer consisting of many chains, which
can then be shaped, dissolved or whatever else we could imagine doing to it.

The polymer chains in the bulk polymer can also contain links and bonds between each other, and
we call this cross-linking. Cross-linking of polymer chains can be done either during polymerization or
afterwards (for example with UV light or heating, and a suitable cross-linking agent), which then results in
a network of polymer chains. The degree and type of cross-linking gives rise to different names we use
to describe the monomers, such as a thermosets, elastomers, thermoplastics and dendrimers (among others).
A graphical depiction of polymer cross-linking be seen in Fig. 6.2. High cross-linking will result in a stiff

(a) Thermoplastic - no cross-linking (b) Slightly cross-linked polymer (c)Highly cross-linked polymer

Figure 6.2. Different degrees of cross-linking. The red dots indicate points of bonding between the chains. When
the polymer is not cross-linked at all, we often called it a thermoplastic. This is due to the fact that it can
be reshaped upon heating. A slightly cross-linked polymer is often called an elastomer. Highly cross-
linked polymers arise either from special polymerization methods (such as dendrimers), or by thermal
or UV treatment afterwards using a cross-linking agent, in which case they are often called thermosets.

[105] Odian (2004) Principles of Polymerization
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bulk material, while a lesser degree of cross-linking will keep the material from becoming fluid, but still
allow it to be flexible.

The polymer-chains in a given bulk polymer material are not all equal. Some will be longer than
others. The distribution of lengths is what gives rise to the so-called molecular weight (MW) distribution.
The average MW is often given for a polymer bought at a vendor, however two bulk polymers with the
same MW may have different distributions, and thus, will not behave the same if subject to the same
thermo-mechanical tests.

Polymer chains can also be branched, meaning that side-chains develop from the main-chain, or
they can have large bulky side-groups (see for example Fig. 6.3) Branches, bulky side groups and MVol
will all influence the thermo-mechanical properties of the bulk material. One of the important thermo-
mechanical parameters is the glass-transition temperature, Tg . This temperature defines the point (or
range) at which the bulk polymer material goes from being hard and rigid (a “glass”), to being very mal-
leable. Thus, if we increase the temperature the polymer will undergo a transition from a its “glassy”
phase to a “rubber” phase. If the temperature is increased even further the polymer will undergo a
rubber-to-fluid transition and begin to flow. When polymer optical fibers are drawn, it requires that
the bulk material is first heated up such that the polymer becomes fluid and can be drawn. The glass-
rubber and rubber-fluid transitions are sometimes very close to each other. The existence of a rubber
plateau between the two transitions depends on the MW distribution and cross-linking of the material,
since it is entanglement effects or cross-linking which determines the width of the plateau [106].

(a) Polystyrene
(b) Polyethylene

Figure 6.3. Polystyrene (a) vs polyethylene (b). The polystyrene has a benzene ring as a a side-group. The polyethy-
lene has no side-groups, and the chains will (when heated properly) easily slide past each other. The
benzene side-groupwill result in amore viscous polymermelt, since the groupwill hamper themove-
ment of chains past each other.

6.1.1 STRESS ANNEALING

When polymers are heated up, deformed and cooled down, or when they are mechanically worked,
stresses inside the material will tend to develop. These stresses arise do to the fact that the material
has been deformed out of its equilibrium state (even when it was a fluid), and when it is cooled down the
polymer does not have time to return to whatever equilibrium state there is. The existence of such inter-
nal stress in the polymer is a source of energy for other processes to take place, such as cracks developing
on the surface of the polymer depending on the environment. This is also known as environmental stress
cracking (ESC) [107].
[106] Hu (2013) Polymer Physics
[107] Hansen (2007) Hansen Solubility Parameters
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One way to combat the adverse effects that internal stress may have on further work with the
polymer, is to perform what is called stress annealing. In this process, the polymer is placed in a heated
environment. The polymer is heated to a point close to, but below, its glass transition temperature. The
increased temperature will give the polymer the ability to rearrange itself on a microscopic level. This
is an important process in Fiber Bragg Grating (FBG) sensors in POFs [108,109]. The process can also be
performed at room-temperature by immersing the polymer in suitable solvents, which will effectively
lower its glass-transition temperature [110].

6.1.2 DISSOLVING POLYMERS

Thermoplastic polymers can be dissolved in various solvents. However, not all polymers are dissolveable
in the same solvents. The solubility of polymers is an important topic for many different applications,
one of which is in the painting, coating and even nail-polish industry. Many paints aremade of polymers
and are liquid because of a solvent. As paint is applied to a surface, the evaporation of the solvent will
begin to take place. The drying process is important, and it is therefore crucial to knowhow the solubility
of the polymer in that solvent influence the behavior. Another important matter in the modern era is
the importance of using safe (both environmentally and personally) solvents. In nail-polish removers,
acetone was previously used as the solvent, but it has becomemore widespread to use ethyl acetate now,
due to health concerns with the acetone.

In order to replace one solvent for another, or replace a solvent with a mix of solvents, knowledge
of the solubility of the polymer is required. And especially for the work performed during this project,
the solubility for different polymers such as PMMA, TOPAS and Zeonex have been of interest. The
following sections will look into the topic of solubility in more detail.

6.2 SOLUBILITY AND DISSOLUTION WITH HSP

To begin with, I will look at the solubility of polymers in general, and then afterwards turn our atten-
tion to the Hansen Solubility Parameters (HSPs). At the most fundamental level, whether a solvent and a
polymer will mix and co-exist in a single phase, has to do with thermodynamics. At its core it all revolves
around the forces and energy that act between the solvent molecules and polymers, as well as the entropy
of the given system. It can all be defined in terms of the Gibbs Free Energy and written in the following
way:

∆Gmix = ∆Hmix − T∆Smix (6.1)

With∆Gmix being the change inGibbs Free Energy in going from amixed to an unmixed state. ∆Hmix

is the change in enthalpy and ∆Smix is the change in entropy. For a homogeneous solution to be fa-
vorable, the free energy of mixing must be zero or negative. The traditional theory behind polymer sol-
ubility is the Flory-Huggins solution theory. In this, the solvent-polymer system is approximated by a 3-
dimensional lattice, in which each lattice point is populated by either a solvent molecule or a monomer
molecule. The example of this in a 2D lattice is depicted in Fig. 6.4.

In the Flory-Huggins approach, the entropies of both mixed and un-mixed states are calculated
from a combinatorics analysis of a random walk, however it is with the enthalpy of mixing where most
of the action lies. The enthalpy is determined by the potential energies between the different molecules

[108] Yuan et al. (2011) “Improved Thermal and Strain Performance of Annealed Polymer Optical Fiber Bragg Gratings”
[109] Woyessa et al. (2016) “Temperature Insensitive Hysteresis Free Highly Sensitive Polymer Optical Fiber Bragg Grating Hu-
midity Sensor”
[110] Fasano et al. (2017) “Solution-Mediated Annealing of Polymer Optical Fiber Bragg Gratings at Room Temperature”

Page 78 of 156



6. POLYMERS & HANSEN SOLUBILITY PARAMETERS

(a) Polymers (red) and solvents (greyish) in separated state. (b) Polymers (red) and solvents (greyish) in a mixed state

Figure 6.4. The Flory-Huggins lattice theory looks at the ways in which a number of polymers (red) and solvent
molecules (grey) can be placed in a lattice. The images (a) and (b) showa2D lattice and formore realistic
scenarios a 3D lattice should be used. The Flory-Huggins theory looks at the difference in energy and
entropy in going from un-mixed (a) to mixed (b).

in the solution. If there is no interaction energy between the components we call the mixture an ideal
mixture, and the mixing free energy is solely determined by the change in entropy – which always favors
the mixed state. When interaction between the molecules is added into the machinery, it may be such
that solvent and polymer molecules next to each other have a larger potential energy associated with
them than do solvent-solvent and monomer-monomer interactions. In such cases the free energy will
favor an un-mixed state – also known as phase separation.

In the standard, simple latticemodel (theFlory-Huggins theory), the energy is calculated by consider-
ing three interaction energies: upp (polymer-polymer), uss (solvent-solvent) and usp (polymer-solvent).
The pressure and volume are also assumed to be constant, in which case the change in enthalpy is simply
the change in internal energy and the free energy is instead written as

∆Fmix = ∆Umix − T∆Smix (6.2)

The details of the theory can be seen in Appendix C. The result of the Flory-Huggins approach is that
the change in interaction energy upon mixing is given by

∆Umix = φp(1− φp)
(
q − 2

2
usp −

q − 2

2
upp −

q

2
uss

)
= χφp(1− φp)kbT (6.3)

Here I’ve introduced the Flory interaction parameter, χ, and the volume fraction of the polymer, φp, as
well as q, which is called the coordination number. This is the number of nearest neighbors that exist in
the lattice structure – for 2D its 4 and for 3D its 6. The entropy of mixing is given by

∆Smix
NkB

= −(φs lnφs +
φp
r

lnφp) (6.4)

where φs and φp are the volume fractions of solvents and polymer, and r is the length (in number of
monomers) of the polymer chains. The full free-energy of mixing when it comes to the Flory-Huggins
theory is given by

∆Fmix
NkbT

= φp(1− φp)χ+
φp
r

lnφp + (1− φp) ln(1− φp) (6.5)
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The Flory-Huggins theory can be extended in many ways, both for changing volume upon mixing, non-
equal volumes for solvent andmonomers and differences in polymer chain lengths [106]. However, what
wewish to use if for is as a foundation going forward. It is often assumed that the entropy change is small
and positive (leading to mixing be favorable due to the minus sign) and then subsequently disregarded.
Therefore, it is only the interaction parameter, χ, which is really of interest in solubility.

6.2.1 HILDEBRAND SOLUBILITY PARAMETER

The Hildebrand solubility parameter, δ, is related closely to the interaction parameter χ from Flory-
Huggins theory. It is based upon the energy of evaporation of a molecule. For a given molecular species,
the solubility parameter is defined as

δ ≡
√

∆E

v
(6.6)

The energy δ is the energy required to “evaporate” the molecule from the pure (liquid) state – so it
is the energy required to remove the molecule from its neighbors. The v parameter is the volume of
the molecule, and so, the solubility parameter becomes an energy density. In a pure solvent, all solvent
molecules are surrounded by 6 neighbors with which they interact. If we count of the total energy, we
get that it is

Us =
Nsq

2
uss = Ns3uss (6.7)

The energy per molecule is then
Us
Ns

= 3uss (6.8)

Since∆Es is the energy it takes to remove a molecule and 3uss is the bonding energy of that energy, we
can equate them in the following way:

3uss = ∆Es = v
∆Es
v

= vδ2
s (6.9)

The same will be true of the polymers and the polymer-solvent interactions. And so we can rewrite the
interaction parameter

χkbT =

(
q − 2

2
usp −

q − 2

2
upp −

q

2
uss

)
≈
(
δ2
p + δ2

s − 2δpδs

)
= (δp − δs)2 (6.10)

This equation is called the Scatchard-Hildebrand equation. I do not use the Hildebrand solubility param-
eter in my work, however I have included it here to see how one moves from the fundamental thermo-
dynamics, through the Flory-Huggins theory and to solubility parameters defined by energy densities.

6.2.2 HANSEN SOLUBILITY PARAMETERS

In Hansen Solubility Theory, the solubility parameter, δ, is further subdivided into contributions from
three different sources. ED is the energy associatedwith the dispersive forces,EP is the energy associated
with the polar forces andEH is the energy associated with hydrogen bonding forces:

δ2 =
∆E

v
=

∆ED
v

+
∆EP
v

+
∆EP
v

= δ2
D + δ2

P + δ2
H (6.11)

[106] Hu (2013) Polymer Physics
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These are called the Hansen Solubility Parameters (HSPs) and were used in the paper “Polymer Optical
Fiber Modification By Etching Using Hansen Solubility Parameters—A Case Study of TOPAS, Zeonex,
and PMMA”, in which we investigated the use of HSPs for etching (see Section 6.2.4.1). I bring the
following excerpt from the paper, in which I explain the use of HSPs. Results from the paper can be
found in Section 6.2.4.1, as well as figures showing the 3-dimensional depiction of HSPs and polymer
solubility.

Excerpt from Inglev et al. 2019 – On “Hansen Solubility Parameters”

NOTE References are formatted differently in this excerpt than the original, in order to avoid
confusion. Section numbers has also been removed.

HANSEN SOLUBILITY THEORY

The Hansen Solubility theory was developed by Charles Hansen in his Doctoral thesis from
1967 ab. In this framework, polymers and solvents are represented in a 3D-space by three coor-
dinates called the Hansen Solubility Parameters (HSPs). Each of the parameters are related to the
strength of one of the long-distance cohesive forces - polar bonding energy density represented
by δP , dispersive bonding energy density represented by δD and hydrogen bonding energy den-
sity represented by δHH . Distances in HSP space are calculated using the formula

Ra =
√

4∆D2 + ∆P 2 + ∆H2 (6.12)

Where ∆D, ∆P and ∆H are the differences in the δD , δP and δH parameters of the polymer
and solvent.

For polymers (and pigments) an additional parameter termed the interaction/solubility dis-
tance, Ro, is also defined. Solvents within this distance are able to dissolve the polymer. Thus,
for solvents with a distance Ra < R0 to the polymer, dissolution of the polymer will occur.
This means that polymers can be represented by ellipsoids in HSP Space, while solvents are
represented by points. From a practical perspective, the interaction distance of a polymer, is a
measure of how difficult it is to dissolve the polymer. A small distance, means that to dissolve
the polymer the solvents used must have a very similar distribution of cohesive forces. Another
way to term this is to say that “like dissolves like” – a well known aphorism. Another concept to
mention is theRED value (Relative EnergyDifference) given byRED = Ra/Ro. ForRED < 1
the solvent is within the ellipsoid, while anRED > 1 means the solvent is outside.

Over the years, the community using HSPs has compiled a large database for various sol-
vents making Hansen Solubility theory an easy-to-use method in determining thermoplastic
polymer solubility. It is also possible to mix the individual solvents HSPs - the mixture HSPs
will then be an average of the solvents (by volume). The mixing of two or more non-toxic sol-
vents is often used in finding alternatives to a toxic one.

The theory is mainly aimed at thermoplastic polymers, since thermosets will not dissolve
in a solution, due to cross-links between the polymer chains.

DETERMINATION OF HSPS AND Ro FOR POLYMERS

Determining the solubility parameters for a given polymer is done via a series of simple exper-
iments. A piece of the polymer is dropped into a given solvent, and time is allowed to do its
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work. Solvents which dissolve the polymer are marked as “good” and solvents which did not
work are marked as “bad”. The time it takes for dissolution to occur, depends on a number of
factors, such as stirring, size of the sample, the diffusivity of the solvents and RED. Increasing
the temperature can also decrease the time it takes for full dissolution, but the solvent HSPs are
dependent on temperature, and so must be adjustedc.

After collecting the test results, a fitting algorithm is used to determine a set of HSPs and
R0 for the polymer. This can then be used when looking for alternatives to a solvent in the
form of another compatible solvent or even blends of solvents – simply look up the HSPs of the
solvent, or calculate it for the solvent mixture, and check if it is inside or outside the ellipsoid of
interaction.
a Hansen (1967) “Three Dimensional Solubility Parameter and Solvent Diffusion Coefficient. Importance in Surface
Coating Formulation”
b Hansen (2007) Hansen Solubility Parameters
c Hansen (2007) Hansen Solubility Parameters

6.2.3 THERMODYNAMIC EXTENSION TO HANSEN SOLUBILITY THEORY

In its standard form, Hansen Solubility Theory (and Hildebrand for that matter), deals only with the
energies at play between the molecules (the cohesive energy densities). This is the case even though we
know from the beginning of Section 6.2, that the mixing behavior is actually governed by more nuanced
thermodynamics.

∆Gmix = ∆Hmix − T∆Smix (6.13)

One of they key notions is the fact that entropy is also a player. The entropy and temperature will provide
a small negative term in the equation and help the dissolution along. This will be especially important
for solvents just outside the interaction radius of a polymer. Given the standard HSP theory, such a
solvent would not be able to dissolve the polymer, what this means is in fact that the enthalpy of mixing
is positive, and since the standard theory does not account for entropy, this would be the whole story.
But entropy does play a role, and for a molecule just outside the boundary, if the entropy is large enough,
then dissolution may well occur anyway. It is in particular the size of the solvent molecules which play
a role in the change of entropy. This was investigated by Louwerse et al. in 2017 [112], who developed
improvements to the theory in order to take into account the radius of the solvent molecules.

However, one of the particularly interesting extensions to HSP is the use of the parameters for
not only polymer solubility, but also the dispersibility of particles. This is of particular interest for this
project, and will be elaborated further in Section 6.3.

6.2.4 THE APPLICATION OF HANSEN SOLUBILITY THEORY

There are many applications of HSPs, and especially in the paint and coatings industry, HSPs have been
used in the formulation of better solutions - especially in terms of non-toxicity. However, for sensors,
there are a couple of interesting applications which I will now cover briefly.

[112] Louwerse et al. (2017) “Revisiting Hansen Solubility Parameters by Including Thermodynamics”
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(a) PMMA (b) Zeonex (c) TOPAS

Figure 6.5. Chemical structures of PMMA, Zeonex andTOPAS. TOPAS is called aCyclic Olefin Co-polymer (COC)
and Zeones a Cyclic Olefin Polymer (COP).

6.2.4.1 Etching & Tapering

To my knowledge the first paper published on the tapering of polymer optical fibers is in 1999 by Mer-
chant [113]. In their work, they give an example of local tapering of a POF, by first removing the cladding
(CYTOP) and afterwards etching the core of the fiber in a mixture of acetone, MIBK1 and water (3:1:1).
According them they achieved a success rate of 90 % – one in ten of the fibers were lost due to “breakage”.

The work on POF etching was initiated early on. It was thought that this particular technique
could be used in the development of the sensors that were to be fabricated. This was not what ended up
happening, but in Chapter 8, I will explore how this could play a role in future developments.

Etching, or chemical tapering, of POFs has been done by several authors inworkwith fiber sensors.
Pulido and Esteban published several pieces on tapering of POFs for improving the fluorescence signal
of a fiber oxygen sensor [80,81,93]. Their work was also mentioned in Chapter 3. Zhang and Webb
used acetone to etch and reduce the diameter of a POF with an inscribed FBG, in order to improve the
response time when the fiber was used as a humidity sensor. One of the fibers was initially 190 µm,
and when etched to 135 µm the response time was reduced from 38minutes to 11minutes. Hassan et
al. used etching for shaping the tip of POFs as a compound parabolic concentrator (CPC) in order to
improve the fluorescence pickup from a glucose bio-sensor at the tip [114]. Janting et al. investigated
the effect of etching on a PMMA POF FBG [115], and also published results on a POF pH sensor using
solvents to both etch and induce crazing at the surface of the fiber, in order to increase the wetability
for a hydrogen being applied [4]. This is but some of what has been done with etching. In our work, we
wanted to investigate if HSPs could be used to determine good etching solvents for a given polymer.

The paper [1] investigated the etching of POFs, and in particularwewanted to look at the polymers

[113] Merchant, Scully, and Schmitt (1999) “Chemical Tapering of Polymer Optical Fibre”
1 Methyl Isobutyl Ketone
[80] Pulido and Esteban (2010) “Improved Fluorescence Signal with Tapered Polymer Optical Fibers under Side-Illumination”
[81] Esteban and Pulido (2013) “Simple Oxygen Gas Sensor Based on Side-Illuminated Polymer Optical Fiber”
[93] Pulido and Esteban (2013) “Tapered Polymer Optical Fiber Oxygen Sensor Based on Fluorescence-Quenching of an Embed-
ded Fluorophore”
[114] Hassan, Bang, and Janting (2019) “Polymer Optical Fiber Tip Mass Production Etch Mechanism to Achieve CPC Shape for
Improved Biosensor Performance”
[115] Janting et al. (2019) “Effects of Solvent Etching on PMMAMicrostructured Optical Fiber Bragg Grating”
[4] Janting et al. (2019) “Small and Robust All-Polymer Fiber Bragg Grating Based pH Sensor”
[1] Inglev et al. (2019) “Polymer Optical Fiber Modification By Etching Using Hansen Solubility Parameters—A Case Study of
TOPAS, Zeonex, and PMMA”
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PMMA, Zeonex and TOPAS (see Fig. 6.5), and see if the use of HSPs could help in selecting solvents for
the clean etching or tapering of these polymers. The following excerpt from the paper explains our
definition of etching.

Excerpt from Inglev et al. 2019 – On “Etching”

When speaking about polymers, “etching” really means controlled dissolution of the material,
rather than the chemical reactions of the silica-HF system a. The process should preferably leave
the etched region of the fiber with a smooth surface similar to the unetched region. Thus, when
working with POFs, the need to understand which solvents are able to dissolve a given polymer
is important, as not all solvents of a polymer will behave as “good” etchants. Hansen Solubility
Parameters can help in this regard, as will be shown in this paper.

. . .

What we want, is to be able to “etch” the polymer fiber using a given solvent, and as explained
before, by “etching” we really mean “controlled dissolution”, where the polymer is stripped away
layer-by-layer. This could be as a first step in modification of the fiber, after which a layer of
sensing material is applied to the etched fiber, or in order to increase the sensitivity of an FBG.
See for example Janting et al. b, in which a pH sensitive gel is applied to an etched section of the
fiber, where an FBG has been inscribed, in order to increase the sensitivity of the sensor. Simi-
larly, it is possible to fabricate Compound Parabolic Concentrators (CPCs) at the end of the fiber,
to increase the collection of light. This has for example been done by Hassan et al.cd, in which
the CPCs are used to increase the collection of fluorescence from a biochemical sensing assay at
the distal end of the fiber. Such a process requires that the solvent used produces an even and
uniform material surface. Another common reason could be that one wishes to connect a POF
with for example an FC or APC connector e. The drawn fiber may have a diameter somewhat
larger than the connector hole, and using a suitable solvent, the diameter can be reduced until
the fiber can be inserted.

Not all solvents for a given polymer will be able to create an even surface on the etched
fiber, andwhat is of interest then, is to find “good” etching solvents. In this paper, we present sol-
vents suitable for etching of TOPAS andZeonex POFs, aswell as revisit the etching of PMMA, by
using Hansen Solubility Theory as a framework. Preliminaries of this work was first presented
at the OFS-26 conference.
a Hassan, Bang, and Janting (2019) “PolymerOptical Fiber TipMass ProductionEtchMechanism toAchieveCPCShape
for Improved Biosensor Performance”
b Janting et al. (2019) “Small and Robust All-Polymer Fiber Bragg Grating Based pH Sensor”
c Hassan et al. (2015) “PolymerOptical Fiber Compound Parabolic Concentrator Tip for EnhancedCoupling Efficiency
for Fluorescence Based Glucose Sensors”
d Hassan, Bang, and Janting (2019) “PolymerOptical Fiber TipMass ProductionEtchMechanism toAchieveCPCShape
for Improved Biosensor Performance”
e Abang and Webb (2012) “Demountable Connection for Polymer Optical Fiber Grating Sensors”

At first, the solubility of the compounds were determined by solubility testing. The tests were
carried outwith several different solvents aswell asmixtures, in order to get asmuchdata as possible, and
fix the center of the solubility spheres. The results are shown inTable 6.1 and Fig. 6.6, which tabulates the
HSPs and the interaction distances found for the three polymers. From the HSPs, the REDs for various
solvents were calculated. The calculations were performed by taking into the account the uncertainty
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in the center of the sphere (see Table 6.2). Using the solubility results, we selected candidate solvents
to be used in experiments on how well the could etch fibers made from the different polymers. We we
interested first off in the capability of the solvent to etchwithout damaging the fiber ormaking it rubbery
and useless afterwards. For the solvents which were capable of making a clean etching, we would then
measure the actual etching rates (see Fig. 6.7, Fig. 6.8, Fig. 6.9, Fig. 6.10 and Table 6.3).

Table 6.1. HSP Values for Polymers. Reused from Inglev et al. 2019 [1]

Polymer δD(σ) δP (σ) δH(σ) Ra(σ)

TOPAS 17.23 (0.09) 0.02 (0.01) 3.37 (0.21) 3.95 (0.05)
Zeonex 18.23 (0.19) 2.76 (0.12) 2.09 (0.07) 3.66 (0.14)
PMMA 18.36 (0.08) 8.89 (0.10) 8.61 (0.90) 6.7 (0.09)

Note 1: The units of the HSPs are [MP1/2]
Note 2: The standard deviation, σ, is in parentheses.

Table 6.2. A list of selected solvents and corresponding RED. Reused from Inglev et al. 2019 [1]

RED

Chemical TOPAS Zeonex PMMA MVol

Acetone 2.92 (0.04) 2.9 (0.12) 0.92 (0.05) 73.8
1-Bromonaphthalene 1.89 (0.05) 1.41 (0.11) 1.29 (0.07) 140.1
n-Butyl Acetate 1.4 (0.04) 1.78 (0.1) 1.15 (0.05) 132.6
Chloroform 1.02 (0.04) 1.03 (0.05) 0.99 (0.06) 80.5
Cyclohexane 0.83 (0.05) 1.21 (0.08) 1.89 (0.09) 108.9
Di-Isobutyl Ketone 1.14 (0.03) 1.36 (0.1) 1.25 (0.08) 177.4
Dibromomethane 2.06 (0.04) 1.73 (0.07) 0.5 (0.07) 69.8
Dimethyl Formamide 4.01 (0.06) 3.94 (0.15) 0.88 (0.06) 77.4
Ethanol 4.68 (0.07) 5.19 (0.19) 1.78 (0.12) 58.6
Hexane 1.46 (0.05) 2.05 (0.12) 2.12 (0.09) 131.4
Tetrahydrofuran 1.87 (0.04) 1.97 (0.08) 0.69 (0.03) 81.9
Toluene 0.63 (0.04) 0.41 (0.05) 1.5 (0.09) 106.6
Trichloroethylene 1.0 (0.03) 0.9 (0.04) 1.01 (0.07) 90.1
p-Xylene 0.39 (0.04) 0.61 (0.05) 1.45 (0.08) 121.1

Note 1: The units ofMVol are [cm3/mol]
Note 2: Several of the solvents are toxic, and caution should be
exercised.
Note 3: The numbers in parentheses are the standard deviations.

In Table 6.3, the rates found for the different polymers and solvents are shown. In our workwe did
not look into the use of solvent mixtures as etching agents. This could be an interesting path of inquiry
in the future. In our discussion, we looked at a review by Miller-Chou and Koenig [118] on polymer
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(a) Solubility ellipsoid of TOPAS. (b) Solubility ellipsoid of Zeonex.

(c) Solubility ellipsoid of PMMA. (d) Comparison figure.

Figure 6.6. The sphere represents the interaction distance of the polymer, with the center of the sphere being
the HSPs of the polymer. Each of the red and green points in figs. (a), (b) and (c) represents a solvent
which has been tested – with red representing solvents that do not dissolve the polymer, while green
represent ones that do. Negative values of the Hansen parameters are not physical, and that part of
the space can be regarded as virtual. In the figs. (a), (b), (c) and (d), the axis for the dispersive bonding
has been compressed, to provide a spherical view of the ellipsoid (a convention for HSP plots). Fig. (d)
provides a comparison between the three polymers. Overlaps in the ellipsoids, will be regions where
it is possible to find solvents (or mixtures) that dissolve all three polymers. The center position of the
PMMA (red) compared to Zeonex (blue) andTOPAS (green)makes it clear that the two latter polymers
are less polar, and will be dissolved by non-polar solvents more readily than PMMA. Reused from
Inglev et al. 2019 [1].

Page 86 of 156



6. POLYMERS & HANSEN SOLUBILITY PARAMETERS

Figure 6.7. Acetone etching of PMMA POF (annealed). The fiber was immersed in acetone for 6 minutes and the
initial diameter was 132 µm while the etched fiber was 79 µm. Cracks are visible in the part which
were just above the solvent. Reused from Inglev et al. [1].

Figure 6.8. Etching of PMMA POF (annealed) using trichloroethylene. The fiber was immersed for 2.5 minutes.
The initial diameter was 118 µm and the final diameter is 93 µm. Reused from Inglev et al. [1].

Figure 6.9. A TOPAS POF (un-annealed) has here been immersed in cyclohexane for 5 minutes. The fiber diam-
eter is reduced from 172 µm to 55 µm. Reused from Inglev et al. [1].

Figure 6.10. Etched Zeonex POF (annealed). The fiber has been immersed in trichloroethylene for 6minutes. The
fiber diameter was etched from 181 µm to 142 µm. Reused from Inglev et al. [1].
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Table 6.3. Etching Rates from Inglev et al. 2019

PMMA TOPAS Zeonex

Acetone 4.3 µm/min
Trichloroethylene 5.4 µm/min 3.3 µm/min
THF 0.4 µm/min
DMF ∼25 µm/min
Cyclohexane 8.9 µm/min

dissolution and their data with compared with our results.

Excerpt from Inglev et al. 2019 - From “Discussion”

The dissolution process is a complex phenomena involving two transport processes – solvent
diffusion into the polymer, and polymer chain disentanglement a. The general picture of disso-
lution is that the polymer, during the process, can be roughly described by six layers as depicted
in Fig. 6.11. The liquid layer contains a high concentration of free polymer chains, that are in the
process of diffusing into the solvent environment, while the gel-layer is a rubbery and swollen
layer, still containing entangled chains. The solid swollen layer is a part of the polymer which
has had solvent molecules diffuse into the matrix, and thereby inducing swelling, but the poly-
mer is still in a solid state. The infiltration layer is the part of the polymer, in which the solvent
molecules have moved into the free volume, consisting of molecular size holes and pores. The
size of the different layers depend upon both the polymer, the solvent and temperature b.

Figure 6.11. The six layers defined during dissolution (reworked fromMiller-Chou and Koenig, 2003).

One of the primary aims of this study was to find solvents producing a homogeneous etch,
where the etched part of the polymer, retains a smooth surface. If too large a gel-layer is formed,
and the fiber is removed from the solvent, this rubbery part may then dry and form an uneven
surface of the fiber. It is therefore of interest to find solvents that do not induce a thick gel-
layer. The gel-layer can to some extent be removed by stirring cd, however the etching setup
may not allow for this in some cases, and so, finding solvents with minimal gel-layer formation
is of interest.

On the opposite side of the spectrum, it has been found that if no gel-layer is formed, cracks
may appear in the polymer, leading to dissolution by “eruption” of small pieces of polymere. In
such cases, when removing the fiber from the solvent, the fiber surface would be cracked and
crazed, leading to significant transmission losses, or the fiber may simply break apart due to the
damage. We believe this may explain the cracking we saw for the PMMA fiber (see Fig. 6.7). So it
is clear, that some intermediate region should be found, where a small or insignificant gel-layer

[118] Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
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is formed.
The diffusivity of the etchingmolecules into the polymer also has an impact on the etching.

If the molecules are small and good solvents, they may tend to cause crack initiation, as inves-
tigated by Ouano and Carothers (referenced in Miller-Chou and Koenig f). However, the size
of the solvent molecule will also impact the kinetics of the process, with increasing dissolution
rate for smaller molecules. This has been the reason that we have initially been keeping an eye
on theMVol of the solvent. Diffusion of the solvent into the polymer could also have an effect on
the transmission through the fibers. Absorbed solvent can stay in the polymer for a long time,
as was shown by Janting et al. g.

Another contributor to the dissolution dynamics is the molecular weight and its distribu-
tion. It has been shown that the dissolution rate of a polymer decreases with higher molecular
weights of the polymer. Additionally, the dispersity of the polymer will also have an impact,
with some results showing that polydisperse polymers dissolved twice as fast as the monodis-
perse (referenced in Miller-Chou and Koenig h).

We also mentioned that acetone is often found by others to induce crazing of the surface,
while we at our department have not encountered this problem. The problem we saw with the
cracking we believe is caused by the acetone vapors. The etched portion of the fiber showed no
damage. Possible explanations for this could be in terms of the molecular weight or the temper-
ature of the polymer. As described in Miller-Chou and Koenig i, the thickness of the gel-layer
was found to decrease, as the temperature was lowered from the glass-transition temperature to
some critical temperature (termed the gel-temperature). Below this temperature, polymers start
to exhibit dissolution by cracking and “eruption”. It is possible, that the gel-temperature will be
different, if the Tg of the polymer is changed. Thus, for two samples of PMMA, one having a
Tg lower than the other, their gel-temperatures may also be different. Since Tg of a polymer
is related to the molecular weight, through the Flory-Fox Equation j, a lower molecular weight
would result in a lower Tg and a possibly lower gel-temperature. The gel-temperature may then
be below the processing temperature, in which case cracking would cease.

Another explanation may be related to the stresses in the polymer. If the polymer is not
stress-relaxed, residual surface stresses from the fiber-drawing could be a player in inducing
crazing and cracking of the surface. This was alsomentioned in section [III-A in original paper].

A last thing to mention is about the use of mixtures. In section [III-B in original paper],
we mentioned that we would not be using mixtures of solvents. The overall behavior of the dis-
solution using a mixture, is governed by the mixture HSPs, and as with single solvents, if the
RED < 1, the mixture will be able to dissolve the polymer. However, the dynamics of the dis-
solution processwith amixture is different than for individual solvents. Each of the components
in themixture, will have a specific diffusivity in the polymer, and so, one of the components may
diffuse into the polymer more readily than the other. This may lead to effects not seen with an
individual solvent with the same HSPs as the mixture. For example, it was shown by Cooper et
al. (referenced in Miller-Chou and Koenig k) that the addition of small non-solvent molecules
to a good solvent, could increase the dissolution rate. The reason was thought to be because of
plasticization of the polymer by the small molecules. What this means for our study is that there
may be effects from the interplay between the two solvents, that affect the etching, which cannot
be seen as a result of either the RED of the mixture or its HSPs. Further studies are required to
determine how mixtures behave as etching solvents for polymers.
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a Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
b Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
c Merchant, Scully, and Schmitt (1999) “Chemical Tapering of Polymer Optical Fibre”
d Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
e Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
f Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
g Janting et al. (2019) “Effects of Solvent Etching on PMMAMicrostructured Optical Fiber Bragg Grating”
h Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
i Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”
j Fox and Flory (1950) “Second-Order Transition Temperatures and Related Properties of Polystyrene. I. Influence of
Molecular Weight”
k Miller-Chou and Koenig (2003) “A Review of Polymer Dissolution”

6.2.4.2 Solvent bonding

Another application is for solvent bonding. When two different polymers are to be bonded together
surface-to-surface, one approach is to use an adhesive between the two. However, it is possible to create
a much stronger adhesion by slightly dissolving the surface of the polymers and then pressing them to-
gether. Since the surfaces are semi-dissolved they will begin to entangle themselves with each other. Of
course, this requires that the solvent used is capable of dissolving both polymers at the same time. In this
regard, HSPs can be very helpful. By determining the HSPs of both polymers, it is possible to look for the
intersection between the polymers. Solvents within the overlap are capable of dissolving both polymers,
and so, one has simply to choose (or make amixture). A good example of solvent bonding is in the patent
by Dang et al. [120], in which solvent bonding is used to attach a tubular membrane to the optical fiber
cladding.

6.2.4.3 Doping

Doping of polymer optical fiber sensors has been done by Toba et. al in 2000 [73], Large et al. [121],
Pulido and Esteban [80,81], Stajanca et al. [122] and Ayesta et al. [123]. To dope the polymer fiber, it must
be immersed in a solvent in which the photoluminescent compound one wishes to use is also present.
In some cases the compound will begin to diffuse into the polymer. In order for this to happen, the
compoundsmust be “carried” by the solvent, and so the solvent itself must diffuse into the bulk polymer.
However, it is important that the solvent does not dissolve the polymer, and so, an RED > 1 is required.

The tendency for compounds to diffuse into the polymer, may have to do with the swelling be-
haviour of the polymer in a particular solvent. When the polymer is immersed into a solvent, it will tend
to swell depending on thermodynamics of the system. The swelling may be possible to control using
HSPs, and the swelling behaviour of polymers in solvents have been investigated by Papanu et al. [124],
Nielsen and Hansen [125] as well as Su et al. in 2015 [126].

[120] Dang et al. (2017) “Biostable Glucose Permeable Polymer”
[73] Toba et al. (2000) “Fiber Optic Fluorosensor for Oxygen Measurement”
[121] Large et al. (2004) “Solution Doping of Microstructured Polymer Optical Fibres”
[80] Pulido and Esteban (2010) “Improved Fluorescence Signal with Tapered Polymer Optical Fibers under Side-Illumination”
[81] Esteban and Pulido (2013) “Simple Oxygen Gas Sensor Based on Side-Illuminated Polymer Optical Fiber”
[122] Stajanca et al. (2018) “Solution-Mediated Cladding Doping of Commercial Polymer Optical Fibers”
[123] Ayesta et al. (2018) “Fabrication of Active Polymer Optical Fibers by Solution Doping and Their Characterization”
[124] Papanu et al. (1990) “Swelling of Poly(Methyl Methacrylate) Thin Films in LowMolecular Weight Alcohols”
[125] Nielsen and Hansen (2005) “Elastomer Swelling and Hansen Solubility Parameters”
[126] Su, Shi, and Wang (2015) “Investigation on Three-Dimensional Solubility Parameters for Explanation and Prediction of
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6.2.4.4 Simultaneous Solution of Indicators and Polymers

The final application which I will talk about is something which has been important for the work in this
project. When we wish to mix photoluminescent compounds and polymers (to form a sensing matrix),
we need a way to fabricate the matrix. One way is to heat up the polymer until it is melted, and then add
the photoluminescent compound. However, the heatmay be destructive to the compound, but also to the
optical fiber itself. An alternative is to mix solvent, polymer and photoluminescent indicator together.
If this is the approach one takes, it will be important that both the polymer and the photoluminescent
indicators are soluble/dispersible in the solvent. One of the extensions of Hansen Solubility Theory is
that it can be used with particles and pigments also, with great success. And so, by determining the HSPs
of both indicator and polymer, one can choose solvents or solvent mixtures which will work for both of
them simultaneously. This concept is explored further in the following section.

6.3 SOLUBILITY FOR PHOTOLUMINESCENT COMPOUNDS

In his book Hansen Solubility Parameters, Hansen describes how HSPs could be used in the evaluation of
howwell pigments, fillers and fibers can be dispersed in different solvents [107, chap. 7]. The use of HSPs
for the evaluation of dispersibility of particles has in recent years been investigated by Süß et al. [127],
who presented a standardized routine for the determination of HSPs for particles, but also Wieneke et
al. in 2012 [128], who looked at the use of HSPs for nanoparticles, in particular Titanium Oxide (TiO2)
and Hydroxypatite.

For this project, it was necessary to develop solvent formulations for the photoluminescent com-
pounds PtOEP and C545T, but these formulations would have to simultaneously be able to dissolve the
polymer matrix in which the compounds should be embedded. It the solubility is not a good, the photo-
luminescent compoundswill aggregate and form non-luminescent complexes, whichwould then reduce
the performance of the sensing matrix.

One of the papers published during the project was on an POF oxygen sensor with the sensing
matrix attached to the end-surface of the fiber by solvent bonding [3]. The matrix was made of PMMA
and the sensing molecules were PtOEP. We wanted to present a tool for selecting solvents optimally for
the simultaneous dissolution of polymer indicator as well as the antenna dye, C545T. In addition, we
wanted to show the effect of bad solubility.

Our hypothesis was that the distance between a solvent and a photoluminescent compound, in
HSP space, was proportional (at least in a first-order approximative sense) to the absolute solubility or
dispersibility of that compound. The approach we took to test for solubility is given in the following
excerpt:

Swelling Degree of Polydimethylsiloxane Pervaporation Membranes”
[107] Hansen (2007) Hansen Solubility Parameters
[127] Süß et al. (2018) “Determination of Hansen Parameters for Particles”
[128] Wieneke et al. (2012) “Systematic Investigation of Dispersions of Unmodified Inorganic Nanoparticles in Organic Solvents
with Focus on the Hansen Solubility Parameters”
[3] Inglev et al. (2020) “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and Improved Solvent
Selection Using Hansen Solubility Parameters [In Review]”
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Excerpt from Inglev et al. 2020 – On “Extending HSP” (In Review, JLT)

NOTE The references are formatted differently in this excerpt than in the original, in order to
avoid confusion with the references in the thesis.

SOLUBILITY TESTING

Solubility testing is carried out by putting a small amount of polymer (abt. 200mg) or a small
amount of luminophore (abt. the tip of a smallweighing spatula) into a solvent. The exact amount
of polymer or luminophore is not important, since the HSPs rely on a qualitative judgment by
the researcher on whether a substance is dissolved (or dispersed) or not. What is important is to
be fairly consistent in those judgments.

For polymers, magnetic stirring is used to speed up the process, and after a day or two
it is determined whether the solvent dissolved the polymer. If need be, it is possible to wait
even longer. The kinetics are not important, only whether the polymer is dissolved. For more
information see the Hansen Solubility Parameters Handbooka.

For luminophores, the mixture of compound and solvent is first shaken well. Some sol-
vents will immediately result in a colored mixture. Depending on the solvent the color may
be stronger or weaker. However, we let the mixture sit for one day, and then perform a visual
inspection of the mixture and look for precipitation. If precipitate is identified, the solvent is
labeled as a “bad” solvent. By using an eye-magnifying glass we also inspect the mixture to see
if a suspension is formed. If clumps are visible, the solvent is also marked as “bad”. Using these
two judgments, the solvents were labeled as either “good” or “bad”.

For both polymers and luminophores, the software program HSPiP was used to find the
best fit for the cohesive energy densities (δD, δP and δH ), as well as the interaction distances
(R). We have previously reported HSPs for the polymers PMMA, Zeonex and TOPASb, and will
use the values found for PMMA in this work.
a Hansen (2007) Hansen Solubility Parameters
b Inglev et al. (2019) “Polymer Optical Fiber Modification By Etching Using Hansen Solubility Parameters—A Case
Study of TOPAS, Zeonex, and PMMA”

6.3.1 HSPS FOR PTOEP AND C545T

With the approach explained above, we conducted experiments on PtOEP and C545T with many dif-
ferent solvents. The results of these were collected and analyzed with the software program HSPiP. The
results are depicted in Fig. 6.12. The HSPs for PMMA, which are used in the figure, are taken from the
publication from 2019 on etching of polymer fibers [1].

What is immediately clear is that C545T can be used with any solvent or solvent-mixture that
works for either PMMA or PtOEP. This makes the problem a whole lot easier since it is now limited
to the problem of simultaneous dissolution of PtOEP and PMMA. As should be clear from Fig. 6.12,
the overlap is quite large between the two, but nevertheless it is not total. As an example I show ace-
tone, which a solvent capable of dissolving PMMA, but is not inside the sphere of PtOEP and so would
not be a good solvent for that particular luminophore. Here it is important to note the distinctions be-
tween polymers and particles – the sphere for polymers determine the volume in which the polymer
[1] Inglev et al. (2019) “Polymer Optical Fiber Modification By Etching Using Hansen Solubility Parameters—A Case Study of
TOPAS, Zeonex, and PMMA”
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Figure 6.12. HSP spheres for PtOEP(smallest, green), PMMA (middle size, red) and C545T (largest, blue). The
1:3 acetone/trichloroethylene mixture is depicted by a small green dot sitting inside all the spheres
simultaneously. Acetone (the small red dot), is outside the solubility sphere for PtOEP. It is also clear
thatC545T is easily dispersible in any solvents capable of dissolving bothPtOEP andPMMA.Reused
from Inglev et al. 2020 [3]

will be dissolved, and solvents outside will not dissolve it. For particles, the sphere does not correspond
to a boundary between solvents that dissolve or solvents that do not dissolve the particles. Instead, that
sphere is entirely dependent on the criteria selected by the researcher in the solubility experiments.

6.3.2 EFFECT OF SOLUBILITY/DISPERSIBILITY ON SENSOR EFFICIENCY

Using a good solvent for dissolving the indicator is important and in order to make this effect clear, we
manufactured POF sensors with matrices at their end-surfaces (see Fig. 6.13a), but with the gels made
with different solvents.

6.3.2.1 Sensing Matrix Mixtures

Three different mixtures were created and are summarized in Table 6.4. Each mixture is made such that
when the solvent has evaporated, the concentration of PtOEP in the resulting solid polymer would be
4.16mM. This allows for the comparison between the effect of good or bad solubility of PtOEP has. I
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(a) Fibers with their end-surfaces functionalized. In (A) a fiber with only
PtOEP in PMMA, while (B) and (C) are PMMAmatrices with PtOEP and

C545T.

(b) Agglomeration in action. A fiber fabrication
during the project with acetone as the solvent.
The PtOEP can clearly be seen as clumps in
the polymer matrix, which is at this point not

completely dry yet.

have included the mixture with C545T, which was also used in our publication, in order to show the
results of using an antenna dye. Those results were discussed in Chapter 5.

Table 6.4. Mixtures Used For Sensor Fabrication (data from Inglev et al. 2020 [3])

Mix Solvent PtOEP C545T

Mix-1 Acetone 4.16 mM
Mix-2 Acetone + TCE (1:3) (v/v) 4.16 mM
Mix-3 Acetone + TCE (1:3) (v/v) 4.16 mM 12.23 mM

6.3.2.2 Agglomeration of PtOEPmolecules

Without good dispersibility, the PtOEPmolecules will agglomerate and form non-phosphorescent com-
pounds, which means we would see self-quenching behaviour. Self-quenching was already discussed in
Chapter 5, where I showed how very high concentrations in the polymer would lead to self-quenching.
Those experiments were done with a good solvent, but there is nonetheless an effect at high concentra-
tions. Agglomeration is practicality the same thing, as clumps of particles are basically very high local
concentrations. The agglomeration of PtOEP can be seen in Fig. 6.13b, in which the clumps are clearly
visible.

6.3.2.3 Sensor Efficiency Measurements

The setup used in our paper is depicted in Fig. 6.14. The results indicate that the agglomeration of PtOEP
has an effect on the photoluminescence intensity. When a better solvent is used (as withMix-2), the pho-
toluminescence intensity is increased 2-3 timeswhen compared to using the bad solvent (acetone), as can
be seen in Fig. 6.15. This is a clear indication that using a better solvent will help decrease the agglomer-
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ation of PtOEP molecules. These results can easily be extended to encompass other luminophores and
polymers.

Figure 6.14. Optical setup for the measurement of photoluminescent intensity from the fabricated sensors. The
blue LED is used to excite the luminophores at the distal end of the optical fiber sensor. Emitted
photoluminescence propagates back through the system and is directed, through the splitter, to the
spectrometer. Reused from Inglev et al. 2020 [3]

Figure 6.15. Intensities measured from the different sensors manufactured. The ones made with Mix-1 were the
worst of the lot. This is due to the fact that the solvent (acetone) does not provide a good solubility of
PtOEP. The result is that PtOEP will aggregate into clumps and self-quenching will occur. The ones
made withMix-2 used a better solvent (Acetone + TCE), and the intensity is much improved. In that
particular solvent, PtOEP can be loaded quite heavily (up to 11mMaccording to ourmeasurements).
Reused from Inglev et al. 2020 [3]
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Chapter 7
End-Point Sensing

Say not always what you know, but
always know what you say.

Claudius, Roman Emperor

SYNOPSIS The previous chapters have focused on the elements which make up the fiber sensors. Pho-
toluminescence was explored in Chapter 4 and Chapter 5, and polymers were looked at in Chapter 6.
In this chapter, I will look at the results from the end-point sensors that were made in the project. In
Section 7.1, I will discuss the fabrication of these end-point fibers and the device which was developed
for applying a film to the surface-end. In Section 7.2, I will show the results from some of these fibers in
terms of their oxygen measuring capability.

7.1 MANUFACTURING END-POINT SENSORS

Applying a film to the end of the optical fiber, is not a new invention. In 1988, Lippitsch et al. [51],
made a fiber optical oxygen sensor by making the sensing film separately and only in the final step of
the manufacturing process attached it to the end of the optical fiber. A more recent example of this
approach is by Fischer andKoop-Jakobson, who alsomanufacturing the sensing film individually, before
attachment to the fiber [129]. Instead of a attaching a film, it is possible to dip-coat the fiber into a solution
of polymer, solvent and oxygen indicator, whichwill ensure a thin film at the tip of the fiber. This is often
coupled with the removal of the cladding and tapering of the fiber tip [83]. The dip-coating is easy, but it
removes the control and knowledge of the fiber-thickness from the hands of the researcher or engineer.

The approach we took was to attempt the fabrication of a thin film directly onto the flat fiber
tip. For this purpose we built a device (see Fig. 7.1 capable of holding an optical fiber, and by means
of a micrometer screw we would control a “free volume” above the fiber surface. By filling the volume
with the solvent-polymer-indicator sensing mix, we could apply a film to the end. As solvent evaporates
the polymer thickens, and in the end a bulk polymer embedded with PtOEP was left. The process is
depicted Fig. 7.2. The device was used in the fabrication of many end-point sensors, but in our paper
“Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and Improved Solvent
Selection Using Hansen Solubility Parameters [In Review]”, we used it to investigate the effect of using a
good versus a bad solvent (see Chapter 6). It was also used in the fabrication of the fibers for investigation
the effect of the thickness of the film and concentration of PtOEP.

[51] Lippitsch et al. (1988) “Fibre-Optic Oxygen Sensor with the Fluorescence Decay Time as the Information Carrier”
[129] Fischer and Koop-Jakobsen (2012) “The Multi Fiber Optode (MuFO)”
[83] Chen et al. (2014) “Optimizing Design for Polymer Fiber Optic Oxygen Sensors”
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Figure 7.1. Device for applying films directly onto the fiber-tip. The fiber is led through two elements of plastic
with a hole drilled through them (the black and white pieces). A plastic screw fixates the fiber in the
lower element. The upper element made of teflon (white), is mounted on a linear micrometerscrew
platform, and can be moved up and down to control the space above the fiber-surface.

Figure 7.2. Thin film application principle. In (A) the POF is placed in a drilled hole in a Teflon block. A microm-
eter screw allows for the adjustment of the height of the optical fiber. This is shown in (B). In (C) a
pipette is used to fill the free volume above the fiber and in (D) the fiber is slowly moved up, as the
solvent evaporates.
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There will obviously be an uncertainty associated with the thickness when using the device, but it
is nontheless possible to manufacture rather thin sensors. The mixtures we have used have often been
with a 15% volume of polymer. This means that moving the teflon-block up such that there is a distance
of 300 µm above the fiber up to the upper surface of the teflon-block, and filling that space with the
gel-mixture, will result in a layer thickness of 300 · 0.15 = 45 µm after the solvent has evaporated.

7.2 RESULTS FROM ACTUAL SENSORS

In the paper “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and Im-
proved Solvent Selection Using Hansen Solubility Parameters [In Review]”, we presented work on an
end-point functionalized sensor. The work primarily centered on increasing the signal strength by ei-
ther optimizing the solvent, and so dispersing the PtOEP more, or using “light harvesting” and adding
C545T into the mix. These results were presented in Chapter 5 and Chapter 6. The end-point sensor in
that paper, was but one of the sensors made with that technique. In this section, I will show some results
from these end-point sensors in terms of their response time and calibration. The setup used for the
calibration curves is depicted in Fig. 7.3 while the setup used for step-responses is shown in Fig. 7.4. The
low-oxygen concentration is achieved by bubbling with nitrogen gas [130]. The bubbling with nitrogen
removes oxygen from the water over a certain timespan.

Figure 7.3. Setup used for oxygen setup. When the system has equilibrated, the fiber is moved from one sample
of water to another, and the sensor response can be measured.

[130] Butler, Schoonen, and Rickard (1994) “Removal of Dissolved Oxygen fromWater”
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Figure 7.4. Setup used for oxygen setup. When the system has equilibrated, the fiber is moved from one sample
of water to another, and the sensor response can be measured.

7.2.1 CALIBRATION CURVES

From Chapter 5 the following relationship for the phase, φ and the lifetime, τ of the oxygen indicator
was given:

φ = tan−1 ωτ (7.1)

Through the Stern-Volmer relationship, we know that the phase-shift will change due to changes in the
lifetime. The Stern-Volmer relationship was

τ0
τ

= 1 +KSV [Q] (7.2)

Combining the above two equations we can get:

ωτ0
ωτ

=
ωτ0

tanφ
= 1 +KSV [Q] (7.3)

And the Stern-Volmer relationship can thus be directly read of the phase-shifts of the luminophore. Ide-
ally, the measured phase-shift would be due to the phase-shift of the PtOEP. However, since the system
also has a phase-shift, the phase-shift is a combination of the system phase-shift and the luminophore
phase-shift.

R cos(ωt− φsys − φlum) = R cos(ωt− φ) (7.4)

This means that we must take into account this system phase-shift and somehow remove it.
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7.2.1.1 Example of Calibration Curve

An example of how a curve of the phase and concentration looks is depicted in Fig. 7.5. The time it takes
to stabilize between changes in concentration is not a direct indicator of the response-time of the sensor,
but is largely dependent on the rate it takes for the oxygen to equilibrate.

Figure 7.5. Oxygen concentration and phase-response of end-point sensor. The numbers on the curve indicate
the oxygen saturation of the water.

7.2.1.2 Fitting of τ0 using measured data

The data for the up- and down-cycle of oxygen concentration, can be used to fit the equation

φ = φsys + tan−1 ωτ = φsys + tan−1

(
ωτ0

1 +KSV [Q]

)
= a+ tan−1

(
b

1 + cx

)
(7.5)

In the above, c is a constant which represents both the Stern-Volmer coefficient,KSV , but also the con-
version from oxygen saturation to concentration. In Fig. 7.6 the data has been fitted to Eq. 7.5. From the
fit it is possible to directly extract the product ωτ0 as well as the system phase-shift φsys. By subtracting
φsys from themeasured phasewewill have the actual phase-shift from the luminophoreφlum, and using
Eq. 7.3 the actual Stern-Volmer curve can be plotted.

7.2.1.3 Stern-Volmer Curves

The results for such fittings from three different samples are shown in Fig. 7.7. It is clear that the different
samples have different Stern-Volmer coefficients. This is expected, since the Stern-Volmer coefficient
will be directly related to the diffusion and environment of the PtOEP. In the case of the green datapoints,
we are dealing with a sensor with a 45 µm thick matrix. Only PtOEP is in this particular sensor. Moving
to the red data, we are dealing with a thinner sensor of approximately 15 µm, but now with both PtOEP
and C545T in the PMMAmatrix.

The blue datapoints are from a sensor with polystyrene as the matrix. Here, the Stern-Volmer
coefficient is larger than the previous, indicating that either or both of the following are true: (1) the
diffusion of oxygen in PMMA is faster (see Chapter 5), or (2) the solubility of oxygen in PS is larger. In
fact, both of these are true, which leads to a stronger quenching action of PtOEP in PS compared to
PMMA.
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Figure 7.6. The same sample as in Fig. 7.5, now with a fit of Eq. 7.5 to the data.

Figure 7.7. Stern-Volmer curves for three different samples. The different colors indicate the different samples,
with the green data being froma samplewith a PMMAmatrix, 45 µmthick and only containing PtOEP.
The red data is from a samplewith PMMAas thematrix, 15 µm thick andwith both PtOEP andC545T
luminophores. The blue data is from a sensor with a polystyrene (PS) matrix instead, 30 µm thickness
and also PtOEP together with C545T.

7.2.2 RESPONSE TIME

The response time of the sensor depends on how fast a change in the external environment (outside the
sensing matrix) equilibrates with the internal environment of the sensor matrix. This does not necesar-
rily mean that the concentration outside and inside will be the same, but an equilibrium will be reaches
which depends on the chemical potential. Onemethod of increasing the response time is to decrease the
thickness of the sensing matrix, which means that equilibrium will be reached faster. However, making
the sensor thinner also impacts the signal strength. Thus, there is a trade-off in terms of having a faster
response time, versus signal strength.

In our paper “Optimization of All-Polymer Optical Fiber Oxygen SensorsWith Antenna Dyes and
Improved Solvent Selection Using Hansen Solubility Parameters [In Review]” we used C545T in order
to increase the signal strength. This allowed us to make a thinner sensor and thus increase the response
time. These results can be seen in Fig. 7.8, which is from a sensor with a 15 µm thick PMMA layer
containing both PtOEP and C545T.
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The response time for a 15 µmlayer of PMMAhas also been seenwith other sensors. In Fig. 7.9, the
step responses for three such sensors are shown. As with the published work, these also show response
times of around 50 seconds. The response time is independent on the addition of C545T.

7.2.2.1 Polystyrene Matrices

Switching away from PMMA as thematrix, has already been discuseed in the previous section regarding
the Stern-Volmer curves. The polystyrene allows for faster diffusion and larger solubility of oxygen, and
so the quenching is stronger. The stronger quenching can also be seen in the step-responses in Fig. 7.10.
The red curve depics the results from a 30 µm thick layer of polystyrene. Even though the layer has
double the thicknes compared to the PMMA matrices, the response time is on the same scale (around
50 seconds). Depending on the requirements for a sensor, this can be used in order to either increase
the thickness of the sensor and thereby the signal, but keeping the same response time (when comparing
with PMMA), or one can use it to keep the thickness the same but get an increased response time. The
larger shift in phase may also help in increasing the resolution of the sensor.

7.3 EFFECT OF CONTAMINATION SIGNAL

If not all of the C545T photoluminescence is quenched by the PtOEP, the upper tail of the C545T emis-
sion will make it into the signal arriving at the detector. The contaminated signal will be a sum of the
signals fromC545T and PtOEP, akin to the combination of signals from two points or two luminophores
discussed in Chapter 5. The effect can be seen in Fig. 7.11, in which two signals are visible. One of these
have a clear remnant of the upper tail from the C545Twhile the other is only very slightly contaminated.

From the discussion in Chapter 5, the following equation could be used to describe the combined
phase-shift of the signals originating from two luminophores:

θ = tan−1

(
sin(2φ1) + F0Q(x) sin(2φ2)

2(cos2 φ1 + F0Q(x) cos2 φ2)

)
(7.6)

The factor F0 was the strength ratio between the two luminophores. It is the ratio between the photolu-
minescent signals, when non of them are quenched. The combined quenching factorQ(x), is the ratio
between the quenching factors q2(x) and q1(x), where x was the concentration of the quencher. The
quenching ratio itself was

q(x) =
1

1 +KSV x
(7.7)

In a situation where the combined signal is comprised of photoluminescence from PtOEP and C545T
together, only one of the signals are quenchable. This means that the phase-shift can be rewritten to:

θ = tan−1

(
q1(x) sin(2φ1) + F0 sin(2φ2)

2(q1(x) cos2(φ1) + F0 cos2(φ2))

)
(7.8)

The result of contamination can be seen in Fig. 7.12 and Fig. 7.13. Both the total phase-shift is impacted
as well as the linearity of the Stern-Volmer curve. The effect is very small when the strength ratio, F0 is
less than 0.1, it is nevertheless important to make sure the strength ratio remains small.
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Figure 7.8. The results of the step-response measurements. The POF sensor underwent two cycles in which it
was moved from low oxygen (low phase) to high oxygen (high phase). The t95 response-time averaged
at 48 s when going from low-oxygen to high-oxygen, and 57 s for the high-to-low transition. Reused
from Inglev et al. 2020 [3].

Figure 7.9. Response time of different fibers with a 15 µm PMMA sensing matrix.

Figure 7.10. Response time of a 30 µm polystyrene sensing matrix, compared with 15 µm PMMAmatrices.
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Figure 7.11. Two spectrums. One is very contaminated by the presence of C545Twhile the other has only a slight
remnant of the C545T photoluminescence.

Figure 7.12. The effect on the phase-shift of a contaminated signal. The phase-shift becomes significantly smaller.
This particular setup is when the power in the contamination signal and the actual signal is on the
same order (F0 = 1), and the lifetime of the contamination signal is τc = 1ns

Figure 7.13. The effect on the Stern-Volmer curve of the contamination where a non-linear behavior begins to
manifest. This particular setup is when the power in the contamination signal and the actual signal
is on the same order (F0 = 1), and the lifetime of the contamination signal is τc = 1ns
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Chapter 8
In-Fiber Sensing

Because a thing seems difficult for
you, do not think it impossible for
anyone to accomplish.

Marcus Aurelius, Roman Emperor

SYNOPSIS In this chapter I will explore the ideas for an in-fiber sensor and in particular a design based
on annular cavities will be discussed. In-fiber sensors are those in which the sensing actions happens at
some point along the length of the fiber. These types of sensors are interesting for this project, since they
will allow for sensing to occur at multiple locations along the fiber. This will obviously require a clever
scheme and a detection equipment capable of distinguishing between the signal from the individual
points. Much of what is presented in this chapter is based on material published during the project [2].

8.1 IN-FIBER SENSING DESIGNS

There are many ways in which an in-fiber sensor could be constructed. A typical example of an in-fiber
design is the one by Cai and Chu from the years 2007-2009 [74–77]. Their design is based on stripping
the jacket from a 3 cm portion of a POF fiber and then dip-coating the surface in a sol-gel solution. They
do not mention anything with respect to how the cladding is treated. The fiber is then bent in a U-shape
to facilitate out-coupling ofmodes into the sensing layer. An image of their design can be seen in Fig. 8.1.

There are other examples of in-fiber designs, such as the one presented by Xiong et al. [131], which
is similar to the one by Chu and Cai, although they do not bend the fiber in a U-shape. They also specif-
ically mention that the fiber was de-clad by “exposing [the fiber] to a flame which burned the plastic clad”.

In-fiber design can often takes the form of fiber-optic evanescent wave sensor (FEWS), such as the
ones by Cao and Duan [132,133]. As the electromagnetic wave passes the sensing area, the evanescent
wave interacts with the environment outside the core. Evanescent wave sensors will in general require a
long interaction length, since the effect from the evanescent wave can be very small. By bending the fiber

[2] Inglev, Janting, and Bang (2020) “Annular Cavity Design for Photoluminescent Polymer Optical Fiber Sensors [In Review]”
[74] Chu et al. (2007) “A Dissolved Oxygen Sensor Based on Ruthenium Fluorescence and U-Shaped Plastic Optical Fiber”
[75] Cai et al. (2008) “U-Shaped Plastic Optical Fiber Dissolved Oxygen Sensor”
[76] Chu et al. (2008) “Dissolved Oxygen Sensor by Using Ru-Fluorescence Indicator and a U-Shaped Plastic Optical Fiber”
[77] Chu et al. (2009) “Characterization of a Dissolved Oxygen Sensor Made of Plastic Optical Fiber Coated with Ruthenium-
Incorporated Solgel”
[131] Xiong et al. (2009) “A Fiber-Optic Evanescent Wave Sensor for Dissolved Oxygen Detection Based on Novel Hybrid Fluo-
rinated Xerogels Immobilized with [Ru(Bpy)(3)](2+)”
[132] Cao and Duan (2005) “Optical Fiber-Based Evanescent Ammonia Sensor”
[133] Cao and Duan (2006) “Optical Fiber Evanescent Wave Sensor for Oxygen Deficiency Detection”
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8. IN-FIBER SENSING

Figure 8.1. U-shaped POF sensor head by Chu and Cai (2009).

in a U-shape as in Fig. 8.1, it is no longer the evanescent wave, which interacts with the environment,
but out-coupled modes. For POFs it is also possible to dope the fiber at a particular point with eg. a
fluorophore (see Section 6.2.4 for details).

Another approach would be to drill holes through the fiber, as has been done by Park et al. [134] for
a POF liquid level sensor. The holes need not be all the way through, but could be small cavities, as in the
patent application by Alonso et al. [135]. The advantage of drilling holes is that it is possible to get much
stronger interaction with the EM field inside the fiber, over a shorter distance, than would be possible
with eg. evanescent wave sensing.

8.2 THE ANNULAR CAVITY DESIGN

A different method of creating and in-fiber sensor is to create annular trenches or cavities in the fiber
core. These trenches could then be filled with the sensing material. The concept is depicted in Fig. 8.2.
It is conceivable to use one, two or more of these cavities at the sensing point. The obvious question is
why one would want to create two separate cavities, instead of a single long cavity and the immediate
answer to this lies in the fabrication of the device. When the trench or cavity is narrow, the wetability
increases which will help ensure that a polymer gel is deposited evenly around the cavity. If instead
the cavity is long, the gel may be deposited unevenly or even break up into droplets. This problem has
similaritieswith a problem faced by Janting et al. in the construction of a small fiber optic FBGpH-sensor
in 2019 [4]. The portion of the optical fiber containing the FBG, had to be coated with a hydrogel capable
of responding to pH by stretching and contracting. When the hydrogel was applied to the fiber (which
was initially etched from 150 µm to 80 µm, it had the unfortunate behavior of separating into “beads”
along the fiber, instead of being evenly distributed. In their work, they increased the wetability of the
surface by inducing micro-crazing using a solvent mixture of acetone and water, and this subsequently
solved their problem. In the case of annular cavities, the narrowness of the trench will increase the
wetability of the cavity, and help along the self-adhesion of the polymer gel.

The design was investigated in two steps. First we performed measurements on a fiber with a
single annular cavity, and then varying the length and depth of the cavity. In the second part of the
investigation, we manufactured fibers with two annular cavities. We then varied the separation between
the cavities to see the effect of this. The results showed that an optimum separation existed for which
the photoluminescent signal intensity was strongest. We then probed these results further by deriving

[134] Park, Park, and Shin (2015) “Plastic Optical Fiber Sensor Based on In-Fiber Microholes for Level Measurement”
[135] Alonso, Guzman, and Berry (2018) “Distributed Fiber Optic Chemical Sensor and Method”
[4] Janting et al. (2019) “Small and Robust All-Polymer Fiber Bragg Grating Based pH Sensor”
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Figure 8.2. Annular Cavity Design Concept. Reused from Inglev et al. (2020) [2]. The annular cavities are milled
into the fiber at specific locations and subsequently filled with the sensing gel. The solvent evaporates
and leaves a PMMAmatrix with embedded photoluminescent molecules (PtOEP).

simple, analytical expressions capable of explaining the phenomena, as well as a numerical simulation
model. An example of one of the fibers created can be seen in Fig. 8.3.

(a) Two milled cavities (b) Filled annular cavities

Figure 8.3. Annular Cavity Fiber with (a) the annular cavities milled into the fiber surface and (b) the cavities filled
and dried with the photoluminescent mixture.

8.2.1 FABRICATION OF ANNULAR CAVITY FIBERS

Annular cavities can be manufactured by milling or by etching. In the work we published, the fibers
were manufacturing by milling. This is a crude manufacturing process, and some variation in the di-
mensions of themilled trenches will be difficult to avoid. The following excerpt from our paper explains
the manufacturing process and the materials used for the characterization we did on this design.

Page 108 of 156



8. IN-FIBER SENSING

Excerpt from Inglev et al. 2020 – “Materials and Methods”

MATERIALS AND METHODS

MATERIALS

Fibers The optical fibers used are 1mm thick PMMA/PVDF (core/cladding) fibers acquired
from Edmund Optics (product no. 02-534). The fibers are manufactured by Mitsubishi (ESKA
CK-40). The core of the fibers has a diameter of approximately 980 µm. The cladding is approx-
imately 10 µm.
Measurement The measurements are performed using an Ocean Optics HR2000 spectrom-
eter. Simple color filters from LEE Filters, are used for the removal of excitation light.
Chemicals The solvents andphotoluminescent compoundused is PtOEP (Platinumoctaethyl-
porphyrin) and has been acquired through Sigma Aldrich. PMMA (from Gehr GmbH) is dis-
solved in a mixture of 25% acetone and 75% trichloroethylene. The gel mixture is a 15% (v/v)
solution of PMMA. PtOEP is added to the mixture, enough to create a molar concentration of
0.77mM. The chemicals both have grades of>95%.

METHODS

Cavity fabrication The fibers are firstmilled using a ProxxonMICROMill MF 70. Themilling
is performed using a triangular milling head and with a speed of 20 000 RPM. The fibers are fix-
ated in a setup which allows them to be rotated around the fiber axis while the miller is running.
After milling the fibers are annealed for at least 16 hours at 90 °C and 90% relative humidity.
This serves to remove any residual stress in the fiber, especially at the sensing point [109]. An
example can be seen in [edit: see Fig. 8.3a instead]. Residual stress can cause the fiber to break,
when the gel solution is added. The gel is applied to the sensing point and the fibers are left to
dry for a day, during which most of the solvent leaves the mixture [115]. All fibers of a given
batch are fabricated on the same day, in order to compare them later. An example of a filled and
dried sample is given in [edit: see Fig. 8.3b instead].

PHOTOLUMINESCENCE RESPONSE For a given batch of fibers to be compared, all of them
must have been manufactured on the same day, and given an equal amount of drying time. We
have found that the photoluminescent response increases in the first few days after applying the
sensing solution, possibly as a result of the evaporation of residual solvent molecules and thus
leaving a more rigid medium for the phosphorescent PtOEP, and thereby higher quantum yield
[26]. It is therefore important that fibers to be compared are measured after an equal number
of days from fabrication. By “batch” we mean the collection of fibers with differing geometrical
parameters (1 cavity, 2 cavities, depth, width, length, separation), which will be compared rel-
ative to each other. The measurements are performed in a setup as portrayed in Fig. 8.4. The
integration time was set to 2000ms.
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Figure 8.4. Experimental setup. Light from an LED (470 nm) is coupled into a 1mm POF splitter (ac-
quired fromFiberFin). The light is guided into into a sample fiber with the photoluminescent
annular cavities via an SMA coupler. The light returning will be guided back into the split-
ter, and some of it will travel to the spectrometer. Before entering the spectrometer, the light
passes through a spectral filter removing the LED excitation wavelength. The spectra are
acquired via a laptop.

Thismanufacturingmethod is quite crude, but oneway tomake itmore precise, would be to use the
results presented in Chapter 6 on etching of POFs. With a suitable etching chamber, it could be possible
to etch cavities with very specific depths and lengths, without the large variations which will inevitably
come due to the mechanical milling. Using eg. THF, it would be possible to etch PMMA POFs at a rate
of 0.4 µm/min, which would allow one to create very shallow cavities and with much more precision.

8.2.2 ANNULAR CAVITY RESULTS

The results from the experiments are summarized in Fig. 8.5. Since losses in the system, variations in
fabrication and other factors would make it difficult to compare absolute values across the experiments,
we opted for a scheme in which the relative increase in signal when varying a parameter (length, depth,
separation), was calculated.

The result from the depth experiments showed the (expected) effect of increased signal when the
cavity depths were increased. The same is true for the length experiments. Although the results seemed
to indicate a “diminishing return” effect of longer lengths. When the dual cavity fibers, the signal was
compared to a batch with a single cavity. Thus, the relative intensity presented is the intensity gained
by adding a second cavity, at a distance, s from the first cavity. With a separation of zero, s = 0, the
situation is simply just a single cavity of twice the length. The results were clear in that when adding a
second cavity, the signal returned depended a great deal on the separation. In fact, the data indicates that
an optimal separation exists.

8.2.3 EXPLAINING THE RESULTS BY A MERIDIONAL ANALYSIS

As a first step we investigated the situation of having dual cavities, by considering the meridional plane
in the optical fiber, and conducting an analysis based on ray optics. Based on the average dimensions of
the fiber sensors, we could calculate the separations at which the first cavity was block light reaching (or
exiting from) the second cavity toward the detector. The results are shown in Table 8.1.

What practically ends up happening is that the first cavity is blocking the frontally facing surface
on the second cavity either fully (no light rays can hit it) or partially (light rays can hit it by reflecting at
the core-cladding interface between the two cavities. It is also possible for some rays to pass through the
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Figure 8.5. Reused from Inglev et al. (2020) [2]. Simulation results with different combinations of effects added
to the model. The intensity is relative to the intensity from a single cavity with the same geometrical
parameters as either of the two annular cavities in the dual-cavity fibers (l =0.15mmandd =125 µm).
The black curves are hidden behind the green curves on the left-most and right-most plots, as adding
reflection only has minimal influence on the effect of separation. The same is true for the blue and
yellow curves, where the blue is hidden behind the yellow in the left and right plots. The intensity at
2mm separation can also be quantified relative to a single cavity with double the length. In that case
the relative intensity is 1.2.

aperture made by the first cavity, and directly on to the second cavity. For different separations, how the
face of the second cavity is blocked by the first cavity will change. We calculated that for the dimensions
we used in our experiments, the first 0.5mm would result in a second cavity completely blocked by the
first cavity. Above this distance, and up until a separation of 1.98mm, the rays would begin to be able
to reach to cavity. This results in increased power. The interesting part happens between 1.98mm and
2.05mm. Here, some rays begin to be block, but the analysis showed that the overall power still increased.
However, this would change above 2.05mm and the power would decrease.

Table 8.1. Reused from Inglev et al. (2020) [2]. Effects at critical separations
Sep. [mm] Effect until this point

0 to 0.52 Decreasing dark region. Increasing collected power.
0.52 to 1.98 Dark region disappears. Overall increase in power.
1.98 to 2.05 Decreasing bright region. Increasing blocked region. Overall increase

in power.
2.05 + Decreasing collected power.

Our analysis thus described for us the situation we saw in the data. At a separation of around
2mm, there would be a maximum of “access” to the second cavity. However, this analysis did not take
into account skew rays in the fiber, and so, a 3-dimensional radiometric model was developed to check
the results again. In addition, the simplemeridional analysis did not take into account the “inner surface”
of the cavities.
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Figure 8.6. The axial projection plane of the fiber. A ray is emitted from a position in the fiber (red dot) and as an
initial direction in the plane given by its azimuthal angle φ. The polar angle governs the relationship
between the axial-propagation distance, z and the inter-plane distance, a(z), and is given by a(z) =
z tan(θ).

8.2.4 RADIOMETRIC SIMULATION MODEL FOR ANNULAR CAVITIES

I will derive the radiometric model in this section, in a similar way to the one presented in our paper [2].
The two cavities are depicted in Fig. 8.6. The vertical surfaces facing to the left are called frontally facing
surfaces and are labeledwith anF, while the surfaces inside the cylindrical cavity are called glazing surfaces
and are labeled with a G.

In radiometric terms, what we are interested in is the radiant power emitted from all of the surfaces,
and subsequently collected by the optical fiber and transported to the detector. That means that we are
first off only interested in the hemispherical emission from the surfaces, toward the detector. In addition,
we are only interested in the emission which will be “collected” by the optical fiber – that is to say, all the
rays that will be totally internally reflected at the core-cladding interface.

8.2.4.1 Radiant Power

The radiant power emitted from a surface F or a surfaceG can be calculated by considering the radiance
of the surface. An integral over the area as well as the solid angle within which the rays will be confined in
the fiber, will yield the radiant power.

Φ =

∫
S

∫
Ω

Lem(x, y, z, φ, θ) dΩ dA⊥ =

∫
S

∫
Ω

Lem(x, y, z, φ, θ)g(x, y, z, φ, θ) dΩ dA (8.1)

The radiance, Lem, may depend on the position on the the surface (x, y, z) as well as the direction of
emission (φ, θ). It is also important to note that the radiance is defined in terms of the projected area, dA⊥.
The projected area is most often taken as to be cos(α) dA, where α is the angle between the direction
of emission (φ, θ) and the surface normal at that point. However, this is only valid for flat or lambertian
surfaces. For rough surfaces, the projected area may not behave in this manner. This is for example
something taken into account in the Oren-Nayar reflectance model [136]. In order to be most general,
I will describe the projected area as a geometric factor, g, which is a function of position and direction.
This factor is thenmultiplied with the actual surface area to get the projected area. This allows us to first

[2] Inglev, Janting, and Bang (2020) “Annular Cavity Design for Photoluminescent Polymer Optical Fiber Sensors [In Review]”
[136] Oren and Nayar (1994) “Generalization of Lambert’s Reflectance Model”
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perform the integration over solid angle and arrive at

Φ =

∫
S

M(x, y, z) dA (8.2)

All this equation tells us is that the collected radiance is the integral of the exitance,M of the surface. For
an F, surfaces, the integral can be rewritten in terms of polar coordinates

Φ
F

=

2π∫
0

R∫
R−d

M
F

(r, β)r dr dβ = 2π

∫ R

R−d
rM(r) dr (8.3)

Here R is the radius of the optical fiber core and d is the depth of the cavity. The angle β is the polar
angle determining the angular position on the F surface and r is the radial position on the surface, with
origin at the center of the fiber core. By assuming that there is circular symmetry in the problem we can
arrive at the final expression. For G surfaces we have a similar situation, but will rewrite the integral in
cylindrical coordinates.

Φ
G

=

2π∫
0

L∫
0

M
G

(l, β)(R− d) dl dβ = 2π

∫ L

0

(R− d)M(l) dl (8.4)

As with the F surface we assume there is rotational symmetry. Interestingly, the form of the final ex-
pression are the same for both types of surfaces, but with different integrands and limits obviously. This
allows the implementation for the calculation of both surfaces to be done in the same manner.

8.2.4.2 Calculating Exitance

The exitance was calculated by an integral over the solid angle in which the rays are confined in the fiber.
This opens up the problem of determining which rays will be confined and which will not. Luckily,
this has been investigated by Snyder and Mitchell [137], who investigated this problem. When rays hit
the core-cladding interface, geometrical optics tells us that if the angle the ray makes with the surface
normal at that point, is larger than the critical angle, then the ray will undergo total internal reflection
(TIR). However, Snyder andMitchell showed that due to the curvature of the surface at the core-cladding
interface, only fibers with their polar angle (along the fiber axis), larger than the critical angle would be
totally internally reflected. Rays with a polar angle less than the critical angle, but with an azimuthal
angle such that the angle with the normal would lead to TIR, if only geometrical optics was considered,
are leaky.

These results will be used by us, by assuming that the only rays which undergo total internal re-
flection are those which have a polar angle, θ, such that the angle the ray makes with the core-cladding
interface is larger than the critical angle. I will call this polar angle (which is the complementary angle to
the critical angle), θc (see Fig. 8.7).

This idea is crucial in the calculation of the exitance, since the integral can be rewritten in spherical
coordinates.

M =

∫
Ω

Lem(x, y, z, θ, φ)g(x, y, z, θ, φ) dΩ =

2π∫
0

θc∫
0

g · Lem sin θ dθ dφ (8.5)

The function g will depend on the model for the surface chosen.
[137] Snyder and Mitchell (1974) “Leaky Rays on Circular Optical Fibers”
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Figure 8.7. Polar angle and maximum polar angle θc as measured from the fiber propagation axis. Reused from
Inglev et al. 2020 [2].

8.2.4.3 Window Functions & Calculating the Radiance

The radiance itself can be split into two parts, a part which will be termed the natural radiance and a part
which is called the window function.

Lem(x, y, z, θ, φ) = lem(x, y, z, θ, φ)W (x, y, z, θ, φ) (8.6)

The natural radiance is the actual radiance of the surface element, while thewindow functionW depend-
ing on whether a particular ray being emitted in a certain direction will encounter any obstacles. For
example, rays being emitted from theF surface of the second cavity, will in a lot of situations be blocked by
the first cavity. These rays should have no contribution in the final integral, and so the window function
for these rays will be 0. On the other hand the window function can also be used to implement contri-
butions such as reflections from the inner surface of the annular cavities. How to calculate the window
functions is outlined in more detail in 8.2.4.5.

The natural radiance itself could be implemented in a lot of different ways, however I have chosen
to implement it such that the radiance of a surface element is proportional to the irradiance of that surface
element. The proportionality factor can be thought of as a function in an of itself, akin to the so called
bidirectional reflectance distribution function (BRDF), which is a function that encodes how the irradiance
of a surface element is scattered and reflected in all directions (radiance) [138].

In the context of the analysis of the annular cavities, the function specifically encodes the direction-
ality of the emission. The irradiance itself does not contain any information regarding how the radiance
will be in different directions, the proportionality factor f will be that link.

lem = f(x, y, z, φ, θ)E(x, y, z) (8.7)

In most cases I will treat the proportionality factor as constant.

8.2.4.4 Calculating the Irradiance

Irradiance is calculated in a similar fashion as the exitance. To begin with, the notion is that the total flux
received by a surface is given by a calculation of the radiance onto the surface.

Φex =

∫
S

∫
Ω

Lex(x, y, z, φ, θ) dΩ dA⊥ =

∫
S

∫
Ω

g(x, y, z, φ, θ)Lex dΩ dA =

∫
S

E(x, y, z) dA

(8.8)
[138] Bartell, Dereniak, and Wolfe (1981) “The Theory And Measurement Of Bidirectional Reflectance Distribution Function
(Brdf) And Bidirectional Transmittance Distribution Function (BTDF)”
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(a)Window for G1 surface. (b)Window for G2 surface.

(c)Window for F2 surface. Separation 4 mm

Figure 8.8. Different window functions for G1, G2 and F2 surfaces. In (a), the G1 surface window function is
depicted at a specific location on the surface. For some combinations of polar and azimuthal angles,
the rays will be blocked by the G1 surface itself and the window function will be 0. In (b) the same is
true for the G2 surface. The structure that begins to emerge is due to the cavity sitting in front and
blocking some of the rays. In (c) the window function for the F2 surface with a separation of 4mm is
shown, and more structure starts to emerge.
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Once again, the geometric factor g comes into play, in order to encode the projected area. The irradiance is
found by doing the integral of over the solid angle. The same situation applies as in the previous sections,
with only rays in which the polar angle θ is less than the limit θc are confined in the fiber.

E(x, y, z) =

2π∫
0

θc∫
0

g(x, y, z, θ, φ)Lex(x, y, z, θ, φ) sin θ dθ dφ (8.9)

The excitation radiance Lex could take many different forms. One form that was investigated in the
paper was a power distribution in terms of how skew a given ray was. The skewness angle is the angle γ
which can be seen in Fig. 8.6. It is given by

γ(r, φ) = arcsin

(
r

R
sin(φ)

)
(8.10)

Where r is the distance from the center of the core and φ being the azimuthal angle. The skewness
therefore depends on both position and angle. The particular form for the radiance which was used was

Lex(γ) = e−(γ/w)b (8.11)

where w and b are factors which tuned and attempted fitted to the data. In the published work it was
found that values of w = 0.4 and b = 6 gave gave rather good results. These values are the ones which
have been used in the simulation in Fig. 8.5. Using these values, the irradiance as a function of radial
position r, declines the further out near the cladding we look (see Fig. 8.9).

Figure 8.9. Irradiance in terms of radial position due to the model in Eq. 8.11.

8.2.4.5 Calculating theWindow Functions

To evaluate the window functions, it require that we can follow the rays as they propagated down the
fiber, and see whether they encounter any obstacles. For the F1 surface it is quite clear that no obstacles
exist, and so its window function will be unity everywhere. For theG1 surface, there exist the possibility
that rays emitted will hit its own inner surface (see Fig. 8.8). For the surfaces on the second cavity (F2
andG2), the first cavity will be blocking some of these rays. So it becomes important to evaluate whether
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the rays hit the backside of the first cavity, or whether they hit the inner surface (G1) of the first cavity,
or whether they just pass right through. Thus, it is needed to describe the movement of the rays as they
pass through the fiber.

The following excerpt from our paper gives a quick derivation of the central concepts of ray prop-
agation in the fiber.

Excerpt from Inglev et al. 2020 – On “Ray Propagation”

The window function is central to the problem and can be found by considering the rays
being emitted or impinging on a surface element. For the F1 surface, there are no obstacles in
front of it, and all directions have a value of unity. It therefore suffices to look at the window
functions for G1, F2 and G2. To set up the problem, we derive some fundamental equations for
the propagation of the rays in the fiber.

A ray being emitted from a surface into the fiber, has a radial position r, and azimuthal
angle φ and a polar angle θ. Another angle exists, γ, which is the angle defining the skewness of
the ray. Seen from the cross-sectional projection of the fiber, a ray will be moving in a helical-
like path around the fiber circumference. Each time the ray reaches the core-cladding interface,
the ray will reflect and the angle of reflection is γ. Rays with γ = 0, corresponding to r = 0,
are meridional rays, and the type of rays most often considered in fiber-optical propagation.

The angle γ for a given ray being emitted is given by a relationship between the position
r and the azimuthal angle φ.

γ(r, φ) = arcsin

(
r

R
sin(φ)

)
(8.12)

During propagation in the fiber and reflections at the core-cladding interface, the polar
angle and the propagation distance between reflections, ar remain unchanged [139]. As the ray
propagates, its position can be projected to the cross-section of the core. In this cross-sectional
plane, its path will look polygonal in nature. At particular propagation distances, the ray may
encounter a cavity, and depending on its radial position in this cross-sectional plane (and thus
its distance from the cladding) it may be either lost or pass into the cavity. All of the interesting
dynamics of the problem therefore depend on the description of the ray propagation in this
cross-sectional plane.

As the ray propagates, its total cross-sectional propagation distance, a, increases. The re-
lationship between the cross-sectional distance a and the axial distance, z, is determined by the
polar angle.

a(z) = z tan(θ) (8.13)

As the ray propagates, it will at some point be reflected at the core-cladding boundary. The new
angle with respect to the cylindrical surface is again γ and this angle is conserved throughout the
propagation down the fiber. Between any two reflections, the ray behaves as between any other
two reflections. The cross-sectional distance between reflections ar can be found by simple
trigonometry and is given by

ar = 2R cos(γ) (8.14)

The ray is initially emitted at a radial position of r and with an azimuthal angle of φ, which
together determines the actual skewness angle γ (eq. Eq. 8.12).
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The ray can be seen as having traveled an initial distance ai(r, φ) from the “previous”
reflection. This initial distance ai is given by

ai(r, φ) =
ar
2
− r cos(φ) = R cos(γ)− r cos(φ) (8.15)

The radial position of the ray, as it propagates from one reflection point to another, is given by

r(z, θ, φ) =
√
a2
t +R2 − 2atR cos(γ) (8.16)

In eq. Eq. 8.16, at is the cross-sectional position of the ray along the line connecting two reflec-
tion points. In [edit: Fig. 8.6], it corresponds to the line going from point B toward point C. It
can be found as

at = a−
⌊
a

ar

⌋
ar = a mod ar (8.17)

where the parenthesis denotes the floored division operation. It can also be seen as the modulo,
or remainder, operation. The reason for using this approach, is that the ray propagates in the
same manner between any two reflections. It is therefore only of interest to know the position
along the path between two reflections, to know the radial position.

G1 Window Function

The G1 rays being emitted, have the probability of reflecting on the inner surface of the cavity,
before exiting and being collected. The number of times a ray has reflected internally can also
be computed by the floored division.

n(l, φ, θ) =

⌊
a

ar,g

⌋
=

⌊
l tan(θ)

ar,g

⌋
(8.18)

The distance between reflections, ar,g , is different inside the cavity region than outside, since the
radius of the cylindrical cavity bottom is smaller than the fiber. Its value is computed similarly
as above, but with the radius replaced by the radius of the cavity,Rcav = R− d.

F2 Window Function

The rays emitted from the F2 surface, can be completely blocked by the backside of the first
cavity. They can also enter through the aperture presented by the first cavity, and then either
pass directly through the cavity, or be reflected on the G1 surface.

Initially, the rays propagate an axial distance given by s, which is the separation between
the cavities. At the input plane of the first cavity, the radial position of each ray is determined.
Those that have a radial position less than Rcav = R − d, will pass into the cavity, and those
with a radial position larger than this, will be blocked completely by the cavity.

G2 Window Function

To begin with the G2 rays behave similarly to the G1 rays. They have the opportunity to reflect
a number of times at the inner surface of the cavity. As they exit the cavity region, they will
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propagate the axial distance s to the first cavity, and now behave similarly to F2, with some rays
being completely blocked by the first cavity.

Next, the rays not blocked will pass into the first cavity, and reflect a number of times
depending on their angle and radial parameters, and finally exit.
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Chapter 9
Final Remarks

Never let the future disturb you. You
will meet it, if you have to, with the
same weapons of reason which today
arm you against the present.

Marcus Aurelis, Roman Emperor

SYNOPSIS The work of this project has touched upon many different subjects. From polymer physics
and solubility theory, to the underlying aspects of photoluminescence, radiometric concepts for the de-
sign of an in-fiber photoluminescent optical fiber, as well as experiments on end-point sensors and their
response to oxygen. The work is not yet done, and to move the last few steps toward the ideal goal of the
project (to create a multipoint fiber optical oxygen sensor) there are several tasks that must still be done.
In this final chapter, I will summarize the work and attempt to provide a perspective on how to move
from here and toward the goal.

9.1 THE ROAD FROM THERE TO HERE AND THE FUTURE

The primary goal of the project has been the fabrication of POF oxygen sensors. The initial research
in doping and microstructured fibers did not bear fruit (this time), and the choice was made to instead
focus on the use of commercial, solid-core POFs.

9.1.1 DESIGN OF SENSORS

9.1.1.1 Annular Cavity Design

Two different designs were made, the annular cavity design and the end-point design. The annular
cavity design was investigated in terms how how much photoluminescence was received, depending
on the dimensions and separations of two cavities. A numerical model was developed to assist in the
understanding of the phenomenon of an optimum at a separation of 2mm. The optimumwas attributed
to the blocking of the secondary cavity due to the first cavity. Using annular cavities is one of the designs
possible for the development of multi-point sensors, since it allows for passage of light, which can then
propagate further down the POF an interact with a secondary point.

A future direction for the research on annular cavity sensors, could be coupledwith the work from
the use of HSP for etching, as instead of milling the cavities, solvents could be used to etch them. From
our research, tetrahydrofuran seems to have a very low etching rate on PMMA (0.4 µm/min), which
would allow for very precise annular cavities to be manufactured.
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9.1.1.2 Self-Quenching

The end-point sensor was the primary design used, since it served as a platform from which to learn
and understand the sensors. Using this design, we investigated a couple of important characteristics of
photoluminescent sensors. First off, we showed how the concentration of PtOEP led to a self-quenching
behavior above 8mM. This is an important result, and is, to my knowledge, the first results depicting
how the intensity actually increases and subsequently declines above a certain concentration. Previous
results, such as from Davonport et al. [99] and Grenoble et al. [98], have used very high concentrations
and have no actually shown the existence of the maximum. Besides, Davenport et al. seems to have been
oblivious to the mechanism of self-quenching. The sensors we made in the end had a concentration of
4.16mM, but given these results, it would be prudent to increase the concentration to perhaps 6mM or
even by a factor of two to 8mM, as this would results in a stronger signal.

9.1.1.3 RET and Light Harvesting

With the end-point sensors, we also investigated the use of RET for light harvesting, by incorporating
C545T molecules into the sensing matrix also. The results here were very clear that this increases the
signal by as much as 5 times. However, the technique of using C545T has an unfortunate side-effect,
namely that there will be un-quenched photoluminescence emissions from the C545T, which needs to
be filtered out. From recorded spectra, it was clear that some of the light from the C545T will make it
through the LEE Filter, which attests to the fact that the emission fromC545T is quite strong. However,
this can be countered by both increasing the concentration of PtOEP (as mentioned above), and be pos-
sibly decreasing C545T a bit. Another artifact of C545T, seems to be the fact that it somehow induces an
acceleration of photobleaching in the system. This has to be investigatedmore, as it will be an important
factor when determining the lifetime of a sensor.

9.1.1.4 Startup Effect

Another phenomenon discovered was the “startup” effect when using fibers with PtOEP. Fibers contain-
ing PtOEP had a rise-time of their photoluminescence intensity, which was often on the order of 30 s to
2minutes. An attempt at determining how this effectwas affected by thickness and concentrationwas at-
tempted, but the data was not conclusive. However, it was very clear that when using C545T molecules
as brightness enhancers, the “startup” time was significantly decreased. The rise-time of such sensors
were less than 10 seconds. Another attribute of this phenomenon was the fact that when the excitation
was turned off and then turned on again after waiting a specific length of time, the initial intensity and
startup time did not return to the original. Depending on the length of time waited, the system “relaxed”
slowly. From a few measurements, it seems the relaxation could be exponential of some sort, and even
though C545T had a significant impact on the rise-time, it did not seem to have as great an impact on
the relaxation. The reasons behind this effect is as of yet unknown.

9.1.1.5 OxygenMeasurements and Polystyrene Matrix

The work on the end-point sensors led to measurements with different oxygen concentrations. The
Stern-Volmer coefficients were different depending on the fabrication. The use of polystyrene led to a

[99] Davenport et al. (2016) “Fiber-Optic Fluorescence-Quenching Oxygen Partial Pressure Sensor Using Platinum Octaethyl-
porphyrin”
[98] Grenoble et al. (2005) “Pressure-Sensitive Paint (PSP)”
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stronger quenching, due to higher solubility and diffusivity of oxygen in the PS matrix. This is in line
with what is known in literature. The use of polystyrene also increases the response time of the sensor,
although it is similarly possible to use decrease the thickness of a PMMA matrix layer, also leading to a
faster response time. Decreasing the thicknesswill decrease the signal strength, but this can be countered
by a stronger concentration of PtOEP and by using a light harvesting agent such as C545T. There is thus
ample room to navigate in order to create both a strong signal and fast response time, depending on
requirements.

Its worthy noting here that in fish farms, the oxygen content is usually much larger than at normal
atmospheric saturation. This will lead to even further quenching of the luminophore. Since the quench-
ing action is stronger in polystyrene than PMMA, it is important to be mindful of the fact that the signal
will also be lower in polystyrene matrices than in comparable PMMAmatrices. These are all trade-offs
one will have to make.

9.1.2 SOLVENT FORMULATIONS USING HSP

Another important subject investigated was the use of solvent formulations in optimizing the dispersion
of luminophores in the sensing matrix. Using Hansen Solubility Theory, it was possible to find HSPs for
C545T and PtOEP, which allowed us to find optimal solvents and solvent mixtures to use in the sensing
gels. Workwas published, showing how the use ofHSP could increase the photoluminescence yield from
a POF sensor by as much as 3 times by using a good solvent mixture (trichloroethylene+acetone), when
compared to the same concentration of PtOEP, but using a worse solvent (acetone). The work was taken
further by the incorporation of C545T. This work has potential to be used with other luminophores
(eg. ruthenium complexes) and light harvesting agents, and could be very important when considering
sensors using special polymer types. Often, researchers use solvents based on “what works” and not on
a quantitative basis as we used in our work.

During the fabrication process, the evaporation of solvent can distort the polymeric film on the tip
of the fiber. This effect can be diminished by using slowly evaporation solvents. In addition, it could be
important for commercial perspectives to use non-dangerous mixtures of solvents, which are capable of
dissolving the compounds just as well. HSPs can help in this regard also, an in fact, a good alternative to
trichloroethylene and acetone is a mixture of 25 % acetone and 75% benzyl benzoate. Benzyl benzoate
is a much safer alternative to trichloroethyelen, although it has a much slower evaporation. This means
that the fabrication of a fiber sensor will take much longer, on the other hand it may allow the polymer
matrix to “settle” much better, and result in a clean homogeneous film without any air-bubbles.

9.1.3 TOWARD MULTI-POINT PHASE FLUOROMETRY

Multipoint sensing is possiblewith phase fluorometry, and themethod for thiswas outlined inChapter 5.
By manufacturing a fiber with sensing points along its length, the signal returning will be a combination
of the photoluminescent signals from each of the sites. It is possible to decode these signals by interro-
gating the system with several modulation frequencies.

Themaking of these sensing points couldwell be donewith a combination of the techniques inves-
tigated in this project. Solvent etching with THF could be used to ensure a clean etching of the PMMA
core, and create a shallow cavities at the points on the fiberwhere the sensing action should be. A sensing
gel is preparedwith a solution selected for the luminophore, polymer and possibly also a light harvesting
agent. This gel is then used to fill these annular cavities. The luminophores could at first be chosen to be
different from each other, such that distinct lifetimes would always be present. In order to ensure a fast
sensor response, polystyrene could be chosen as the polymer for the sensing points.
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Thus, all the techniques from the project come into fruition for such a sensor, and it would be an
interesting future development.

9.2 THE OUTLOOK FOR POF OXYGEN SENSING

Polymer Optical Fibers are particularly interesting because of their modifiability. In this project, the
focus has been on mixing luminophores in solutions of polymer and solvent, and letting these dry into
a solid matrix support. This approach is simple, and using the tools laid forth in this thesis regarding
the use of HSP for selecting solvents, it is a rather easy process to find good solvents for a particular
luminophore or a different polymer (such as polystyrene). The use of resonance energy transfer for
light harvesting and brightness enhancement is an interesting technique to further enhance the signal
strength, and could in future works be coupled with the annular cavity sensors. The use of a higher
concentration of PtOEP should be used in order to further quench the natural emission of photolu-
minescence from C545T. The results from the etching of POFs could be used in conjunction with the
annular cavities also, allowing for more precisely fabricated cavities.

9.3 IN CONCLUSION

9.3.1 HANSEN SOLUBILITY PARAMETERS FOR LUMINOPHORES AND POLYMERS

In this thesis, I showed how Hansen Solubility Theory and Hansen Solubility Parameters can be used in
the modification of polymer optical fibers by etching, as well as how it can be applied to find solvents
capable of simultaneously dissolving polymer and luminophore. Often, such solvents are picked from
less quantitative means, such as prior experience. What I have shown is that it is possible to use HSPs
to optimize the selection of solvents such that it is possible to dissolve as much luminophore as possible.
This approach can easily be expanded to situations where multiple luminophores are present and needs
to be dissolved, as well as when two different polymers need to entangle and create a good adhesion.
This technique is therefore quite useful, and could well be applied to many areas of science dealing with
polymers and luminophores as well as in industrial contexts.

9.3.2 ANNULAR CAVITY DESIGN FOR MULTI-POINT OXYGEN SENSING

The annular cavity design was the design we investigated for the use in multi-point sensing. From the
numerical results in Chapter 8, it was seen that the design has potential as a candidate for multipoint
sensing, although more experiments need to be performed. It may be that a combination of the annular
cavity design, together with the use of POF etching (by selection of solvents using HSP), is the way to
go forward. This would probably allow for a very controlled and thin annular cavity to be constructed.
Multipoint oxygen sensing is an interesting endeavor. Itmay be, however, that it is not possible to achieve
sensing with more than two points using the annular cavity design.

9.3.3 THE PATH FORWARD

I hope to havemade clear that multi-point oxygen sensing using POFs is possible and should be pursued.
I also hope to have shown how solubility science may help in the fabrication and design of suitable POF
sensors. There are many more paths to take in POF sensing, and I am sure that some time in the not-to-
far-future the first truly multi-point POF oxygen sensor will be made (using a single fiber strand).
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Science is a story of small incremental steps, and viewed with a broad lens, we can see that the
paths taken are not so random as they may first appear. In this thesis, I have taken a small step. Whether
this step has been directly toward the goal or at an angle will only become clear later. I do, however,
know, that the step has been progress.

Thank you,
Rune Inglev, 2020

Page 125 of 156



Part VI.

REFERENCES & APPENDICES



Bibliography

[1] Rune Inglev et al. “Polymer Optical Fiber Modification By Etching Using Hansen Solubility Parameters—A
Case Study of TOPAS, Zeonex, and PMMA”. In: Journal of Lightwave Technology 37.18 (Sept. 15, 2019),
pp. 4776–4783. issn: 0733-8724, 1558-2213. doi: 10.1109/JLT.2019.2919798.

[2] Rune Inglev, Jakob Janting, and Ole Bang. “Annular Cavity Design for Photoluminescent Polymer Optical
Fiber Sensors [In Review]”. In:MDPI Sensors (2020), p. 19.

[3] Rune Inglev et al. “Optimization of All-Polymer Optical Fiber Oxygen Sensors With Antenna Dyes and
Improved Solvent Selection Using Hansen Solubility Parameters [In Review]”. In: Journal of Lightwave Tech-
nology (2020), p. 8.

[4] Jakob Janting et al. “Small and Robust All-Polymer Fiber Bragg Grating Based pH Sensor”. In: Journal of
Lightwave Technology 37.18 (Sept. 15, 2019), pp. 4480–4486. issn: 0733-8724, 1558-2213. doi: 10.1109/
JLT.2019.2902638.

[5] Rune Inglev et al. “The Application of Hansen Solubility Parameters for Local Etching of TOPAS Polymer
Optical Fibers.” In: Proceedings of 26th International Conference on Optical Fiber Sensors. 26th International
Conference on Optical Fiber Sensors. Optical Society of America OSA, 2018. doi: 10.1364/OFS.2018.
TuE66.

[6] Harvey. A History of Luminescence from the Earliest Times Until 1900. 1958.
[7] D. Thorburn Burns. “Aspects of the Development of Colorimetric Analysis and Quantitative Molecular

Spectroscopy in the Ultraviolet-Visible Region”. In: Analytical Spectroscopy Library. Vol. 2. Elsevier, 1987,
pp. 1–19. isbn: 978-0-444-42880-6.

[8] Olivier Darrigol. A History of Optics from Greek Antiquity to the Nineteenth Century. Oxford ; New York: Ox-
ford University Press, 2012. 327 pp. isbn: 978-0-19-964437-7.

[9] L.B. Hunt. “The Early History of the Thermocouple”. In: PlatinumMetals Review 8.1 (Jan. 1, 1964), pp. 23–28.
[10] J. C. D. Brand. Lines of Light. Routledge, Nov. 22, 2017. 433 pp. isbn: 978-1-351-43516-1.
[11] Richard Miles. “A Light History of Photometry from Hipparchus to the Hubble Space Telescope”. In: The

Journal of the British Astronomical Association 117.4 (July 2007), pp. 172–186.
[12] Julius Elster and Hans Geitel. “Beobachtungen des atmosphärischen Potentialgefälles und der ultravioletten

Sonnenstrahlung”. In: Annalen der Physik 284.2 (1893), pp. 338–373. issn: 00033804, 15213889. doi: 10.
1002/andp.18932840209.

[13] John Ballato and Peter Dragic. “Glass: The Carrier of Light - A Brief History of Optical Fiber”. In: Interna-
tional Journal of Applied Glass Science 7.4 (2016), pp. 413–422. issn: 2041-1294. doi: 10.1111/ijag.12239.

[14] H. Iams and B. Salzberg. “The Secondary Emission Phototube”. In: Proceedings of the Institute of Radio Engi-
neers 23.1 (Jan. 1935), pp. 55–64. issn: 2162-6626. doi: 10.1109/JRPROC.1935.227243.

[15] J. N. Shive. “Phototransistor”. In: Bell Laboratories Record 28.8 (1950), pp. 337–342. issn: 00058564.
[16] Rolf K. Mueller. “Transient Response of Grain Boundaries and Its Application for a Novel Light Sensor”. In:

Journal of Applied Physics 30.7 (July 1959), pp. 1004–1010. issn: 0021-8979, 1089-7550. doi: 10.1063/1.
1776972.

Page 127 of 156

https://doi.org/10.1109/JLT.2019.2919798
https://doi.org/10.1109/JLT.2019.2902638
https://doi.org/10.1109/JLT.2019.2902638
https://doi.org/10.1364/OFS.2018.TuE66
https://doi.org/10.1364/OFS.2018.TuE66
https://doi.org/10.1002/andp.18932840209
https://doi.org/10.1002/andp.18932840209
https://doi.org/10.1111/ijag.12239
https://doi.org/10.1109/JRPROC.1935.227243
https://doi.org/10.1063/1.1776972
https://doi.org/10.1063/1.1776972


BIBLIOGRAPHY

[17] Ross Knox Bassett. To the Digital Age: Research Labs, Start-up Companies, and the Rise of MOS Technology. JHU
Press, May 2002. 452 pp. isbn: 978-0-8018-6809-2. Google Books: Qge1DUt7qDUC.

[18] A. C. S. VanHeel. “ANewMethod of TransportingOptical Imageswithout Aberrations”. In:Nature 173.4392
(Jan. 1954), pp. 39–39. issn: 0028-0836, 1476-4687. doi: 10.1038/173039a0.

[19] R. G. Brown. “Plastic Fiber Optics I: Transmission of Ruby Laser Radiation”. In: Applied Optics 6.7 (July 1,
1967), p. 1269. issn: 0003-6935, 1539-4522. doi: 10.1364/AO.6.001269.

[20] R. G. Brown and B. N. Derick. “Plastic Fiber Optics. II: Loss Measurements and Loss Mechanisms”. In:
Applied Optics 7.8 (Aug. 1, 1968), pp. 1565–1569. issn: 2155-3165. doi: 10/dxx39q.

[21] CurtisD.Kissinger. “FiberOptic Proximity Probe”.U.S. pat. 3327584A.Mechanical Technology Inc. June 27,
1967.

[22] GeorgeDuncanErickson. “FiberOptic Sensing,forExample,of LoomBobbins”.U.S. pat. 3459240A.DOLAN
JENNER IND Inc. Aug. 5, 1969.

[23] O. Stern and M. Volmer. “The fading time of fluorescence”. In: Physikalische Zeitschrift 20 (1919), pp. 183–
188.

[24] Enrique Gaviola. “Die Abklingungszeiten Der Fluoreszenz von Farbstofflösungen”. In: Annalen der Physik
386.23 (1926), pp. 681–710. issn: 1521-3889. doi: 10.1002/andp.19263862304.

[25] E. Gaviola. “Ein Fluorometer. Apparat Zur Messung von Fluoreszenzabklingungszeiten”. In: Zeitschrift Für
Physik 42.11 (1927), pp. 853–861. issn: 14346001. doi: 10.1007/BF01776683.

[26] Bernard Valeur. “Molecular Fluorescence Principles and Applications”. In: Molecular Fluorescence (2001),
p. 399. doi: 10/bnpsqs.

[27] E. Gaviola and Peter Pringsheim. “Zur Frage nach dem Übergang von Fluoreszenz in Phosphoreszenz”. In:
Zeitschrift für Physik 43.5 (May 1, 1927), pp. 384–393. issn: 0044-3328. doi: 10.1007/BF01397451.

[28] ThFörster. “ZwischenmolekulareEnergiewanderungundFluoreszenz”. In:Annalen der Physik437.1-2 (1948),
pp. 55–75. issn: 1521-3889. doi: 10.1002/andp.19484370105.

[29] J. Papish and L. E. Hoag. “The Detection of Uranium by a Photoluminescence Test”. In: Proceedings of the
National Academy of Sciences 13.10 (Oct. 1, 1927), pp. 726–728. issn: 0027-8424, 1091-6490. doi: 10/ctp8hc.

[30] A. M. Davidson and P. H. Gregory. “Kitten Carriers of Microsporon Felineum and Their Detection By The
Fluorescence Test”. In:Canadian Medical Association Journal 29.3 (Sept. 1933), pp. 242–247. issn: 0008-4409.
pmid: 20319223.

[31] Glenn H. Damon. “Fluorescence of Gaseous Acetone as a Test for Traces of Oxygen”. In: Industrial & En-
gineering Chemistry Analytical Edition 7.2 (Mar. 1935), pp. 133–134. issn: 0096-4484, 1541-4655. doi: 10.
1021/ac50094a026.

[32] A. H. Coons et al. “The Demonstration of Pneumococcal Antigen in Tissues by the Use of Fluorescent An-
tibody”. In: Journal of Immunology 45.3 (Nov. 1942), pp. 159–170. issn: 0022-1767.

[33] Albert H. Coons and Melvin H. Kaplan. “LOCALIZATION OF ANTIGEN IN TISSUE CELLS”. In: The
Journal of Experimental Medicine 91.1 (Jan. 1, 1950), pp. 1–13. issn: 0022-1007. pmid: 15395569.

[34] Ellis I. Hormats and Fred C. Unterleitner. “Measurement of the Diffusion of Oxygen in Polymers by Phos-
phorescent Quenching1”. In: The Journal of Physical Chemistry 69.11 (Nov. 1, 1965), pp. 3677–3681. issn:
0022-3654. doi: 10/cwjtzr.

[35] James A. Knopp and Ian S. Longmuir. “Intracellular Measurement of Oxygen by Quenching of Fluores-
cence of Pyrenebutyric Acid”. In: Biochimica et Biophysica Acta (BBA) - General Subjects 279.2 (Sept. 15, 1972),
pp. 393–397. issn: 0304-4165. doi: 10/d6ccm4.

[36] Is Longmuir and Ja Knopp. “NewMethod of Measuring Intracellular Oxygen by Fluorescence Quenching”.
In: Federation Proceedings 31.2 (1972), A365–&. issn: 0014-9446.

Page 128 of 156

http://books.google.com/books?id=Qge1DUt7qDUC
https://doi.org/10.1038/173039a0
https://doi.org/10.1364/AO.6.001269
https://doi.org/10/dxx39q
https://doi.org/10.1002/andp.19263862304
https://doi.org/10.1007/BF01776683
https://doi.org/10/bnpsqs
https://doi.org/10.1007/BF01397451
https://doi.org/10.1002/andp.19484370105
https://doi.org/10/ctp8hc
20319223
https://doi.org/10.1021/ac50094a026
https://doi.org/10.1021/ac50094a026
15395569
https://doi.org/10/cwjtzr
https://doi.org/10/d6ccm4


BIBLIOGRAPHY

[37] D. W. Lübbers and N. Opitz. “Die pCO2-/pO2-Optode: Eine Neue p CO2- Bzw. pO2-Meßsonde Zur Mes-
sungDes pCO2Oder pO2 vonGasenUnd Flüssigkeiten / The pCO2-/pO2-Optode: ANewProbe forMea-
surement of pCO2 or pO2 in Fluids and Gases”. In: Zeitschrift für Naturforschung C 30.7-8 (Aug. 1, 1975),
pp. 532–533. issn: 1865-7125, 0939-5075. doi: 10/gg33x6.

[38] E. E.Hardy et al. “CoatedOpticalGuides for Spectrophotometry ofChemical Reactions”. In:Nature257.5528
(Oct. 1975), pp. 666–667. issn: 0028-0836, 1476-4687. doi: 10/dxmjzm.

[39] Dietrich W. Lübbers, Friedbert Hannebauer, and Norbert Opitz. “PCO2-Optode, Fluorescence Fotometric
Device toMeasure the Transcutaneous PCO2”. In: Birth Defects Original Article Series 15.4 (1979), pp. 123–6.
issn: 05476844.

[40] Seth R. Goldstein and John I. Peterson. “A Miniature Fiber Optic pH Sensor Suitable for in Vivo Applica-
tions”. In: Advances in Bioengineering (1977), p. 81.

[41] S. R. Goldstein, J. I. Peterson, and R. V. Fitzgerald. “A Miniature Fiber Optic pH Sensor for Physiological
Use”. In: Journal of Biomechanical Engineering 102.2 (May 1, 1980), pp. 141–146. issn: 0148-0731. doi: 10.
1115/1.3138210.

[42] John I. Peterson et al. “Fiber Optic pH Probe for Physiological Use”. In:Analytical Chemistry 52.6 (May 1980),
pp. 864–869. issn: 0003-2700, 1520-6882. doi: 10.1021/ac50056a022.

[43] J. A. Bucaro, H. D. Dardy, and E. F. Carome. “Fiber-optic Hydrophone”. In:The Journal of the Acoustical Society
of America 62.5 (Nov. 1, 1977), pp. 1302–1304. issn: 0001-4966. doi: 10/cfnbp2.

[44] J. H. Cole, R. L. Johnson, and P. G. Bhuta. “Fiber-optic Detection of Sound”. In: The Journal of the Acoustical
Society of America 62.5 (Nov. 1, 1977), pp. 1136–1138. issn: 0001-4966. doi: 10/dgg5fz.

[45] E. Labeyrie and Y. Koechlin. “Photoelectrode with a Very Short Time-Constant for Recording Intracere-
brally Ca2+ Transients at a Cellular Level”. In: Journal of Neuroscience Methods 1.1 (Mar. 1, 1979), pp. 35–39.
issn: 0165-0270. doi: 10/fwt74k.

[46] T. Giallorenzi et al. “Optical Fiber Sensor Technology”. In: IEEE Journal of Quantum Electronics 18.4 (Apr.
1982), pp. 626–665. issn: 0018-9197. doi: 10.1109/JQE.1982.1071566.

[47] Stuart A Borman. “Optrodes”. In: Analytical Chemistry 53.14 (Dec. 1, 1981), 1616A–1618A. issn: 0003-2700.
doi: 10/gg33zq.

[48] M J Sepaniak, B J Tromberg, and J F Eastham. “Optical Fiber Fluoroprobes in Clinical Analysis.” In: Clinical
Chemistry 29.9 (Sept. 1, 1983), pp. 1678–1682. issn: 0009-9147, 1530-8561. doi: 10.1093/clinchem/29.
9.1678.

[49] J. F. Giuliani, H. Wohltjen, and N. L. Jarvis. “Reversible Optical Waveguide Sensor for Ammonia Vapors”. In:
Optics Letters 8.1 (Jan. 1, 1983), p. 54. issn: 0146-9592, 1539-4794. doi: 10.1364/OL.8.000054.

[50] John I. Peterson, Raphael V. Fitzgerald, and Delwin K. Buckhold. “Fiber-Optic Probe for in Vivo Measure-
ment ofOxygenPartial Pressure”. In:Analytical Chemistry 56.1 (Jan. 1984), pp. 62–67. issn: 0003-2700, 1520-
6882. doi: 10.1021/ac00265a017.

[51] Max E. Lippitsch et al. “Fibre-Optic Oxygen Sensor with the Fluorescence Decay Time as the Information
Carrier”. In: Analytica Chimica Acta 205 (1988), pp. 1–6. issn: 00032670. doi: 10.1016/S0003-2670(00)
82310-7.

[52] Otto S. Wolfbeis et al. “Fiber-Optic Fluorosensor for Oxygen and Carbon Dioxide”. In: Analytical Chemistry
60.19 (Oct. 1988), pp. 2028–2030. issn: 0003-2700, 1520-6882. doi: 10.1021/ac00170a009.

[53] W.W.Miller et al. “Performance of an In-Vivo, Continuous Blood-GasMonitor with Disposable Probe.” In:
Clinical Chemistry 33.9 (Sept. 1, 1987), pp. 1538–1542. issn: 0009-9147. doi: 10.1093/clinchem/33.9.
1538.

[54] W. W. Morey, G. Meltz, and W. H. Glenn. “Fiber Optic Bragg Grating Sensors”. In: OE/FIBERS ’89. Ed. by
Ramon P. DePaula and Eric Udd. Boston, Feb. 13, 1990, p. 98. doi: 10.1117/12.963022.

Page 129 of 156

https://doi.org/10/gg33x6
https://doi.org/10/dxmjzm
https://doi.org/10.1115/1.3138210
https://doi.org/10.1115/1.3138210
https://doi.org/10.1021/ac50056a022
https://doi.org/10/cfnbp2
https://doi.org/10/dgg5fz
https://doi.org/10/fwt74k
https://doi.org/10.1109/JQE.1982.1071566
https://doi.org/10/gg33zq
https://doi.org/10.1093/clinchem/29.9.1678
https://doi.org/10.1093/clinchem/29.9.1678
https://doi.org/10.1364/OL.8.000054
https://doi.org/10.1021/ac00265a017
https://doi.org/10.1016/S0003-2670(00)82310-7
https://doi.org/10.1016/S0003-2670(00)82310-7
https://doi.org/10.1021/ac00170a009
https://doi.org/10.1093/clinchem/33.9.1538
https://doi.org/10.1093/clinchem/33.9.1538
https://doi.org/10.1117/12.963022


BIBLIOGRAPHY

[55] Hy Liu et al. “Oxygen Permeability of Sol-Gel Coatings”. In: Applied Spectroscopy 46.8 (Aug. 1992), pp. 1266–
1272. issn: 0003-7028. doi: 10.1366/0003702924123881.

[56] Dmitry B. Papkovsky et al. “Phosphorescent Polymer Films for Optical Oxygen Sensors”. In: Biosensors and
Bioelectronics 7.3 (Jan. 1992), pp. 199–206. issn: 09565663. doi: 10.1016/0956-5663(92)87016-I.

[57] Bd Maccraith et al. “Light-Emitting-Diode-Based Oxygen Sensing Using Evanescent-Wave Excitation of a
Dye-Doped Sol-Gel Coating”. In: Optical Engineering 33.12 (Dec. 1994), pp. 3861–3866. issn: 0091-3286.
doi: 10.1117/12.184360.

[58] E. Vanderdonckt et al. “Polystyrene Immobilized Ir(Iii) Complex as a New Material for Optical Oxygen
Sensing”. In: Bulletin Des Societes Chimiques Belges 103.5-6 (May–June 1994), pp. 207–211. issn: 0037-9646.
doi: 10.1002/bscb.19941030507.

[59] BhWeigl et al. “Optical Triple Sensor forMeasuring Ph, Oxygen andCarbon-Dioxide”. In: Journal of Biotech-
nology 32.2 (Feb. 14, 1994), pp. 127–138. issn: 0168-1656. doi: 10.1016/0168-1656(94)90175-9.

[60] L. Li and Dr Walt. “Dual-Analyte Fiberoptic Sensor for the Simultaneous and Continuous Measurement of
Glucose and Oxygen”. In: Analytical Chemistry 67.20 (Oct. 15, 1995), pp. 3746–3752. issn: 0003-2700. doi:
10.1021/ac00116a021.

[61] J. A. Ferguson et al. “Simultaneous Monitoring of pH, CO2 and O-2 Using an Optical Imaging Fiber”. In:
Analytica Chimica Acta 340.1-3 (Mar. 20, 1997), pp. 123–131. issn: 0003-2670. doi: 10 . 1016 / S0003 -
2670(96)00510-7.

[62] S. C. Liao et al. “Real-Time FrequencyDomainTemperature andOxygen Sensorwith a SingleOptical Fiber”.
In: Ieee Transactions on Biomedical Engineering 44.11 (Nov. 1997), pp. 1114–1121. issn: 0018-9294. doi: 10.
1109/10.641339.

[63] J. D. Garcia et al. “Development of a Prototype Instrument for Multiposition Sensing of Dissolved Oxygen
by Using Room-Temperature Phosphorescence Measurements”. In: Applied Spectroscopy 56.7 (July 2002),
pp. 947–951. issn: 0003-7028. doi: 10.1366/000370202760171653.

[64] Sergey M. Borisov and Otto S. Wolfbeis. “Temperature-Sensitive Europium(III) Probes and Their Use for
Simultaneous Luminescent Sensing of Temperature and Oxygen”. In: Analytical Chemistry 78.14 (July 15,
2006), pp. 5094–5101. issn: 0003-2700. doi: 10.1021/ac060311d.

[65] P. a. S. Jorge et al. “Dual Sensing of Oxygen and Temperature Using Quantum Dots and a Ruthenium Com-
plex”. In: Analytica Chimica Acta 606.2 (Jan. 14, 2008), pp. 223–229. issn: 0003-2670. doi: 10.1016/j.aca.
2007.11.008.

[66] Mohd AdamMohdNoor et al. “Characterization of Optical Fiber DissolvedOxygen Sensor for Aquaculture
Sensing and Monitoring”. In: Procedia Chemistry. 11th Asian Conference on Chemical Sensors 20 (Jan. 1,
2016), pp. 8–11. issn: 1876-6196. doi: 10.1016/j.proche.2016.07.001.

[67] Matthew Partridge, Stephen W. James, and Ralph P. Tatam. “Dissolved Oxygen Sensing Using an Optical
Fiber Long Period Grating Coated With Hemoglobin”. In: Journal of Lightwave Technology 34.19 (Oct. 1,
2016), pp. 4506–4510. issn: 0733-8724, 1558-2213. doi: 10.1109/JLT.2016.2533161.

[68] M.Morisawa et al. “New Cladding Polymer for Optical Oxygen Sensor Using Fluorescent Plastic Fiber”. In:
Chemical, Biochemical, and Environmental Fiber Sensors Viii. Ed. by R. A. Lieberman. Vol. 2836. Bellingham:
Spie - Int SocOptical Engineering, 1996, pp. 336–340. isbn: 978-0-8194-2224-8. doi:10.1117/12.260609.

[69] M. Morisawa et al. “Comparative Studies on Sensitivity and Stability of Fiber-Optic Oxygen Sensor Using
Several Cladding Polymers”. In: Japanese Journal of Applied Physics Part 1-Regular Papers Short Notes & Review
Papers 37.8 (Aug. 1998), pp. 4620–4623. issn: 0021-4922. doi: 10.1143/JJAP.37.4620.

[70] G. Vishnoi, M. Morisawa, and S. Muto. “A New Plastic Optical Fiber Sensor for Oxygen Based on Fluores-
cence Enhancement”. In: Optical Review 5.1 (Jan.–Feb. 1998), pp. 13–15. issn: 1340-6000. doi: 10.1007/
s10043-998-0013-0.

Page 130 of 156

https://doi.org/10.1366/0003702924123881
https://doi.org/10.1016/0956-5663(92)87016-I
https://doi.org/10.1117/12.184360
https://doi.org/10.1002/bscb.19941030507
https://doi.org/10.1016/0168-1656(94)90175-9
https://doi.org/10.1021/ac00116a021
https://doi.org/10.1016/S0003-2670(96)00510-7
https://doi.org/10.1016/S0003-2670(96)00510-7
https://doi.org/10.1109/10.641339
https://doi.org/10.1109/10.641339
https://doi.org/10.1366/000370202760171653
https://doi.org/10.1021/ac060311d
https://doi.org/10.1016/j.aca.2007.11.008
https://doi.org/10.1016/j.aca.2007.11.008
https://doi.org/10.1016/j.proche.2016.07.001
https://doi.org/10.1109/JLT.2016.2533161
https://doi.org/10.1117/12.260609
https://doi.org/10.1143/JJAP.37.4620
https://doi.org/10.1007/s10043-998-0013-0
https://doi.org/10.1007/s10043-998-0013-0


BIBLIOGRAPHY

[71] Gargi Vishnoi, Masayuki Morisawa, and Shinzo Muto. “DO-Sensing Based on Enhancement of Cladding
Fluorescence in Dye-Doped Plastic Fiber”. In: Lasers and Materials in Industry and Opto-Contact Work-
shop. Ed. by Roger A. Lessard. Quebec, Canada, Sept. 25, 1998, pp. 87–94. doi: 10.1117/12.323481.

[72] E. Toba. “Fiber Optic Fluorosensor for OxygenMeasurement”. In: Imtc/99: Proceedings of the 16th Ieee Instru-
mentation and Measurement Technology Conference, Vols. 1-3. Ed. by V. Piuri and M. Savino. New York: Ieee,
1999, pp. 1426–1430. isbn: 978-0-7803-5277-3.

[73] E. Toba et al. “FiberOptic Fluorosensor forOxygenMeasurement”. In: Ieice Transactions on ElectronicsE83C.3
(Mar. 2000), pp. 366–370. issn: 0916-8524.

[74] Fenghong Chu et al. “A Dissolved Oxygen Sensor Based on Ruthenium Fluorescence and U-Shaped Plas-
tic Optical Fiber”. In: Passive Components and Fiber-Based Devices IV. Passive Components and Fiber-Based
Devices IV. Vol. 6781. International Society for Optics and Photonics, Nov. 21, 2007, p. 678108. doi: 10.
1117/12.743249.

[75] HaiwenCai et al. “U-ShapedPlasticOptical FiberDissolvedOxygenSensor”. In: 19th International Conference
on Optical Fibre Sensors. 19th International Conference on Optical Fibre Sensors. Vol. 7004. International
Society for Optics and Photonics, May 16, 2008, 70042B. doi: 10.1117/12.785955.

[76] Fenghong Chu et al. “Dissolved Oxygen Sensor by Using Ru-Fluorescence Indicator and a U-Shaped Plastic
Optical Fiber”. In: Chinese Optics Letters 6.6 (June 10, 2008), pp. 401–404. issn: 1671-7694.

[77] Fenghong Chu et al. “Characterization of a Dissolved Oxygen Sensor Made of Plastic Optical Fiber Coated
with Ruthenium-Incorporated Solgel”. In: Applied Optics 48.2 (Jan. 10, 2009), pp. 338–342. issn: 1559-128X.
doi: 10.1364/AO.48.000338.

[78] Fenghong Chu et al. “Oxygen Sensor by Using Biconical -Shaped Plastic Optical Fiber”. In: 2009 Conference
on Lasers Electro Optics The Pacific Rim Conference on Lasers and Electro-Optics. 2009 Conference on Lasers
ElectroOptics The Pacific RimConference onLasers andElectro-Optics. Aug. 2009, pp. 1–2. doi: 10.1109/
CLEOPR.2009.5292245.

[79] Chen-Shane Chu and Yu-Lung Lo. “A Plastic Optical Fiber Sensor for the Dual Sensing of Temperature and
Oxygen”. In: IEEE Photonics Technology Letters 20.1 (Jan. 2008), pp. 63–65. issn: 1941-0174. doi: 10.1109/
LPT.2007.912568.

[80] C. Pulido and Ó. Esteban. “Improved Fluorescence Signal with Tapered Polymer Optical Fibers under Side-
Illumination”. In: Sensors and Actuators B: Chemical 146.1 (Apr. 8, 2010), pp. 190–194. issn: 09254005. doi:
10.1016/j.snb.2010.02.006.

[81] Ó Esteban and C. Pulido. “Simple Oxygen Gas Sensor Based on Side-Illuminated Polymer Optical Fiber”.
In: Fifth European Workshop on Optical Fibre Sensors. Fifth European Workshop on Optical Fibre Sensors.
Vol. 8794. International Society for Optics and Photonics, May 20, 2013, p. 879410. doi: 10.1117/12.
2025391.

[82] Xinghua Yang et al. “Oxygen Gas Optrode Based on Microstructured Polymer Optical Fiber Segment”. In:
Optics Communications 284.13 (June 15, 2011), pp. 3462–3466. issn: 0030-4018. doi: 10.1016/j.optcom.
2011.03.036.

[83] Rongsheng Chen et al. “Optimizing Design for Polymer Fiber Optic Oxygen Sensors”. In: Ieee Sensors Journal
14.10 (Oct. 2014), pp. 3358–3364. issn: 1530-437X. doi: 10.1109/JSEN.2014.2330359.

[84] Rongsheng Chen et al. “Experimental Investigation of the Effect of Polymer Matrices on Polymer Fibre
Optic Oxygen Sensors and Their Time Response Characteristics Using a Vacuum Testing Chamber and a
Liquid Flow Apparatus”. In: Sensors and Actuators B: Chemical 222 (Jan. 2016), pp. 531–535. issn: 09254005.
doi: 10.1016/j.snb.2015.08.095.

[85] LudwigWilhelmWinkler. “Die BestimmungDes ImWasserGelösten Sauerstoffes”. In:Berichte der deutschen
chemischenGesellschaft21.2 (July 1, 1888), pp. 2843–2854. issn: 0365-9496. doi:10.1002/cber.188802102122.

[86] Leland C. Clark et al. “Continuous Recording of Blood Oxygen Tensions by Polarography”. In: Journal of
Applied Physiology 6.3 (Sept. 1, 1953), pp. 189–193. issn: 8750-7587. doi: 10.1152/jappl.1953.6.3.189.

Page 131 of 156

https://doi.org/10.1117/12.323481
https://doi.org/10.1117/12.743249
https://doi.org/10.1117/12.743249
https://doi.org/10.1117/12.785955
https://doi.org/10.1364/AO.48.000338
https://doi.org/10.1109/CLEOPR.2009.5292245
https://doi.org/10.1109/CLEOPR.2009.5292245
https://doi.org/10.1109/LPT.2007.912568
https://doi.org/10.1109/LPT.2007.912568
https://doi.org/10.1016/j.snb.2010.02.006
https://doi.org/10.1117/12.2025391
https://doi.org/10.1117/12.2025391
https://doi.org/10.1016/j.optcom.2011.03.036
https://doi.org/10.1016/j.optcom.2011.03.036
https://doi.org/10.1109/JSEN.2014.2330359
https://doi.org/10.1016/j.snb.2015.08.095
https://doi.org/10.1002/cber.188802102122
https://doi.org/10.1152/jappl.1953.6.3.189


BIBLIOGRAPHY

[87] Otto S.Wolfbeis. “Luminescent Sensing and Imaging ofOxygen: FierceCompetition to theClarkElectrode”.
In: BioEssays 37.8 (Aug. 2015), pp. 921–928. issn: 02659247. doi: 10.1002/bies.201500002.

[88] Warren P. Baxter. “Quenching of the Fluorescence of NitrogenDioxide”. In: Journal of the American Chemical
Society 52.10 (Oct. 1, 1930), pp. 3920–3927. issn: 0002-7863. doi: 10.1021/ja01373a023.

[89] J. G. Winans. “The Extiction of the Sodium Fluorescence by Foreign Gas”. In: Zeitschrift Fur Physik 60.9-10
(Sept. 1930), pp. 631–641. issn: 0044-3328. doi: 10.1007/BF01339759.

[90] Michela Quaranta, Sergey M. Borisov, and Ingo Klimant. “Indicators for Optical Oxygen Sensors”. In: Bio-
analytical Reviews 4.2-4 (Dec. 2012), pp. 115–157. issn: 1867-2086, 1867-2094. doi: 10.1007/s12566-
012-0032-y.

[91] Bd Maccraith et al. “Led-Based Fiber Optic Oxygen Sensor Using Sol-Gel Coating”. In: Electronics Letters
30.11 (May 26, 1994), pp. 888–889. issn: 0013-5194. doi: 10.1049/el:19940578.

[92] Thompson M. Freeman and W. Rudolf. Seitz. “Chemiluminescence Fiber Optic Probe for Hydrogen Per-
oxide Based on the Luminol Reaction”. In: Analytical Chemistry 50.9 (Aug. 1, 1978), pp. 1242–1246. issn:
0003-2700. doi: 10.1021/ac50031a012.

[93] C. Pulido andÓ.Esteban. “TaperedPolymerOptical FiberOxygenSensorBasedonFluorescence-Quenching
of anEmbeddedFluorophore”. In: Sensors andActuators B: Chemical184 (July 2013), pp. 64–69. issn: 09254005.
doi: 10.1016/j.snb.2013.04.061.

[94] Willoughby Smith. “Effect of Light on Selenium During the Passage of An Electric Current *”. In: Nature
7.173 (173 Feb. 1, 1873), pp. 303–303. issn: 1476-4687. doi: 10.1038/007303e0.

[95] P. W. Atkins and Ronald Friedman. Molecular Quantum Mechanics. 4th ed. New York: Oxford University
Press, 2005. 573 pp. isbn: 978-0-19-927498-7.

[96] A.K. Bansal et al. “Absorption andEmissionSpectroscopicCharacterizationof Platinum-Octaethyl-Porphyrin
(PtOEP)”. In:Chemical Physics330.1-2 (Nov. 2006), pp. 118–129. issn: 03010104. doi:10.1016/j.chemphys.
2006.08.002.

[97] Xu-dong Wang and Otto S. Wolfbeis. “Optical Methods for Sensing and Imaging Oxygen: Materials, Spec-
troscopies and Applications”. In: Chem. Soc. Rev. 43.10 (2014), pp. 3666–3761. issn: 0306-0012, 1460-4744.
doi: 10.1039/C4CS00039K.

[98] Severin Grenoble et al. “Pressure-Sensitive Paint (PSP): Concentration Quenching of Platinum andMagne-
sium Porphyrin Dyes in Polymeric Films”. In: Journal of Luminescence 113.1-2 (May 2005), pp. 33–44. issn:
00222313. doi: 10.1016/j.jlumin.2004.08.049.

[99] John J. Davenport et al. “Fiber-Optic Fluorescence-Quenching Oxygen Partial Pressure Sensor Using Plat-
inumOctaethylporphyrin”. In:Applied Optics 55.21 (July 20, 2016), p. 5603. issn: 0003-6935, 1539-4522. doi:
10.1364/AO.55.005603.

[100] Torsten Mayr et al. “Light Harvesting as a Simple and Versatile Way to Enhance Brightness of Luminescent
Sensors”. In: Analytical Chemistry 81.15 (Aug. 2009), pp. 6541–6545. issn: 0003-2700, 1520-6882. doi: 10.
1021/ac900662x.

[101] S. Chandrasekhar. “Stochastic Problems inPhysics andAstronomy”. In:Reviews ofModern Physics15.1 (Jan. 1,
1943), pp. 1–89. doi: 10/c7kt2q.

[102] Gregor Liebsch et al. “Luminescence Lifetime Imaging of Oxygen, pH, and Carbon Dioxide Distribution
Using Optical Sensors”. In: Applied Spectroscopy 54.4 (Apr. 1, 2000), pp. 548–559. issn: 0003-7028. doi: 10.
1366/0003702001949726.

[103] Gregorio Weber. “Resolution of the Fluorescence Lifetimes in a Heterogeneous System by Phase andMod-
ulationMeasurements”. In: The Journal of Physical Chemistry 85.8 (Apr. 1981), pp. 949–953. issn: 0022-3654,
1541-5740. doi: 10.1021/j150608a006.

Page 132 of 156

https://doi.org/10.1002/bies.201500002
https://doi.org/10.1021/ja01373a023
https://doi.org/10.1007/BF01339759
https://doi.org/10.1007/s12566-012-0032-y
https://doi.org/10.1007/s12566-012-0032-y
https://doi.org/10.1049/el:19940578
https://doi.org/10.1021/ac50031a012
https://doi.org/10.1016/j.snb.2013.04.061
https://doi.org/10.1038/007303e0
https://doi.org/10.1016/j.chemphys.2006.08.002
https://doi.org/10.1016/j.chemphys.2006.08.002
https://doi.org/10.1039/C4CS00039K
https://doi.org/10.1016/j.jlumin.2004.08.049
https://doi.org/10.1364/AO.55.005603
https://doi.org/10.1021/ac900662x
https://doi.org/10.1021/ac900662x
https://doi.org/10/c7kt2q
https://doi.org/10.1366/0003702001949726
https://doi.org/10.1366/0003702001949726
https://doi.org/10.1021/j150608a006


BIBLIOGRAPHY

[104] Amarnauth Singh and LawrenceW Johnson. “Phosphorescence Spectra and Triplet State Lifetimes of Palla-
diumOctaethylporphyrin, PalladiumOctaethylchlorin andPalladium2,3-Dimethyloctaethylisobacteriochlorin
at 77 K”. In: Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 59.5 (Mar. 2003), pp. 905–
908. issn: 13861425. doi: 10.1016/S1386-1425(02)00258-5.

[105] George G. Odian. Principles of Polymerization. 4th ed. Hoboken, N.J: Wiley-Interscience, 2004. 812 pp. isbn:
978-0-471-27400-1.

[106] WenbingHu. Polymer Physics. Vienna: SpringerVienna, 2013. isbn: 978-3-7091-0669-3. doi: 10.1007/978-
3-7091-0670-9.

[107] CharlesM.Hansen.Hansen Solubility Parameters: A User’s Handbook, Second Edition. CRCPress, June 15, 2007.
546 pp. isbn: 978-1-4200-0683-4. Google Books: gprF31cvT2oC.

[108] Wu Yuan et al. “Improved Thermal and Strain Performance of Annealed Polymer Optical Fiber Bragg Grat-
ings”. In: Optics Communications 284.1 (Jan. 2011), pp. 176–182. issn: 00304018. doi: 10.1016/j.optcom.
2010.08.069.

[109] Getinet Woyessa et al. “Temperature Insensitive Hysteresis Free Highly Sensitive Polymer Optical Fiber
Bragg Grating Humidity Sensor”. In: Optics Express 24.2 (Jan. 25, 2016), p. 1206. issn: 1094-4087. doi: 10.
1364/OE.24.001206.

[110] Andrea Fasano et al. “Solution-Mediated Annealing of Polymer Optical Fiber Bragg Gratings at RoomTem-
perature”. In: IEEE Photonics Technology Letters 29.8 (Apr. 15, 2017), pp. 687–690. issn: 1041-1135, 1941-
0174. doi: 10.1109/LPT.2017.2678481.

[111] Charles M. Hansen. “Three Dimensional Solubility Parameter and Solvent Diffusion Coefficient. Impor-
tance in Surface Coating Formulation”. Panish Technical Press, 1967.

[112] Manuel J. Louwerse et al. “Revisiting Hansen Solubility Parameters by Including Thermodynamics”. In:
ChemPhysChem 18.21 (Nov. 3, 2017), pp. 2999–3006. issn: 14394235. doi: 10.1002/cphc.201700408.

[113] D.F Merchant, P.J Scully, and N.F Schmitt. “Chemical Tapering of Polymer Optical Fibre”. In: Sensors and
Actuators A: Physical 76.1-3 (Aug. 1999), pp. 365–371. issn: 09244247. doi: 10.1016/S0924- 4247(99)
00008-4.

[114] Hafeez Hassan, Ole Bang, and Jakob Janting. “Polymer Optical Fiber TipMass Production EtchMechanism
to Achieve CPC Shape for Improved Biosensor Performance”. In: Sensors 19.2 (Jan. 12, 2019), p. 285. issn:
1424-8220. doi: 10.3390/s19020285.

[115] Jakob Janting et al. “Effects of Solvent Etching on PMMA Microstructured Optical Fiber Bragg Grating”.
In: Journal of Lightwave Technology 37.18 (Sept. 15, 2019), pp. 4469–4479. issn: 0733-8724, 1558-2213. doi:
10.1109/JLT.2019.2902244.

[116] Hafeez Ul Hassan et al. “Polymer Optical Fiber Compound Parabolic Concentrator Tip for Enhanced Cou-
pling Efficiency for Fluorescence Based Glucose Sensors”. In: Biomedical Optics Express 6.12 (Dec. 1, 2015),
p. 5008. issn: 2156-7085, 2156-7085. doi: 10.1364/BOE.6.005008.

[117] Ada Abang and David J. Webb. “Demountable Connection for Polymer Optical Fiber Grating Sensors”. In:
Optical Engineering 51.8 (Aug. 17, 2012), pp. 080503–1. issn: 0091-3286. doi: 10.1117/1.OE.51.8.080503.

[118] Beth A. Miller-Chou and Jack L. Koenig. “A Review of Polymer Dissolution”. In: Progress in Polymer Science
28.8 (Aug. 2003), pp. 1223–1270. issn: 00796700. doi: 10.1016/S0079-6700(03)00045-5.

[119] ThomasG. Fox andPaul J. Flory. “Second-OrderTransitionTemperatures andRelatedProperties of Polystyrene.
I. Influence of Molecular Weight”. In: Journal of Applied Physics 21.6 (June 1950), pp. 581–591. issn: 0021-
8979, 1089-7550. doi: 10.1063/1.1699711.

[120] Tri T. Dang et al. “Biostable Glucose Permeable Polymer”. U.S. pat. 9848805B2. Medtronic Minimed Inc.
Dec. 26, 2017.

[121] M. C. J. Large et al. “Solution Doping of Microstructured Polymer Optical Fibres”. In: Optics Express 12.9
(2004), p. 1966. issn: 1094-4087. doi: 10.1364/OPEX.12.001966.

Page 133 of 156

https://doi.org/10.1016/S1386-1425(02)00258-5
https://doi.org/10.1007/978-3-7091-0670-9
https://doi.org/10.1007/978-3-7091-0670-9
http://books.google.com/books?id=gprF31cvT2oC
https://doi.org/10.1016/j.optcom.2010.08.069
https://doi.org/10.1016/j.optcom.2010.08.069
https://doi.org/10.1364/OE.24.001206
https://doi.org/10.1364/OE.24.001206
https://doi.org/10.1109/LPT.2017.2678481
https://doi.org/10.1002/cphc.201700408
https://doi.org/10.1016/S0924-4247(99)00008-4
https://doi.org/10.1016/S0924-4247(99)00008-4
https://doi.org/10.3390/s19020285
https://doi.org/10.1109/JLT.2019.2902244
https://doi.org/10.1364/BOE.6.005008
https://doi.org/10.1117/1.OE.51.8.080503
https://doi.org/10.1016/S0079-6700(03)00045-5
https://doi.org/10.1063/1.1699711
https://doi.org/10.1364/OPEX.12.001966


BIBLIOGRAPHY

[122] Pavol Stajanca et al. “Solution-Mediated Cladding Doping of Commercial Polymer Optical Fibers”. In: Op-
tical Fiber Technology 41 (Mar. 2018), pp. 227–234. issn: 10685200. doi: 10.1016/j.yofte.2018.02.008.

[123] Igor Ayesta et al. “Fabrication of Active Polymer Optical Fibers by Solution Doping and Their Characteri-
zation”. In: Polymers 11.1 (Dec. 31, 2018), p. 52. issn: 2073-4360. doi: 10.3390/polym11010052.

[124] J. S. Papanu et al. “Swelling of Poly(Methyl Methacrylate) Thin Films in Low Molecular Weight Alcohols”.
In: Journal of Applied Polymer Science 39.4 (Feb. 20, 1990), pp. 803–823. issn: 00218995, 10974628. doi: 10.
1002/app.1990.070390404.

[125] Tenna Brandt Nielsen and Charles M. Hansen. “Elastomer Swelling and Hansen Solubility Parameters”. In:
Polymer Testing 24.8 (Dec. 2005), pp. 1054–1061. issn: 01429418. doi: 10.1016/j.polymertesting.
2005.05.007.

[126] Xing Su, Baoli Shi, and Lili Wang. “Investigation on Three-Dimensional Solubility Parameters for Expla-
nation and Prediction of Swelling Degree of Polydimethylsiloxane Pervaporation Membranes”. In: Journal
of Macromolecular Science, Part B 54.10 (Oct. 3, 2015), pp. 1248–1258. issn: 0022-2348, 1525-609X. doi:
10.1080/00222348.2015.1085272.

[127] Sebastian Süß et al. “Determination of Hansen Parameters for Particles: A Standardized Routine Based on
Analytical Centrifugation”. In: Advanced Powder Technology 29.7 (July 1, 2018), pp. 1550–1561. issn: 0921-
8831. doi: 10.1016/j.apt.2018.03.018.

[128] Jan U. Wieneke et al. “Systematic Investigation of Dispersions of Unmodified Inorganic Nanoparticles in
Organic Solvents with Focus on the Hansen Solubility Parameters”. In: Industrial & Engineering Chemistry
Research 51.1 (Jan. 11, 2012), pp. 327–334. issn: 0888-5885. doi: 10.1021/ie201973u.

[129] Jan P. Fischer andKetil Koop-Jakobsen. “TheMulti FiberOptode (MuFO): ANovel System for Simultaneous
Analysis of Multiple Fiber Optic Oxygen Sensors”. In: Sensors and Actuators B: Chemical 168 (June 2012),
pp. 354–359. issn: 09254005. doi: 10.1016/j.snb.2012.04.034.

[130] I Butler, Martin A. A. Schoonen, and David T. Rickard. “Removal of Dissolved Oxygen fromWater: A Com-
parison of Four Common Techniques”. In: Talanta 41.2 (Feb. 1994), pp. 211–215. issn: 00399140. doi: 10.
1016/0039-9140(94)80110-X.

[131] Yan Xiong et al. “A Fiber-Optic Evanescent Wave Sensor for Dissolved Oxygen Detection Based on Novel
Hybrid Fluorinated Xerogels Immobilized with [Ru(Bpy)(3)](2+)”. In: Analytical and Bioanalytical Chemistry
394.3 (June 2009), pp. 919–923. issn: 1618-2642. doi: 10.1007/s00216-009-2746-4.

[132] Wenqing Cao and Yixiang Duan. “Optical Fiber-Based Evanescent Ammonia Sensor”. In: Sensors and Actu-
ators B: Chemical 110.2 (Oct. 2005), pp. 252–259. issn: 09254005. doi: 10.1016/j.snb.2005.02.015.

[133] Wenqing Cao and Yixiang Duan. “Optical Fiber EvanescentWave Sensor for OxygenDeficiency Detection”.
In: Sensors and Actuators B: Chemical 119.2 (Dec. 2006), pp. 363–369. issn: 09254005. doi: 10.1016/j.snb.
2005.12.034.

[134] Jaehee Park, Young June Park, and Jong-Dug Shin. “Plastic Optical Fiber Sensor Based on In-Fiber Micro-
holes for Level Measurement”. In: Japanese Journal of Applied Physics 54.2 (Feb. 1, 2015), p. 028002. issn:
0021-4922, 1347-4065. doi: 10.7567/JJAP.54.028002.

[135] Jesus Delgado Alonso, Narciso Guzman, and David Berry. “Distributed Fiber Optic Chemical Sensor and
Method”. U.S. pat. 20180031485A1. Intelligent Optical Systems Inc. Feb. 1, 2018.

[136] Michael Oren and Shree K. Nayar. “Generalization of Lambert’s ReflectanceModel”. In:Computer Graphics,
28(Annual Conference Series):239–246. 1994. doi: 10.1145/192161.192213.

[137] Allan W. Snyder and D. J. Mitchell. “Leaky Rays on Circular Optical Fibers”. In: Journal of the Optical Society
of America 64.5 (May 1, 1974), p. 599. issn: 0030-3941. doi: 10.1364/JOSA.64.000599.

[138] F O. Bartell, E. L. Dereniak, and W. L. Wolfe. “The Theory And Measurement Of Bidirectional Reflectance
Distribution Function (Brdf) And Bidirectional Transmittance Distribution Function (BTDF)”. In: 1980
Huntsville Technical Symposium. Ed. by Gary H. Hunt. Huntsville, Mar. 3, 1981, pp. 154–160. doi: 10.
1117/12.959611.

Page 134 of 156

https://doi.org/10.1016/j.yofte.2018.02.008
https://doi.org/10.3390/polym11010052
https://doi.org/10.1002/app.1990.070390404
https://doi.org/10.1002/app.1990.070390404
https://doi.org/10.1016/j.polymertesting.2005.05.007
https://doi.org/10.1016/j.polymertesting.2005.05.007
https://doi.org/10.1080/00222348.2015.1085272
https://doi.org/10.1016/j.apt.2018.03.018
https://doi.org/10.1021/ie201973u
https://doi.org/10.1016/j.snb.2012.04.034
https://doi.org/10.1016/0039-9140(94)80110-X
https://doi.org/10.1016/0039-9140(94)80110-X
https://doi.org/10.1007/s00216-009-2746-4
https://doi.org/10.1016/j.snb.2005.02.015
https://doi.org/10.1016/j.snb.2005.12.034
https://doi.org/10.1016/j.snb.2005.12.034
https://doi.org/10.7567/JJAP.54.028002
https://doi.org/10.1145/192161.192213
https://doi.org/10.1364/JOSA.64.000599
https://doi.org/10.1117/12.959611
https://doi.org/10.1117/12.959611


BIBLIOGRAPHY

[139] Angeleene S. Ang, Quirino M. Sugon, and Daniel J. McNamara. “Skew Ray Tracing in a Step-Index Optical
Fiber Using Geometric Algebra”. In: Applied Optics 54.12 (Apr. 20, 2015), p. 3764. issn: 0003-6935, 1539-
4522. doi: 10.1364/AO.54.003764.

Page 135 of 156

https://doi.org/10.1364/AO.54.003764


Appendix A.
Radiometry Basics

This appendix will give a short introduction to the radiometric quantities and the radiometry concepts
used in the development of the annular cavity model in Chapter 8.

A.1 RADIOMETRIC NOMENCLATURE

One thing that becomes immediately clear when working with radiometry is that it seems there is a
clash of nomenclature with the rest of optics. The quantities of radiometry seem straight forward, and
they are in some sense, but working with them requires subtlety. Here follows a quick description of the
quantities I will use.

A.1.1 RADIANT FLUX

Radiant flux is also sometimes called radiant power. It is the power received, emitted, transmitted or
reflected by a given surface per unit time. Thus, we give it the letter Φ and it has units of [W ].

Φ =
∂Q

∂t
(A.1)

HereQ is the energy in joules. So if we consider a window of some sort, the radiant flux through the win-
dow is in some sense just the number of photons entering the window per unit time, from all directions.

A.1.2 IRRADIANCE (E) AND EXITANCE (M)

These two words are actually for the same quantity, but with opposite signs. The irradiance is the radiant
flux per unit area received by a surface. The exitance (also called the radiant exitance), is the radiant flux per
unit area emitted by a surface. Thus, these quantities have units of [W/m2] and we give them the letter E
(for irradiance) andM (for exitance).

MorE =
∂Φ

∂A
(A.2)

So what are these quantities? Well, if we have the flux through the window from before, and we want
to know the irradiance, we simply divide the radiant flux by the area of the window (if the irradiance is
independent on where we are on the window). The derivative allows the irradiance to be a function that
changes with position. If want to calculate the flux received, we integrate the irradiance over the surface.

Φ =

∫
S

M(x, y)dS (A.3)
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A.1.3 RADIANCE

The radiance is the irradiance (or exitance) coming from a particular direction. It is sort of the steric density
of the irradiance. So to spell it out clearly, it is the irradiance (or exitance) per steradian. We give it the
letter, L.

L =
∂E

∂Ω
(A.4)

And here Ω is a differential solid angle. However! Here comes the trouble.

A.1.3.1 The Trouble Begins - Lambert’s Cosine Law

You see, the irradiance or exitance entering the window from before, is not independent of direction.
To understand what is meant by this, we can imagine that the radiance is a flow field of particles. If our
window is oriented such that its normal vector is perpendicular to the direction of flow, then no flow
will enter the window. In other words, the flow through the window depends on the flow field and the
orientation of the window relative to the flow. So we need to be careful. In fact, the radiance is the
flux through the window per steradian per unit projected area. The situation can be seen in Fig. A.1. In
the figure, the different streams are angled differently in relation to an opening. The result is that, even
though the flux in the streams are the same, the flux through the opening contributed by each stream is
different.

(a) Viewing angle θ,

(b) Projected area shown with streams of photons. The blue stream (A) is aligned
head-on, and more of the photons make it through the opening than for (B) or (C).

Thus, stream (A) contributes more to the total flux through the opening than does (B)
or (C).

Figure A.1. Projected Area
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In other words we can write it in the following way

L =
∂2Φ

∂Ω∂A⊥
(A.5)

Now ∂A⊥ is the projected area in the direction of viewing (see Fig. A.1). It is given by ∂A⊥ = cos θ∂A,
where θ is the angle between the surface normal and the direction of viewing. This is the famous Lam-
bert’s Cosine Law.

A.1.3.2 Lambertian Sources

For surfaceswith a uniform radiance the result is thatwewouldmeasure less flux viewing it from an angle,
than we would viewing it from straight on. Lambertian sources are the “ideal” sources in the world of
radiometry. However, few sources actually behave this way. Surface-emitting LEDs are approximately
lambertian (within their escape cone). Lambertian sources are also often associated with surfaces that
are completely flat. For flat surfaces, the projected area changes with the cosine of the viewing angle.
If the surface is instead rough, the projected area may not necessarily behave that way. An example of a
surface model taking into account the roughness is the Oren-Nayar model [136].

A.1.4 RADIANT INTENSITY

The final quantity to touch on is the radiant intensity. This is sometimes called intensity in radiometric
circles, but that is obviously dangerous, as “intensity” is one of those words flung around with many
different meanings. So in order to avoid any confusion, I will simply talk about radiant intensity.

The radiant intensity is the flux per steradian. We can imagine that we are looking at a point source
(or that we are very far away from a spherical source such as a star), and this point will then radiate out
in all directions. The flux density in steric terms is the radiant intensity, and we use the letter I to denote
it.

I =
∂Φ

∂Ω
(A.6)

A.2 EXAMPLES OF CALCULATING FLUX

Whatwewill often be interested in is the total flux. Either the total flux emitted froma surface or the total
flux received by a surface. This is for example what is in the annular cavity sensor design in Chapter 8.
In the following sections, I will discuss the flux for a number of different geometries. Wewill start gently
and then move on to more complex geometries.

A.2.1 FLUX RECEIVED FROM POINT SOURCE

What is a point source? It could for example be a distant star, or it could be a single fluorescent molecule.
The important notion here is that whatever thing is emitting the radiation, we are sufficiently far away
from it that is looks like a single point. In the problem, we will place a place detector at a distance r from
the point source, and with a given orientation relative to where the source is.

[136] Oren and Nayar (1994) “Generalization of Lambert’s Reflectance Model”
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A.2.1.1 FluxWhen the Detector is Oriented Directly, 2D

The kindergarten example is to calculate the 2D situationwhere our detector (of lengthLd) is positioned
facing the source directly. The situation is shown in Fig. A.2. The calculation is pretty straight forward.
The total flux must simply be the total flux emitted by the source, in the angle spanned by the detector,
from the the point of view of the source. The source is assumed to have an angle dependent radiant
intensity, I(θ).

Figure A.2. Geometrical setup for example with detector oriented directly facing the source and in 2D

To get the flux we integrate the radiant intensity in the angle spanned by the detector.

Φd =

θ1/2∫
−θ1/2

I(θ) dθ (A.7)

The detector angles are calculated by knowing the distance, r, and the size, Ld, of the detector.

θ1/2 = arctan(Ld/2r) (A.8)

A.2.1.2 FluxWhen Detector is Angled, 2D

We next consider the situation where the detector is oriented at some angle away from the source. The
setup is depicted in Fig. A.3. One has to be careful now, since the angle spanned by the object (at least
from the detectors middle point), is not equal in both directions as before. Thus, we must now find two
different angles, θ1 and θ2. Luckily, the situation is not so complicated, and simple trigonometry leads
to the following equations for the angles. The integral is similar to the simpler case.

θ1 = arctan

(
Ld cosφ

2r + Ld sinφ

)
(A.9)

θ2 = arctan

(
Ld cosφ

2r − Ld sinφ

)
(A.10)

Φd =

θ1∫
−θ2

I(θ) dθ (A.11)
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Figure A.3. Geometrical setup for example with detector oriented at an angle wrt. the source

For large r (r � Ld) the arc-tangents become equal and we have the situation

θ1 = θ2 = arctan(Ld cosφ/2r) (A.12)

Which is precisely the same as simple case with the detector facing directly, but with the length of the
detector replaced by the projected length of the detector.

A.2.1.3 Flux in 3D

We nowmove to the situation with a point-source in a 3-dimensional world. The radiant intensity is now
dependent on the solid angle obscured by the detector, as seen from the point source. The flux will be
given by an integral over this solid angle, Ωd.

Φd =

∫
Ωd

I(φ, θ) dΩ (A.13)

The situation is depicted in Fig. A.4. The “detector” is given by an arbitrary surface, S at a central dis-
tance r from the point source. For anything but simple surfaces the integral becomes unwieldy, and it is
generally easier to go for numerical integrations. The solid angle is not always easily described, but for
a small differential area dA on the surface, its solid angle is given by

dΩ =
cos θi dA
r(x, y, z)2

(A.14)

The angle θi is the angle between the incident ray and the normal of the surface at that point, and so it
is a function of position. The problem can be formulated in different coordinate systems, depending on
which facilitates the simplest expressions.

Φd =

∫∫∫
x,y,z

I(x, y, z) cos
[
θi(x, y, z)

]
r(x, y, z)2

dx dy dz =

∫∫
φ,θ

I(φ, θ) cos
[
θi(φ, θ)

]
r(φ, θ)

sin θ dθ dφ (A.15)
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Figure A.4. Point source emitting in the direction of the surface, S.

A.2.2 FLUX TO AND FROM SURFACE

When the source is no longer a point, things obviously become more complicated. Nowwe need to take
into the account the extent of the source. This is the situation in which radiance, L, enters the picture.
The flux will be given by the flux entering all points on the surface from all points on the other surface. In
Fig. A.5 the general setup for a problem with flux from extended surfaces is shown.

Figure A.5. General setup for a problem with flux between surfaces.

Page 141 of 156



APPENDIXA. RADIOMETRY BASICS

If we wish to determine the flux through surface S2 from S1, wemust integrate over both surfaces.
The flux through a small differential area dA2 on S2 by a small differential area dA1 on S1, is dependent
on the radiance of the source.

d2Φ2 = L1(x1, y1, z1, θ1, φ1) dΩ2 dA1,⊥ (A.16)

The dΩ2 is the solid angle subtended by the differential area dA2, as seen from dA1. The differential
area dA1,⊥ is the projection of dA1 in the direction of dA2. The direction is given by θ1 and φ1, where
φ1 is the azimuthal direction angle. The expression can be rewritten to the following

d2Φ2 = L1 cos θ1 dA1
cos θ2 dA2

r2
(A.17)

And here r is the distance between the two differential areas. The problem now is “simply” to integrate
over both surfaces. An important fact to notice is that we can rewrite the equation in another form yet
again:

d2Φ2 = L1
cos θ1 dA1

r2
cos θ2 dA2 = L1 dΩ1 cos θ2 dA2 = L1 dΩ1 dA2,⊥ (A.18)

Now the equation has been rewritten such that it depends on the solid angle as seen by dA2. The problem
has thus been “turned around”. We can integrate over the solid total solid angle subtended by S1 (at this
particular point on S2), and arrive at the following equation:

dΦ2 =

∫
Ω1

L1 cos θ2 dΩ

 dA2 = E2(x, y, z) dA2 (A.19)

HereE2 is the irradiance of dA2 due to the totality of S1. This particular equation becomes important in
the model used for the annular cavity design in Chapter 8. Often, the integration over the surface S2 can
be simple enough, but the problem often lies in obtaining a good description of the irradiance from the
geometry of S1.

The total flux is then given by

Φ2 =

∫
S2

E2(x, y, z) dA2 (A.20)

A.2.2.1 Irradiance of differential element from a circular disk

In the previous, I described how the setup for calculating the flux through an area S2 is given by an
integral over the irradiance of that surface. The irradiance itself is an integral over the source surface.
In the following, I will describe how to describe the irradiance of a differential element dA2, due to an
extended source formed from a circular flat disk. The situation is depicted in Fig. A.6. To do this, we
consider the problem of finding the irradiance by the equations derived in the previous section.

E(x′, y′, z′) =

∫
Ωs

L1(x, y, z, θ1, φ1) cos θ2 dΩ1 (A.21)

The radiance, L1(x, y, z) is the radiance of the source (the circular disk in Fig. A.6). We will place the
source at z = 0, and thus the radiance is only a function of x and y. The angles θ and φ are the spherical
coordinates of the direction toward dA2.
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Figure A.6. Irradiance from circular disk at a small differential area.

The first thing we will do is to write the equation as an integral over area instead of solid angle.

E(x′, y′, z′) =

∫∫
x,y

L1(x, y, θ1, φ)
cos θ1 cos θ2

d2
dA1 (A.22)

The angle θ1 is the angle from the small surface element on the source, toward the differential area dA2.
It depends on where we are on the source, as well as where the surface element on the “detector” is
located. Thus it is a function of x, y and z. The same is true of the distance d, which is the distance
between the small surface element on the source, and the surface element on the detector. θ2 is the angle
between the ray between the two differential areas and the orientation of the differential area dA2, it
will also depend on where we are on the source.

Since the source is a disk, it is easiest if we convert to cylindrical coordinates.

E(x′, y′, z′) =

2π∫
0

R∫
0

L1(r, α, θ1, φ)
cos θ1 cos θ2

d2
r dr dα (A.23)

The next step is towork out the expressions for the distance, d, the angle θ1 and the angleφ. The distance
can be worked out by considering the triangle formed by the position at the detector (x′, y′, z′), the
projection of this point onto the “source plane” (x′, y′, 0) and the point on the source (r cos(α, r sinα).
The distance is the hypotenuse of this triangle, and is thus given by

d2 = z′2 + a2 (A.24)

The side a can be worked out by considering the smaller triangle on the “source plane”, and will be given
by

a2 = (x′ − r cosα)2 + (y′ − r sinα)2 = x′2 + y′2 + r2 − 2r(x′ cosα+ y′ sinα) (A.25)

The angle θ can be found by considering the larger triangle again, and recognizing that the the cosine of
the complementary angle θ′, is given by

sin θ′1 = sin

(
π

2
− θ1

)
= cos θ1 =

z′

d
(A.26)
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We can now insert these into the integral for the irradiance.

E(x′, y′, z′) =

2π∫
0

R∫
0

L1(r, α, θ1, φ)
z′ cos θ2

d3
r dr dα =

2π∫
0

R∫
0

L1(r, α, θ1, φ)
z′

d3
r dr dα (A.27)

=

2π∫
0

R∫
0

L1(r, α, θ1, φ)
z′

(
√
z′2 + a2)3

r dr dα (A.28)

The final piece of the puzzle is to determine the azimuthal angle φ. This angle can be found by consid-
ering the small triangle on the “source plane”. This angle will be

cosφ′ = cos(π − φ) = − cosφ =
r cosα− x′

a
(A.29)

This leads to
φ = arccos

(
x′ − r cosα

)
(A.30)

All ingredients are now there, and the integral can be evaluated. A simple approach to this would be to
use a numerical scheme.

A.2.2.2 Flux fromDisk to Disk

The last problem I will look at is related to the problem of transferring power from an optical fiber to a
photo-detector (see Chapter 3). The surface end of the optical fiber is described as the “source” and the
optical detector is then the surface receiving the flux. The situation is depicted in Fig. A.7.

Figure A.7. Flux from one disk to another

We know from the previous sections that what we need to do is to describe the irradiance of the
surface S2 surface, due to the S1 surface. The flux was then described by

Φ2 =

∫∫
S2

E2(x, y, z) dA2 =

2π∫
0

R2∫
0

E(α2, r2)r2 dr2 dα2 (A.31)
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Because of the geometry of the problem, the use of circular coordinates is almost a given. An interesting
notion is that, if we assume the problem has circular symmetry, then the irradiance will be independent
of the angle α2, and we can thus perform one integration immediately.

Φ2 = 2π

R2∫
0

E(r2)r2 dr2 (A.32)

We therefore only have to describe the irradiance of the “strip” of area from the center of S2 to the
edge of the disk. The irradiance itself was described by an integral over the S1 surface (again in circular
coordinates).

E(r2) =

2π∫
0

R1∫
0

L(r1, α1, θ1, φ1)
cos θ1 cos θ2

d2
r1 dr1 dα1 (A.33)

This equation can be simplified by acknowledging that θ1 = θ2 in this problem. Additionally we can
describe the angle θ by considering the triangle formed by the dashed lines between the two surfaces,
and realize that cos θ1 = d0/d. This reduces the integral to

E(r2) = d2
0

2π∫
0

R1∫
0

L(r1, α1, θ1, φ1)
1

d4
r1 dr1 dα1 (A.34)

We now must find expressions for θ1, φ1 and d in terms of r1, α1 and r2. We first describe d by a bit of
trigonometry and get the expression

d2 = d2
0 + r2

1 + r2
2 − 2r1r2 cosα1 (A.35)

The expression for φ1 can also be found by trigonometry and is given by

sinφ1 =
r1 sinα1√

r2
1 + r2

2 − 2r1r2 cosα2

(A.36)

This means that we can describe the irradiance in the following manner

E(r2) = d2
0

2π∫
0

R1∫
0

L(r1, r2, α1)

(d2
0 + r2

1 + r2
2 − 2r1r2 cosα1)2

r1 dr1 dα1 (A.37)

The radianceLwill be different depending on the system and the integralmust be evaluated numerically.
If we assume the radiance is constant (a lambertian source), we can calculate the remaining integral
numerically. If the emitting disk has a radius ofR = 0.48 mm and the distance between the two disks
is d0 = 0.8 mm, then the irradiance looks like in Fig. A.8.

This irradiance can be plugged into Eq. A.32, to calculate the actual flux through the second disk
(when the radiance is constant). For the values above and with a radius of the receiving disk of 0.59mm,
the integral evalutates to

Φ2 = 2π

R2∫
0

E(r2)r2 dr2 = 0.69L1 (A.38)
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Figure A.8. Irradiance at a given radial position

A.2.2.3 Total Flux Emitted by Optical Fiber Within Acceptance Cone

In order to calculate the radiant flux emitted by an optical fiber, the following integral must be evaluated:

Φtot =

∫
S

∫
Ω

L dΩ dA⊥ (A.39)

In the following, I will assume the radiance, L, is independent on direction

Φtot = L

∫
S

2π∫
0

θA∫
0

cos θ sin θ dθ dφ dA (A.40)

These integrals are easy to compute and the solution is

Φtot = Lπ2r2 sin2 θA (A.41)

Thus, if we know the total flux, we know the radiance.
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Various Photoluminescence-Related
Derivations
B.1 DERIVATION OF BEER LAMBERT’S LAW

What follows is a derivation of Beer Lambert’s Law and some corrolaries.
We will imagine a cylindrical medium in which a flux of photons are flowing. The irradiance in

[W/cm2] is given by I . The concentration of absorbing molecules is given by c in [moles/cm3] and the
cylinder has an area ofA given in cm2.

If we look at a very thin layer of the cylinder, dl, the number of absorbing molecules in that layer
is given by

dN = NacA dl (B.1)

WhereNa is Avogadro’s Number. The total “absorption cross-section” of the thin slice (that is, the area
in which a photon will be captured), is the multiplication of the number of absorbers in the slice and the
cross-section for a single absorber. Thus, the total cross-section is σ dN .

The probability that a photon is captured is then given by the ratio of the absorbtion cross-section
to the total area of the cylindrical slice.

Pab =
σ dN
A

(B.2)

When we have a lot of photons crossing this slice per second, the ratio above will be equal to the fraction
of photons absorbed by the thin slice

− dI
I

=
σ dN
A

= Naσc dl (B.3)

The negative sign is due to the fact that dI is a negative number – it is basically the change in photons of
the beam. The I is the initial irradiance at the input of the slice.

We can now integrate the above equation to get the expression

ln
I0
I

= Naσcl (B.4)

Here l is the thickness we have integrated to. It could be the thickness of the sample, or some distance
inside the sample. It is now quite easy to get this into another form, namely by exponentiating.

I(l) = I0e
−Naσcl (B.5)

It is now just a matter of knowing the concentration and absorption cross-section.
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B.1.1 FLUX, FLUX DENSITY AND INTENSITY

Eq. B.5 can be rewritten in terms of the flux, flux density or radiant power if one wishes. This is summa-
rized by the following formula:

I(l)

I0
=

Φe(l)

Φe(0)
=

Φph(l)

Φph(0)
=
Fph(l)

F (0)
= e−Naσcl (B.6)

Here Φe is the radiant power (W), Φph is the photon flux (photons/s) and Fph is the photon flux density
(photons/s/m2).

B.1.2 EXCITED MOLECULES PER SECOND

We can determine the number of molecules being excited in the medium per unit time (or the number
of photons being absorbed per unit time). We write the equation in terms of the photon flux.

Φλ(l) = Φph(0)e−Naσcl (B.7)

To find the actual number of photons that are being absorbed in the volumeA · l, we simply look at the
difference in flux entering and the flux exiting the volume.

Φab = Φph(0)− Φph(l) = Φph(0)
(

1− e−Naσcl
)

(B.8)

The number of molecules being excited per unit time will be equal to the number of absorbed photons.

B.2 ABSORPTION TIME

If we imagine a system where the absorption “deactivated” the molecules so to speak, how long would it
take before there were no longer any active absorbers in the sample? This is once again one of the things
which will map out the environment of the photoluminescent system for us.

The number of absorbed photons per second, Φab, is derived above, and it is dependent on the photon
flux entering the medium, Φph. The equation is

Φab = Φph

(
1− e−Naσc(n)l

)
(B.9)

The Φph is the photon flux and l is the length of a cylindrical medium. As before σ is the absorption
cross-section and c(n) is the concentration, which now depends on the number of absorbers, n. The
thing to realize is that the number of absorbed photons is equal to the loss of absorbers. And since Φab
is the rate of photon absorption, we can write the following equation for the number of absorbers.

dn
dt = −Φph

(
1− e−σln/V

)
= −Φph

(
1− e−σn(t)/A

)
(B.10)

Here V is the volume of the absorbing cylinder andA is the cross-sectional area. In order to work with
easier numbers, we are going to convert into the number of moles, instead of the number of absorbers.

dN
dt = −Φph

Na

(
1− e−NaσN(t)/A

)
(B.11)
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This differential equation looks hard initially, however it is separable and with a series of substitutions,
it is possible to arrive at the following solution:

N(t) =
A

Naσ
ln

(
1 + exp

[
c1Naσ

A
− Φphσt

A

])
(B.12)

I will now let p ≡ σNa/A

N(t) =
1

p
ln

(
1 + exp

[
pc1 −

Φphσt

A
)

])
(B.13)

It can be simplified further by splitting up the exponential and redefining the constant part toC0.

N(t) =
1

p
ln
(

1 + C0e
−Φphσt/A

)
(B.14)

To findC0 we set t = 0 and we can find that

C0 = epN(0) − 1 (B.15)

WhereN(0) is the initial number of absorbers (in moles). If we plot the number of still active absorbers
as a function of time, we get the situation in Fig. B.1. The figure depicts the decrease of absorbers as
time goes on for different cross-sections and different excitation intensities. The cross-section means a
lot, and the large differences is obviously because we look across several orders of magnitude. However,
this exercise will help us to understand the dynamics. However, it is also worthy to note that the “de-
activation” of the absorbers take place within minutes for the larger cross-sections.

Figure B.1. The de-activation of absorbers as a function of time. The result of different absorption cross-
sections and intensities have been plotted. In red, the largest cross-section (2.4× 10−16 cm2) is shown.
The green curves are for the cross-section of 1.8× 10−18 cm2 and blue depicts the cross-section of
3× 10−19 cm2. The linestyle depends on the power used, with solid being 5 µW, dashed being 25 µW
and dotted is 100 µW.

The de-activation of absorbers is obviously countered in a real system by the simultaneous process
of relaxation down into the ground-state once again. The big question is how quick the relaxation of
excited molecules (through all possible paths), is compared to the absorption.
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B.3 CONSTANT GROUND-STATE

Whenwill the assumption that the absorption flux is independent of the ground-state hold (for the two-
state system)? We can do an analysis by looking at the equilibrium point.

If we use the equation for the absorption flux given in section Section B.1.2, and we look at the
equation for the ground-state rate of change, then we have:

dN0

dt = k1N1 − Φph

(
1− e−Naσcl

)
(B.16)

At equilibrium the derivative is zero. Rewriting the equation then gives us

Φph

(
1− e−Naσn0/A

)
= k1N1 (B.17)

Where n0 is the number ofmoles in the ground-state. To work with moles everywhere we divide byNa.
At the same time, we rewrite n1 = n− n0, where n is the total number of moles.

Φph
Na

(
1− e−Naσn0/A

)
= k1(n− n0) (B.18)

Now we want to solve for n0, however the equation above is a transcendental function, and so it is not
straightforward to obtain a closed-form solution (if it exists). I will solve it by expanding the exponential
in a Taylor series.

Naσ

A
n0 −

N2
aσ

2

2A2
n2

0 + ... =
Nak1

Φph
n− Nak1

Φph
n0 (B.19)

Nak1

Φph
n−

(
Naσ

A
+
Nak1

Φph

)
n0 +

N2
aσ

2

2A2
n2

0 − ... = 0 (B.20)

k1

Φph
n−

(
σ

A
+

k1

Φph

)
n0 +

Naσ
2

2A2
n2

0 + ... = 0 (B.21)

We can neglect the second-order terms and higher. This can be checked by an order of magnitude com-
parison of the different terms in the sum.

k1

Φph
n−

(
σ

A
+

k1

Φph

)
n0 = 0 (B.22)

n0

n
=

k1n

Φph

(
σ

A
+

k1

Φph

) =
k1A

σΦph + k1A
≈ 1 (B.23)

Thus for two-state systems, it is quite a good approximation that the ground-state population remains
constant, even for quite large absorption cross-sections, intensities and lifetimes. The lifetime for PtOEP
is on the order of 1× 10−5 s (which means k1 = 105), and the photon flux may be on the order of 1017

at the upper limit. To be on the safe side, σ could be taken as 10−15 and the area is on the order of 10−2.
Combining these we get the solution that n0/n = 0.9. However, these are values at the extreme for
what we use, and so it is safe so say that in our case, if we choose to model the system as a 2-state system,
the ground-state population can be assumed to be constant. This is important for the development of
the phase-fluorimetric principle later on.
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Flory-Huggins Theory

In this chapter I will run through the basic of the Flory-Huggins theory for solvents and molecules. We
imagine that we have a only two species present in the solution volume – solventmolecules andmonomer
molecules. The volume fractions, φ, of each are given by

φp =
Vp

Vp + Vs
=

npvp
Vp + Vs

=
nprvm
Vp + Vs

(C.1)

φs =
Vs

Vm + Vs
=

nsvs
Vm + Vs

= 1− φm (C.2)

The volume of the polymer is the number of chains np times the volume of each chain vp. However, the
volume of each chain is the length of the chain, r, times the volume of a monomer vm. One of the first
assumptions of the Flory-Huggins lattice theory is that the molecular volume of each species (monomer
and solvent) is the same, v0. This means that

vs = vm = vs (C.3)

Since each lattice site is occupied by a solvent molecule or monomer of equal sizes, the total number of
lattice sites can be written

N =
Vp + Vm

v0
= rnp + ns (C.4)

We’re now setup to begin calculating the thermodynamics of this system. The situationwe are looking at
is depicted in C.1. The question is whether the Gibbs Free Energy of Mixing, ∆Gmix, favors the mixed
state or the un-mixed state. The Gibbs Free Energy is given by

∆Gmix = ∆Hmix − T∆Smix (C.5)

With∆Gmix being the change inGibbs Free Energy in going from amixed to an unmixed state. ∆Hmix

is the change in enthalpy and ∆Smix is the change in entropy. For a homogeneous solution to be favor-
able, the free energy of mixing must be zero or negative. We must thus calculate the entropy in each of
the two situations depicted (mixed/unmixed), and take their difference. Likewise, we must calculate the
interaction energy in each case, and also compute the difference. The pressure and volume are assume
to be constant, in which case the change in enthalpy is simply the change in internal energy, U , and the
energy of mixing becomes the Helmholtz Free Energy (at constant temperature), F .

∆Fmix = ∆Umix − T∆Smix (C.6)
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(a) Polymers (red) and solvents (bluish) in separated state. (b) Polymers (red) and solvents (bluish) in a mixed state

Figure C.1. The Flory-Huggins lattice theory looks at the ways in which a number of polymers (red) and solvent
molecules (blue) can be placed in a lattice. The images (a) and (b) show a 2D lattice and for more
realistic scenarios a 3D lattice should be used. The Flory-Huggins theory looks at the difference in
energy and entropy in going from un-mixed to mixed.

C.1 THE ENTROPY OF MIXING, ∆Smix

Physical and probabalistic entropy (Gibbs entropy) is given by

S = −kB
∑

pi ln(pi) (C.7)

In general, when the system is not completely closed and fluctuations in the internal energy exists (due
to interactions with the environment outside the solution), the entropy can be written in a different way
after using the method of Lagrangemultipliers:

S = βU +
∑
i

e−βUi/k (C.8)

And here β = 1/T . U is the average internal energy andUi is the internal energy for a given microstate
i. In order to compute the entropy, we would need to compute the internal energy for each possible
microstate. This is a daunting task and likely impossible to do, and so, another approximation needs to be
made – namely themean field assumption. Instead of computing the actual energy interactions between
molecules for each individual configuration possible, we instead calculate an average interaction between
the molecules. This allows us to assume that all the microstates have the same energy and it allows us
instead to write the entropy with the Boltzmann formula for entropy:

S = kb ln Ω (C.9)

And here Ω is the number of microstates available to the system. In order to calculate the number of
microstates we take a combinatorics aproach. We imagine that the lattice has already been populated by
(j − 1) polymers, and now we wish to place the j ’th polymer. The number of ways we can place this
j ’th polymer is

Ωj =
q(q − 1)r−2

Nr−1

(N − r(j − 1))!

(N − jr)!
(C.10)

Here q is the coordination number, which represents the number of nearest neighbors in the lattice (4
in 2D and 6 in 3D). The length (in number of monomers) of the polymer chain is r, and N is the total
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number of lattice sites. This is a rather neat and compact result. Even though it is a bit unwieldy. When
we want to find the total number of configurations, we multiply all Ωj ’s with each other and get

Ω =
1

np!

np∏
j=1

Ωj (C.11)

When all the details are worked out it ends up as follows

Ωsol =
1

np!

qnp(q − 1)(r−2)np

N (r−1)np

N !

(N − rnp)!
(C.12)

This doesn’t look terribly good. Luckily it all becomes much cleaner in a moment. The microstates we
have now calculated are all possible microstates which are available to the polymer and solvent system.
If this number is then used in the calculation of the entropy, we get the entropy for the totally dissolved
system. In order to calculate the change in entropy going from a dissolved state to a separated state, we
need to calculate the number of microstates that correspond to a separated phase.

Lucky for us it is rather simple to calculate the separated phase. In the separated phase, we just
need to calculate the number of ways in which we can put all the polymers together in a big bunch. That
means we only need to deal with the configuration in a reduced lattice space now, where the polymers
occupy it all. The number of sites available to the polymers is now

Np = nP r (C.13)

In addition, the development is precisely the same as before, whichmeans we can replace the result from
before, but by simply exchangingN forNp.

Ωsep =
1

np!

qnp(q − 1)(r−2)np

(rnp)(r−1)np
(rnp)! (C.14)

To find the entropy difference between the two we proceed straight forward:

∆S

kB
= (Ssol − Ssep)/kb = ln

Ωsol
Ωsep

(C.15)

The algebra involves using Stirlings Approximation, expanding the logarithms and collecting terms. The
end result is shown in the following

∆Smix
NkB

= −(φs lnφs +
φp
r

lnφp) (C.16)

The expression for the change in entropy is quite interesting. We see first of all that the length of the
polymer chains will change it. The longer the chains the less entropy change we see, although it will still
always favour the dissolved state.

C.2 INTERACTION ENERGY

With the Entropy of mixing defined we need to find the interaction energy of the system. For each
molecule in the lattice, the pairs it forms with its nearest neighbours will have an energy associated with
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them. This energy is dependent on the type of molecule both of them are. The interaction energies are
then defined as

uss : solvent-solvent interaction energy
usp : solvent-polymer interaction energy
upp : polymer-polymer interaction energy

In order to calculate this for the whole system, the Flory-Huggins model uses the mean-field approxi-
mation and determines the average energy a given molecule would experience. The average interaction
energy is defined by the probabilities of a given neighbour being a solvent or a monomer. We can then
start by considering the energy arising from solvent-solvent interactions, solvent-polymer interactions
and polymer-polymer interactions, by simply counting the number of pairs that exist (on average) of
each type.

Whenwe calculate the solvent-solvent interactions, we see that each solvent molecule has q neigh-
bours. On average the number of neighbours which are other solvent molecules must be qφs, since φs
is also the probability of a lattice site being occupied by a solvent molecule. We then multiply this with
the number of solvent molecules that exist, divided by 2, in order not to count the same pair twice:

Uss =
qN

2
ussφ

2
s (C.17)

The same situation applies to the polymer-polymer interactions. However, a monomer has only q − 2
neighbours which it “interacts” with, since the other two neighbours are the monomers it is covalently
bonded to. So, the energy becomes

Upp =
(q − 2)N

2
uppφ

2
p (C.18)

The polymer-solvent interactions can be calculated by considering the polymermonomers. The polymer
monomers have q − 2 neighbours, of which the probability that they are solvent molecules are φs. This
time, we do not have to divide by 2 when we count the number of solvent-polymer pairs, since we are
only counting over the monomers.

Usp = (q − 2)Nuspφsφp (C.19)

These are the energies in the dissolved phase. To find the energy in the separated phase, all we have to do
is to assume that all neighbours of a solvent or a polymer monomer are of its own type. This obviously
disregards the energy in the separation between the two phases, but in the limit of large numbers it still
works out.

Usol =
N

2

(
qussφ

2
s + (q − 2)uppφ

2
p + 2(q − 2)uspφsφp

)
(C.20)

Usep =
N

2

(
qussφs + (q − 2)uppφp

)
(C.21)

Sowe are not in a situationwherewe can take the difference in energy going from solution to separation.
Using a bit of algebra and that 1− φp = φs, we can arrive at the following equation:

∆U

N
= φsφp

[
(q − 2)usp −

q − 2

2
upp −

q

2
uss

]
= φsφpkBTχ (C.22)

In the last step we have introduced the Flory-Huggins interaction parameter, χ. It is dependent on the
interaction energies of solvent and polymer, as well as the temperature.

This is then inserted into the equation for the free energy change.
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C.3 SUMMARY

Inserting the change in internal energy into the equation for the Helmholtz Free Energy, we can find the
following equation.

∆Fmix
NkBT

= φp(1− φp)χ+
φp
r

lnφp + (1− φp) ln(1− φp) (C.23)

This is the basic Flory-Huggins equation. The free energy must be zero or negative in order for the dis-
solved state to be favourable. It depends on the the energy, but it is important to remember that change
the energy does not simply scale the free energy, since the χ parameter is itself dependent on tempera-
ture.
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Polymer Optical Fiber Modification by Etching
using Hansen Solubility Parameters - A Case Study

of TOPAS, Zeonex and PMMA
Rune Inglev, Getinet Woyessa, Ole Bang and Jakob Janting

Abstract—Solvents can be used in the fabrication process of
Polymer Optical Fiber (POF) sensors, as tapering or etching
agents. We present a general approach - the use of Hansen
Solubility Parameters (HSPs) - for identifying usable solvents
for etching and present the first results on etching of TOPAS
and Zeonex POFs. We also present alternatives to acetone in
the form of trichloroethylene and THF, as etching solvents for
PMMA, as well as results on the etching rate dependence on
fiber orientation and annealing.

Index Terms—Polymer Optical Fibers, POF, Etching, TOPAS,
Zeonex, PMMA, Hansen Solubility Parameters, HSP

I. INTRODUCTION

POLYMER Optical Fibers (POFs) are alternatives to silica-
fibers within the realm of fiber optical sensors. They

are interesting because they are amenable to modification by
simple solvents or chemicals at different stages. They can,
for example, be doped with fluorescent molecules at the fiber
post-processing stage [1]–[3], or be surface-functionalized by
simple chemistry [4]. POFs can also be etched or tapered
locally in order to increase the performance of Fiber Bragg
Grating (FBG) sensors [5]–[9], or solvents can be used as an
alternative to annealing for stress relaxation of the polymer
[10] – a crucial step in fabrication of stable sensors. This
is contrary to silica-fibers, where etching is done using HF
(Hydrofluoric Acid), a dangerous acid requiring cumbersome
protective wear, and doping must be performed at the preform
fabrication stage. There is also no good alternative to HF
for silica-etching, but for thermoplastic polymers, due to the
nature of the etching, there can be many possible solvents, or
mixtures of solvents, which will do the job.

When speaking about polymers, “etching” really means
controlled dissolution of the material, rather than the chemical
reactions of the silica-HF system [11]. The process should
preferably leave the etched region of the fiber with a smooth
surface similar to the unetched region. Thus, when working
with POFs, the need to understand which solvents are able to
dissolve a given polymer is important, as not all solvents of
a polymer will behave as “good” etchants. Hansen Solubility
Parameters can help in this regard, as will be shown in this
paper.

R. Inglev, O. Bang, G. Woyessa and J. Janting are with the Tech-
nical University of Denmark, Department of Photonics, 2800 Kongens
Lyngby, Denmark (emails: ruing@fotonik.dtu.dk, oban@fotonik.dtu.dk, ja-
jant@fotonik.dtu.dk, gewoy@fotonik.dtu.dk)

O. Bang is also with SHUTE Sensing Solutions A/S, Oldenvej 1A, 3490
Kvistgaard, Denmark

Solvent etching is also different from another technique,
thermomechanical tapering, in several aspects. One obvious
fact is that, for microstructured fibers, thermomechanical taper-
ing will reduce the core-size, and thereby change the guiding
properties of the fiber, whereas etching will merely remove the
bulk material outside the rings, leaving the core untouched.
Thermomechanical tapering will also change the properties of
an FBG in the tapered region. Furthermore, it has been shown
that solvent etching is superior in the fabrication of Compound
Parabolic Concentrators (CPCs) [11]. However, etching the
fiber is dependent on the history of the polymer material, and
so, even though two fibers are of the same material, internal
stresses and thermal history can account for differences in
how they respond to etching, even with the same solvent.
In contrast, thermomechanical tapering is more likely to be
dependent on equipment setup and control, rather than internal
fiber properties [12].

Currently, PMMA (poly(methyl methacrylate)) is a com-
monly used polymer for POFs, both as cladding and core
material, and for both step-index and microstructured fibers.
Acetone, either as a pure solvent or in a mixture, is a well-
known solvent for PMMA and can be used to remove the
cladding of a PMMA-clad silica-fiber, or reduce the diameter
locally of a POF [5], [7]–[9], [13]. As interest in other
polymers gain traction, knowledge of similar solvents for these
will be needed.

TOPAS and Zeonex are two such polymers, which are
interesting for several reasons. Both Polymers have a slightly
higher index of refraction than PMMA (TOPAS 5013S-04:
1.53, Zeonex 480R: 1.525, PMMA: 1.49 – all depending on
grade), with optical losses comparable to PMMA. However,
both Zeonex and TOPAS have a lower transmission edge
in the UV part of the spectrum than PMMA, and could
therefore be useful in cases requiring transmission of blue
or violet light [14], [15]. Both the mentioned TOPAS and
Zeonex grades can also withstand higher temperatures than
typical commercial PMMA, due to higher glass transition
temperatures [16] (TOPAS: 134 ◦C, Zeonex: 139 ◦C, PMMA:
typically 105 ◦C, but unknown exactly for the type used in this
paper) and FBG sensors made in TOPAS and Zeonex fibers
are less sensitive to the humidity of the air [17]–[19].

What we want, is to be able to “etch” the polymer fiber
using a given solvent, and as explained before, by “etching”
we really mean “controlled dissolution”, where the polymer
is stripped away layer-by-layer. This could be as a first step
in modification of the fiber, after which a layer of sensing
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material is applied to the etched fiber, or in order to increase
the sensitivity of an FBG. See for example Janting et al. [9],
in which a pH sensitive gel is applied to an etched section
of the fiber, where an FBG has been inscribed, in order to
increase the sensitivity of the sensor. Similarly, it is possible
to fabricate Compound Parabolic Concentrators (CPCs) at the
end of the fiber, to increase the collection of light. This has
for example been done by Hassan et al. [11], [20], in which
the CPCs are used to increase the collection of fluorescence
from a biochemical sensing assay at the distal end of the fiber.
Such a process requires that the solvent used produces an even
and uniform material surface. Another common reason could
be that one wishes to connect a POF with for example an FC
or APC connector [21]. The drawn fiber may have a diameter
somewhat larger than the connector hole, and using a suitable
solvent, the diameter can be reduced until the fiber can be
inserted.

Not all solvents for a given polymer will be able to create an
even surface on the etched fiber, and what is of interest then,
is to find “good” etching solvents. In this paper, we present
solvents suitable for etching of TOPAS and Zeonex POFs,
as well as revisit the etching of PMMA, by using Hansen
Solubility Theory as a framework. Preliminaries of this work
was first presented at the OFS-26 conference [22].

II. THEORY

A. Hansen Solubility Theory

The Hansen Solubility theory was developed by Charles
Hansen in his Doctoral thesis from 1967 [23], [24]. In this
framework, polymers and solvents are represented in a 3D-
space by three coordinates called the Hansen Solubility Pa-
rameters (HSPs). Each of the parameters are related to the
strength of one of the long-distance cohesive forces - polar
bonding energy density represented by δP , dispersive bonding
energy density represented by δD and hydrogen bonding
energy density represented by δH . Distances in HSP space
are calculated using the formula

Ra =
√

4∆D2 + ∆P 2 + ∆H2 (1)

Where ∆D, ∆P and ∆H are the differences in the δD, δP
and δH parameters of the polymer and solvent.

For polymers (and pigments) an additional parameter
termed the interaction/solubility distance, Ro, is also defined.
Solvents within this distance are able to dissolve the poly-
mer. Thus, for solvents with a distance Ra < R0 to the
polymer, dissolution of the polymer will occur. This means
that polymers can be represented by ellipsoids in HSP Space,
while solvents are represented by points. From a practical
perspective, the interaction distance of a polymer, is a measure
of how difficult it is to dissolve the polymer. A small distance,
means that to dissolve the polymer the solvents used must
have a very similar distribution of cohesive forces. Another
way to term this is to say that “like dissolves like” – a well
known aphorism. Another concept to mention is the RED
value (Relative Energy Difference) given by RED = Ra/Ro.
For RED < 1 the solvent is within the ellipsoid, while an
RED > 1 means the solvent is outside.

Over the years, the community using HSPs has compiled a
large database for various solvents making Hansen Solubility
theory an easy-to-use method in determining thermoplastic
polymer solubility. It is also possible to mix the individual
solvents HSPs - the mixture HSPs will then be an average of
the solvents (by volume). The mixing of two or more non-
toxic solvents is often used in finding alternatives to a toxic
one.

The theory is mainly aimed at thermoplastic polymers, since
thermosets will not dissolve in a solution, due to cross-links
between the polymer chains.

B. Determination of HSPs and Ro for Polymers

Determining the solubility parameters for a given polymer
is done via a series of simple experiments. A piece of the
polymer is dropped into a given solvent, and time is allowed to
do its work. Solvents which dissolve the polymer are marked
as “good” and solvents which did not work are marked as
“bad”. The time it takes for dissolution to occur, depends on
a number of factors, such as stirring, size of the sample, the
diffusivity of the solvents and RED. Increasing the temperature
can also decrease the time it takes for full dissolution, but the
solvent HSPs are dependent on temperature, and so must be
adjusted. [24].

After collecting the test results, a fitting algorithm is used
to determine a set of HSPs and R0 for the polymer. This can
then be used when looking for alternatives to a solvent in the
form of another compatible solvent or even blends of solvents
– simply look up the HSPs of the solvent, or calculate it for
the solvent mixture, and check if it is inside or outside the
ellipsoid of interaction.

III. MATERIALS & METHODS

A. Canes and Fibers

Canes and fibers have been manufactured from raw materi-
als at our department. The fibers are microstructured polymer
optical fibers (POFs) made by the two-step drawing process –
first drawing the preform to canes, and then drawing the canes
to fibers.

The TOPAS canes and fibers used in this paper have been
manufactured locally at our department. The raw TOPAS
pellets were acquired from the company TOPAS - Advanced
Polymers [14], and the grade is 5013S-04 with a glass-
transition temperature of 134 ◦C.

Zeonex canes and POFs were also manufactured at our
department. Pellets were acquired from ZEON Corporation
[15], and the grade is 480R with a Tg of 139 ◦C.

PMMA was purchased as cylinders, in which the mi-
crostructure of the POFs was drilled at our department. The
cylinders were then drawn to canes. The polymer is GEHR
PMMAr.

Before use in this study the Zeonex and PMMA fibers were
annealed for at least 6 hours at 75 ◦C. Annealing has been
found in some cases to alleviate problems with crazing and
cracking. The TOPAS fibers were etched both annealed and
un-annealed. The annealing of TOPAS fibers were done by
placing them in 110 ◦C for 3 days.
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For each of the polymers, the canes were used in the
determination of solubility parameters, and the fibers for the
etching experiments.

B. Chemicals

Chemicals were of standard laboratory grade (95 %) or
better and acquired through Sigma-Aldrich. The solubility
parameters for the chemicals are from the software HSPiP
version 5.0.09 [25]. Some of the chemicals used are toxic,
and therefore caution should be used in evaluation of solubility
parameters. As mentioned earlier, the theory allows one to find
mixtures of solvents having the same HSP as another solvent.
In this way, it would be possible to swap a toxic chemical
for a mixture of two or more non-toxic chemicals. However,
in our experiments, only single solvents are used, since the
etching properties may be different for a mixture than for a
single solvent, even if the mixture is designed to have the same
solubility parameters as the single solvent. This will be further
discussed in section VII.

When selecting chemicals for “etching”, it is not enough to
simply look for solvents with an RED < 1. We will look for
solvents somewhat close to the edge of the ellipsoid, but still
inside, while keeping an eye on the molar volume (MVol) of
the solvent. The MVol of the solvent will have some impact,
especially in the kinetics of the process. We discuss this more
in section VII.

It is worth noting something in regards to the purity of the
solvents used. As mentioned, mixtures of solvents will produce
HSPs for the mixture, which are an average (by volume) of
the HSPs for the individual solvents. In a 95 % pure solvent,
the HSPs will be different than for a pure solvent. The actual
HSPs will depend on what the remaining 5 % consists of.

If we assume the 5 % is water, the parameters for some
solvents will be almost 1 unit different from the original value.
The different HSPs of the impure solvent, will subsequently
have an impact on the RED. A Monte-Carlo analysis has been
performed, allowing the mixture to vary between 0 and 5 %
water content, and then calculating the corresponding RED
values for the solvents. The analysis showed that some of
the solvents, could have a difference in RED of about 0.15
units. This can obviously have an impact on the solubility if
the solvent is close to the boundary. Thus, for the etching
experiments, solvents of higher purity (99 %) or better were
used, keeping the difference in RED to less than 0.04 for the
worst cases. This still may have an impact in the cases where
we are very close to the sphere, and must be kept in mind.

C. Procedure for Determining HSP

Annealed canes (ca. 5 mm diameter), were cut in pieces
of approximately 0.2 g. Each of the pieces are then dropped
into an Erlenmeyer flask filled with one of the solvents to be
tested. A magnet for continuous stirring throughout the test
is also added and the flask sealed. The tests are performed
at standard laboratory conditions, with ambient temperatures
ranging from 20 to 25 ◦C. Each of the tests are then observed
for up to 1 week, after which it will be known which solvents
dissolve the polymer and which do not. This time is based

upon experience. However, one could imagine some special
solvents taking up to 2 weeks for dissolution.

Evaluation of the solvent is done on the basis of whether
the final product is a homogeneous solution, as determined
by visual inspection. The time it takes for the dissolution is
not a parameter used in evaluation, since the kinetics of the
dissolution process are governed by other factors, not related
to the HSPs. See Hansen for a more in-depth discussion of
this [24].

The results from the tests are then used together with the
HSPiP software. The program will determine the best fit for
the ellipsoid. There is some uncertainty associated with the
fit – running the program again will tend to produce slightly
different HSP and R0 values. Adding more experimental data
will likely also shift the HSP values slightly and change
the interaction radius. The uncertainty is greatest near the
boundary of the interaction ellipsoid – some solvents may
be inside the ellipsoid, even though they do not dissolve the
polymer, and vice versa. Having more tests will give better
results in terms of fixing the ellipsoid to a center, but the
behavior near the boundary, will still be uncertain, as other
effects that start to have an impact (e.g. entropy and enthalpy
[24]–[26]).

The fitting algorithm was run 20 times, an average was then
calculated, as well as the standard deviation.

D. Procedure for Etching Rate Determination

The etchings are performed by filling beakers with the
etching solvent and 5 fiber pieces are then immersed into the
solvent, being kept in a vertical orientation, and fixed on a
laboratory stand. No stirring of the solvent is used during
the etching and no sealing used. At particular times a fiber
piece is removed. A suitable solvent is used to rinse and clean
the fiber (which must be miscible with the etching solvent),
typically water or 2-propanol. The diameter is measured using
a micrometer (Mitutoyo IP-65) with a resolution of 1 µm. For
each of the five fibers, the etching rate (in terms of radius
reduction) is calculated, and an average is taken. The tests are
performed at standard laboratory conditions, with temperatures
ranging from 20 to 25 ◦C.

IV. SOLUBILITY RESULTS

A. Solubility Parameters for Polymers

For each of the polymers studied, solubility experiments
were performed. The HSPiP software was then used for fitting
the data to an ellipsoid (fig. 1) and calculate the HSP and R0

values. The results can be seen in Figs. 1a, 1b and 1c.
Fig. 1d shows all three polymers together. The sizes and

positions in the HSP space is then easy to compare. From
the figures and HSPs in table I, it is easy to see that TOPAS
and Zeonex have their centers in the less polar volume of the
space, and will thus tend to be more readily dissolved by non-
polar compounds. Their ellipsoids obviously extend up into
the more polar part of the space, but their radii are small,
and thus solvents with “polarities” of δP > 5.8 (Zeonex) and
δP > 3.97 (TOPAS) will not be able to dissolve them.
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(a) Solubility ellipsoid of TOPAS. (b) Solubility ellipsoid of Zeonex.

(c) Solubility ellipsoid of PMMA. (d) Comparison figure.

Fig. 1: The sphere represents the interaction distance of the polymer, with the center of the sphere being the HSPs of the polymer. Each of the red and
green points in figs. (a), (b) and (c) represents a solvent which has been tested – with red representing solvents that do not dissolve the polymer, while green
represent ones that do. Negative values of the Hansen parameters are not physical, and that part of the space can be regarded as virtual. In the figs. (a), (b), (c)
and (d), the axis for the dispersive bonding has been compressed, to provide a spherical view of the ellipsoid (a convention for HSP plots). Fig. (d) provides
a comparison between the three polymers. Overlaps in the ellipsoids, will be regions where it is possible to find solvents (or mixtures) that dissolve all three
polymers. The center position of the PMMA (red) compared to Zeonex (blue) and TOPAS (green) makes it clear that the two latter polymers are less polar,
and will be dissolved by non-polar solvents more readily than PMMA.
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TABLE I: HSP Values for Polymers

Polymer δD(σ) δP (σ) δH(σ) Ra(σ)
TOPAS 17.23 (0.09) 0.02 (0.01) 3.37 (0.21) 3.95 (0.05)
Zeonex 18.23 (0.19) 2.76 (0.12) 2.09 (0.07) 3.66 (0.14)
PMMA 18.36 (0.08) 8.89 (0.10) 8.61 (0.90) 6.7 (0.09)

Note 1: The units of the HSPs are [MP1/2]
Note 2: The standard deviation, σ, is in parentheses.

TABLE II: A list of selected solvents and corresponding RED

RED
Chemical TOPAS Zeonex PMMA MVol
Acetone 2.92 (0.04) 2.9 (0.12) 0.92 (0.05) 73.8
1-Bromonaphthalene 1.89 (0.05) 1.41 (0.11) 1.29 (0.07) 140.1
n-Butyl Acetate 1.4 (0.04) 1.78 (0.1) 1.15 (0.05) 132.6
Chloroform 1.02 (0.04) 1.03 (0.05) 0.99 (0.06) 80.5
Cyclohexane 0.83 (0.05) 1.21 (0.08) 1.89 (0.09) 108.9
Di-Isobutyl Ketone 1.14 (0.03) 1.36 (0.1) 1.25 (0.08) 177.4
Dibromomethane 2.06 (0.04) 1.73 (0.07) 0.5 (0.07) 69.8
Dimethyl Formamide 4.01 (0.06) 3.94 (0.15) 0.88 (0.06) 77.4
Ethanol 4.68 (0.07) 5.19 (0.19) 1.78 (0.12) 58.6
Hexane 1.46 (0.05) 2.05 (0.12) 2.12 (0.09) 131.4
Tetrahydrofuran 1.87 (0.04) 1.97 (0.08) 0.69 (0.03) 81.9
Toluene 0.63 (0.04) 0.41 (0.05) 1.5 (0.09) 106.6
Trichloroethylene 1.0 (0.03) 0.9 (0.04) 1.01 (0.07) 90.1
p-Xylene 0.39 (0.04) 0.61 (0.05) 1.45 (0.08) 121.1

Note 1: The units of MVol are [cm3/mewl]
Note 2: Several of the solvents are toxic, and caution should
be exercised.
Note 3: The numbers in parentheses are the standard deviations.

Table I lists the polymer HSP results from the fitting, and
shows an increasing distance of solubility, R0, going from
TOPAS to PMMA. The smaller solubility volume of Zeonex
and TOPAS compared to PMMA will result in fewer solvents
within the ellipsoid, and thus fewer candidates for etching.

B. RED Values for Solvents

From the spheroid it is then possible to calculate RED values
for various solvents, also ones not used in the actual solubility
testing of the polymer. In table II, a limited list of solvents and
their corresponding RED values are presented, as well as their
molar volumes. Using the means and standard deviations from
Table I, the means and standard deviations for the solvents
have also been calculated.

V. ETCHING RESULTS

A. Etching Solvent Candidates

The relationship between the solvent parameters (RED,
MVol and possibly others) and well controlled etching is at
the moment unknown. But as explained earlier, we believe
that choosing a solvent close to the ellipsoid surface (but
inside) and not a too small or too large molecular size are
the important parameters in a first-order approximative sense.
So we are limited to a trial-and-error approach.

For PMMA, the predicted solvents were acetone, chloro-
form, dibromomethane (DBM), dimethyl formamide (DMF),
tetrahydrofuran (THF) and trichloroethylene. Trichloroethy-
lene, even though shown to have an RED of 1.01, we know to
be a solvent for PMMA, and it also is within the uncertainty
of 0.07.

Fig. 2: Acetone etching of PMMA POF (annealed). The fiber was immersed
in acetone for 6 minutes and the initial diameter was 132 µm while the etched
fiber was 79 µm. Cracks are visible in the part which were just above the
solvent.

Fig. 3: Etching of PMMA POF (annealed) using trichloroethylene. The fiber
was immersed for 2.5 minutes. The initial diameter was 118 µm and the final
diameter is 93 µm.

Likewise for TOPAS, cyclohexane, chloroform, toluene,
trichloroethylene and p-xylene were tested. Chloroform and
trichloroethylene are taken as candidates, with the same argu-
ment as for PMMA, that the uncertainty brings them within
the ellipsoid.

Similarly, candidates for Zeonex were chloroform (again the
uncertainty brings it inside), toluene, trichloroethylene and p-
xylene.

B. Etching of PMMA POFs

From our experiments it was found that acetone,
trichloroethylene and THF are possible etchants for PMMA.
We mentioned in the introduction that acetone has been used
before to taper POFs locally, either in mixtures or as a pure
solvent. Some researchers find pure acetone to induce crazing,
see e.g. Merchant et al. [13], but at our department, this has
not always been a problem. Possible reasons for this will be
discussed in section VII. Acetone showed an etching rate of
4.3µm/min and an example can be seen in Fig. 2. However,
we did see some cracking at the portion of the fiber that had
been just above the solvent surface. The acetone vapors seem
to induce this cracking. We believe the explanation is a cooling
of the part of the fiber just above the solvent, due to the cooling
effect of evaporation (more details are given in section VII).

With trichloroethylene the annealed PMMA fibers were
etched with a rate of 5.4µm/min. An example is shown in
Fig. 3.

THF etched with a rate of 0.4µm/min and was thus the
slowest. This may be useful for situation in which precise
control of the etching is required.

From the experiments it was found that chloroform is
aggressive to PMMA and causes crazing, resulting in a milky-
white surface. DMF also induced crazing, and DBM acted very
quickly, etching approximately 25µm/min (calculated from a
single fiber immersed for 1 minute). A more precise etching
rate was not determined for DBM.
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Fig. 4: A TOPAS POF (un-annealed) has here been immersed in cyclohexane
for 5 minutes. The fiber diameter is reduced from 172 µm to 55 µm.

Fig. 5: Etched Zeonex POF (annealed). The fiber has been immersed in
trichloroethylene for 6 minutes. The fiber diameter was etched from 181 µm
to 142 µm.

C. Etching of TOPAS POFs

For TOPAS, cyclohexane was the obvious candidate with an
RED of 0.83, and we found that it is indeed a good etchant.
It etched the unannealed fibers with a rate of 8.9µm/min, and
an example from that experiment is shown in Fig. 4. Earlier
studies, with annealed fibers, also in a vertical orientation, gave
an etching rate of 6.8µm/min.

Toluene, p-xylene, chloroform and trichloroethylene were
also tested, however, they were very aggressive to the TOPAS
polymer, and made it very rubbery. This can possibly be
explained by a large uptake of the solvent, with a subsequent
plasticizing effect [8].

D. Etching of Zeonex POF

There were several solvents tested with Zeonex. Toluene and
p-xylene made the polymer very rubbery, and were therefore
not good etchants. Chloroform dissolved the polymer too
quickly, and was disregarded for further study.

However trichloroethylene showed good promise, and test-
ing it revealed an etching rate for the annealed fibers of
3.3µm/min. In Fig. 5, one of the fibers from that experiment
is shown.

VI. ETCHING RATE DEPENDENCE ON ORIENTATION AND
ANNEALING

A small investigation on the etching rate dependence on
various parameters has also been performed. 0.5 mm solid-core
TOPAS fibers without cladding were etched in one of three
different configurations, 1) Vertical orientation (in a beaker
containing the solvent), 2) Horizontal orientation (in a petri-
dish with local part of fiber isolated by UV-cured adhesive
(DY MAX 9-318-F)), and 3) Horizontal orientation (with
annealing). These were all performed with cyclohexane.

From the data also depicted in fig. 6, it is clear that there
are significant differences in the etching rate, depending on
orientation and annealing. Vertical orientation with an un-
annealed fiber results in the largest etching rate. Having the

Fig. 6: Etching depth vs. time on a TOPAS fiber. The etching is performed
in cyclohexane. Measurement was performed with a micrometer (Mitutoyo
IP-65), with a resolution of 1 µm. For the green curve, the rate is approx.
10µm/min, which is comparable to the rate we found for TOPAS in section
V-C.

fiber in a horizontal orientation reduces the rate significantly.
The reason for this may be due to a convective effect, where
the solvent-polymer liquid just at the interface has a higher
density than the surrounding solvent, and gravity acts to pull
it down along the fiber. This has also been investigated by
Unger et al. [27]. Cyclohexane has a density of 0.78 g/ml,
while TOPAS 5013 has a density of 1.02 g/ml, and so this
convective effect could take place in this case.

If we also anneal the fibers (for this experiment it was
performed for 66 hours at 110 ◦C) the rate is also reduced. This
is likely to do with the stress in the fiber. Since the solubility
is a function of the relative energy difference between the
solvent and the polymer cohesive forces, stress will be an
added energy available to the process of dissolution. This extra
energy then takes its form as a quickening of the process
kinetics. Annealing is an important process to be mindful of
when working with polymer optical fibers, as it can cause
drift in FBG resonances, but also improve the performance
[8], [17], [28].

VII. DISCUSSION

The dissolution process is a complex phenomena involving
two transport processes – solvent diffusion into the polymer,
and polymer chain disentanglement [29]. The general picture
of dissolution is that the polymer, during the process, can be
roughly described by six layers as depicted in fig. 7. The
liquid layer contains a high concentration of free polymer
chains, that are in the process of diffusing into the solvent
environment, while the gel-layer is a rubbery and swollen
layer, still containing entangled chains. The solid swollen layer
is a part of the polymer which has had solvent molecules
diffuse into the matrix, and thereby inducing swelling, but the
polymer is still in a solid state. The infiltration layer is the part
of the polymer, in which the solvent molecules have moved
into the free volume, consisting of molecular size holes and
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Fig. 7: The six layers defined during dissolution (reworked from Miller-Chou
and Koenig [29]).

pores. The size of the different layers depend upon both the
polymer, the solvent and temperature [29].

One of the primary aims of this study was to find solvents
producing a homogeneous etch, where the etched part of the
polymer, retains a smooth surface. If too large a gel-layer is
formed, and the fiber is removed from the solvent, this rubbery
part may then dry and form an uneven surface of the fiber. It
is therefore of interest to find solvents that do not induce a
thick gel-layer. The gel-layer can to some extent be removed
by stirring [13], [29], however the etching setup may not allow
for this in some cases, and so, finding solvents with minimal
gel-layer formation is of interest.

On the opposite side of the spectrum, it has been found
that if no gel-layer is formed, cracks may appear in the
polymer, leading to dissolution by “eruption” of small pieces
of polymer. [29]. In such cases, when removing the fiber from
the solvent, the fiber surface would be cracked and crazed,
leading to significant transmission losses, or the fiber may
simply break apart due to the damage. We believe this may
explain the cracking we saw for the PMMA fiber (see Fig. 2).
So it is clear, that some intermediate region should be found,
where a small or insignificant gel-layer is formed.

The diffusivity of the etching molecules into the polymer
also has an impact on the etching. If the molecules are small
and good solvents, they may tend to cause crack initiation, as
investigated by Ouano and Carothers (referenced in Miller-
Chou and Koenig [29]). However, the size of the solvent
molecule will also impact the kinetics of the process, with
increasing dissolution rate for smaller molecules. This has
been the reason that we have initially been keeping an eye
on the MVol of the solvent. Diffusion of the solvent into the
polymer could also have an effect on the transmission through
the fibers. Absorbed solvent can stay in the polymer for a long
time, as was shown by Janting et al. [8].

Another contributor to the dissolution dynamics is the
molecular weight and its distribution. It has been shown
that the dissolution rate of a polymer decreases with higher
molecular weights of the polymer. Additionally, the dispersity
of the polymer will also have an impact, with some results
showing that polydisperse polymers dissolved twice as fast
as the monodisperse (referenced in Miller-Chou and Koenig
[29]).

We also mentioned that acetone is often found by others
to induce crazing of the surface, while we at our department
have not encountered this problem. The problem we saw with
the cracking we believe is caused by the acetone vapors.
The etched portion of the fiber showed no damage. Possible
explanations for this could be in terms of the molecular weight
or the temperature of the polymer. As described in Miller-

Chou and Koenig [29], the thickness of the gel-layer was found
to decrease, as the temperature was lowered from the glass-
transition temperature to some critical temperature (termed the
gel-temperature). Below this temperature, polymers start to
exhibit dissolution by cracking and “eruption”. It is possible,
that the gel-temperature will be different, if the Tg of the
polymer is changed. Thus, for two samples of PMMA, one
having a Tg lower than the other, their gel-temperatures may
also be different. Since Tg of a polymer is related to the
molecular weight, through the Flory-Fox Equation [30], a
lower molecular weight would result in a lower Tg and a
possibly lower gel-temperature. The gel-temperature may then
be below the processing temperature, in which case cracking
would cease.

Another explanation may be related to the stresses in the
polymer. If the polymer is not stress-relaxed, residual surface
stresses from the fiber-drawing could be a player in inducing
crazing and cracking of the surface. This was also mentioned
in section III-A.

A last thing to mention is about the use of mixtures. In
section III-B, we mentioned that we would not be using
mixtures of solvents. The overall behavior of the dissolution
using a mixture, is governed by the mixture HSPs, and as with
single solvents, if the RED < 1, the mixture will be able to
dissolve the polymer. However, the dynamics of the dissolution
process with a mixture is different than for individual solvents.
Each of the components in the mixture, will have a specific
diffusivity in the polymer, and so, one of the components may
diffuse into the polymer more readily than the other. This may
lead to effects not seen with an individual solvent with the
same HSPs as the mixture. For example, it was shown by
Cooper et al. (referenced in Miller-Chou and Koenig [29])
that the addition of small non-solvent molecules to a good
solvent, could increase the dissolution rate. The reason was
thought to be because of plasticization of the polymer by the
small molecules. What this means for our study is that there
may be effects from the interplay between the two solvents,
that affect the etching, which cannot be seen as a result of
either the RED of the mixture or its HSPs. Further studies are
required to determine how mixtures behave as etching solvents
for polymers.

VIII. CONCLUSION

We presented, in this paper, Hansen Solubility theory as a
tool to help in the selection of etching solvents for POFs.
Cyclohexane was found to be a good solvent for etching
of TOPAS POFs, while trichloroethylene was found to be a
possible agent for Zeonex. Acetone (pure and in mixtures)
has long been used in etching of PMMA, and we showed
that trichloroethylene and THF were likewise good etching
solvents.

The exact selection criteria, when looking at solvent param-
eters such as MVol and HSPs, for when a solvent will behave as
a “good” etchant, is still unknown, and many questions remain.
However we found that an RED within the range of 0.7−1 is
a good guideline. We also discussed how “good” etching can
be seen in terms of general dissolution behavior, such as the
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gel-layer formation. We also showed how the orientation and
annealing of a fiber during etching has significant impact on
the etching rate.

The approach using HSP can be used for any polymer of
interest to the POF researcher, and is a valuable tool when one
wishes to find alternatives to specific chemicals for polymer
solubility.
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Optimization of All-Polymer Optical Fiber Oxygen
Sensors With Antenna Dyes and Improved Solvent

Selection Using Hansen Solubility Parameters
Rune Inglev, Emil Møller, Jonas Højgaard, Ole Bang and Jakob Janting

Abstract—We present an all-polymer optical fiber sensor for
the sensing of dissolved oxygen by phase-fluorometry. The sensing
matrix is applied as a film on the fiber end-surface, and con-
sists of poly-methylmethacrylate (PMMA), the oxygen quench-
able platinum-octaethylporphyrin (PtOEP) and the fluorophore
coumarin 545T for increasing the brightness of PtOEP by way
of resonance energy transfer (RET), also called light harvesting.
We show that by using Hansen Solubility Parameters (HSPs),
it is possible to quantitatively formulate a solvent mixture with
a good solubility of the polymer matrix and the luminophores
simultaneously. Our approach can readily be extended to other
polymers and luminophores and is therefore a valuable tool
for researchers working with photoluminescence and polymeric
matrices.

Index Terms—Polymer Optical Fibers, POF, Photolumines-
cence, Hansen Solubility Parameters, HSP

I. INTRODUCTION

Polymer Optical Fiber (POF) Sensors with their distal end
functionalized for sensing have been around since the early
days of fiber-optical sensing. In 1980 Peterson et al. [1]
demonstrated the first fiber optical pH probe, based on the
principle of having a chamber with an indicator-dye bonded
to the end of a pair of fibers. The same principle was soon
thereafter used to demonstrate the first fiber-optical oxygen
sensor[2]. Incidentally, this is also the first fiber-optical oxygen
sensor based on a POF. Most of the development in fiber-
optical oxygen sensing since then has been done with glass
optical fibers.

In 1988 Lippitsch et al. [3] presented the first fiber-optic
oxygen sensor based on the principle of phase-fluorometry.
The measurement was performed using modulated excitation
light at 460 nm and measuring the phase delay of the 610 nm
emission from a ruthenium complex. This was not done with a
POF, but the principle of fiber-optical phase-fluorometry began
here, and in our work we will also utilize this technique.

The 1990s and 2000s saw a few contributions to the field
of POF oxygen sensing. Notably by Morisawa et al.[4], Toba
et al.[5], Chu and Lo[6] and Fenghong Chu et al.[7]. Of these,
only Morisawa et al. used a polymer matrix coated onto the
fiber. Toba instead doped a PMMA POF by immersing it in
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Fig. 1. Concept for the fiber-optical sensor. The end-surface of the fiber is
coated with a thin layer of polymer containing the oxygen-sensitive PtOEP.
Excitation light will travel through the fiber and interact with the sensing
matrix. Photoluminescence emission and reflected excitation light will return
through the fiber, and can be separate by suitable filtering.

a solution of dichloromethane, ethanol and the luminophore
Solvent Green 5, which effectively resulted in the luminophore
being in a polymeric matrix inside the core.

In the 2010s Pulido and Esteban together did work on
tapering POFs for increased photoluminescence in a side-
illuminated oxygen sensor[8], [9]. Chen et al. investigated the
effect different polymer matrices has on the characteristics
of the sensor[10], [11], while Fischer and Koop-Jakobsen
developed a multi-fiber optode (MuFO) by combining many
POFs together in a sensing array[12]. In their work, planar thin
film sensing spots were attached onto the end of the POFs. The
spots were made separately on a PET foil by coating it with
a thin layer of polystyrene and luminophore solution. Other
contributions to POF oxygen sensing in the 2010s have mainly
been using sol-gels as matrices for the luminophores[13]–[16].

We present a POF sensor for dissolved oxygen using phase-
fluorometry, in which the sensing matrix at the distal end of the
fiber is of the same polymeric material (PMMA) as the fiber
core (see Fig. 1). When the sensing gel/matrix is applied to the
fiber end, the solvent in the gel will partly dissolve the core
material, and the two phases (sensing matrix and core) will
entangle to provide a strong adhesion between the matrix and
fiber. This will result in an increased robustness of the sensor
compared to a situation in which the materials are different.

In addition, we show how Hansen Solubility Parameters
(HSPs), can be used to engineer solvent mixtures that optimize
the solubility of both polymer and luminophores. We also
show how the solubility of the luminophore in the solvent is
an important factor for the intensity of the photoluminescent
emission from the sensing point. This approach can be readily
extended to other polymers and luminophores, and is therefore
of great use to researchers working with photoluminescence
and polymeric matrices.
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A. Hansen Solubility Parameters

The Hansen Solubility Parameters (HSPs) describe the co-
hesive energy density, δ2, of the interaction between molecules
by a set of three parameters[17], [18].

δ2 = δ2D + δ2P + δ2H (1)

The cohesive energy density is given by the secondary bonding
forces (cohesive forces), when considering a unimolecular
mix. The energy can be thought of as the energy it takes to
remove a unit volume of molecules from the mix, divided by
the volume removed, and it is a result of the dispersive, polar
and hydrogen bonding between the molecules. The dispersive
forces are quantified by δD, the polar forces by δP and the
hydrogen-bonding forces by δH . Solvents and polymers can
all be described by sets of these parameters and can therefore
be thought of as points in a 3-dimensional space. In order to
determine the solubility of a polymer in a given solvent, the
“distance”, R, between the two must first be calculated. This
is done by way of the following formula.

R =
√
4(δD1 − δD2)2 + (δP1 − δP2)2 + (δH1 − δH2)2 (2)

The factor of 4 in-front of the dispersive energy densities
is attributed to the fact that, contrary to the hydrogen and
polar bonding forces, the dispersive forces do not care about
direction. The factor can thus be thought of as a steric
factor[18]. The distance measured is then compared to an
“interaction distance”, R0, for the polymer. If R < R0, then
the polymer is soluble in the particular solvent. If R > R0

the polymer is not soluble. At R = R0, the solubility will
likely depend on other factors, such as entropy[19] or a more
detailed description of the internal forces. The solubility can
be graphically depicted in a 3-dimensional “HSP-space”, with
the three energy densities correspond to the three coordinates.
The polymer HSPs and its interaction distance describes an
ellipsoid in this space, and polymers will occupy points in the
space. It is customary to either use 2δD as the coordinate along
one axis, or to shrink the axis for δD, such that the ellipsoid
looks like a sphere. Therefore, in HSP one often talks about the
“solubility sphere”, even though it is an ellipsoid. The HSPs
and interaction radii for polymers are found experimentally by
testing with different solvents, with known HSPs, and labeling
them as either “good” or “bad” depending on whether they
dissolve the polymer. The HSPs and radii are then found by
numerically fitting the data to the equation for R and the
knowledge that “good” solvents should have R < R0.

The HSPs for mixtures of solvents are easily computed, as
they are simply the volumetric average of the HSPs for the
individual solvents. In earlier work, we have used Hansen
Solubility Parameters to investigate the etching/tapering of
POFs made of different polymers, such as PMMA, Zeonex
and TOPAS[20].

B. Extending HSPs to Photoluminescent Compounds

Hansen Solubility Parameters were developed for the paint
and coatings industry, but there have been several authors who
have investigated the use of HSPs for particles and pigments
alike [17], [21]–[23].

Fig. 2. Normalized absorption (dashed lines) and emission (solid lines) spectra
of PtOEP (blue) and C545T (red). The LED spectrum is depicted as the solid
black curve.

The determination of HSPs for particles can be done in
several ways. Süß et al. presented a routine based on analytical
centrifugation[23]. However, we have instead used an ap-
proach similar to how the HSPs are determined for polymers.
In this approach, the luminophore is tested in several solvents,
and judgments are made as to whether the solvent is “good” or
“bad”. This will inevitable result in an “interaction radius” for
the luminophore. However, this interaction radius will be com-
pletely dependent on the criteria for labeling a solvent “good”
or “bad”. We believe that the differencebetween polymers and
luminophores, when it comes to the interpretation of solubility
in HSP space, is that it is the distance between the luminophore
and solvent HSPs, rather than whether the solvent lies within
an interaction radius, which is important. The hypothesis is
that the smaller the distance between the PtOEP or C545T
HSP values and a given solvent, the better the solubility of
the luminophore in that particular solvent. This is different
from polymers, where it is simply a question of whether the
solvent is within the interaction radius, R0. Where the R0 for
a polymer is something which is fundamental to the polymer
itself, the interaction radius of a luminophore instead depends
on the criteria used for determining whether the solvent is
good or bad, and will therefore act as a kind of “minimum”
solubility.

C. Resonance Energy Transfer and Light Harvesting

Resonance Energy Transfer (RET) is a mechanism by
which overlap in the emission and absorption spectrum (see
Fig. 2) of two closely spaced luminophores can result in non-
radiative transfer of energy from the “donor” molecule to the
“acceptor”. This is also known as “light harvesting”. Even
though the principle had been used in other sensor contexts
before, it was Mayr et al. who, in 2009, proposed the use of
light harvesting to increase the brightness in photoluminescent
sensors[24].

PtOEP has a low molecular absorption cross-section around
470 nm, which is the center wavelength for the LED used
in our work. Much higher absorption is found in the UV.
However, UV light tends to damage the PMMA core of the
fiber and is therefore not a good candidate as an excitation
source. PtOEP has two higher lying absorption peaks at
500 nm and 535 nm, and with a suitable green LED these could
be utilized. Green LEDs, however, tend to be less powerful
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Fig. 3. The basics of phase-fluorometry. The excitation signal (blue) is
modulated by a frequency ω0. The photoluminescent response (red) has its
intensity modulated with the same frequency, but as delayed by an amount φ.

than their blue counterparts, and a trade-off must in such a case
be made. In addition, the broad nature of the LED emission
spectrum will result in some red light contaminating the back-
propagating light, which cannot be removed with a filter, as
it will overlap with the PtOEP emission. This effect will be
much stronger with a green LED, and it is therefore easier
to remove the excitation light from blue LED with a suitable
filter than it is with a green.

When coumarin 545T (C545T) is added to the mixture, in
suitable quantity, the situation changes drastically. C545T has
a very good absorption in the blue region, and its emission
spectrum is broad and centered in the green. The emission
spectrum therefore overlaps with the absorption peaks for
PtOEP at 535 nm. If the PtOEP and C545T molecules are
close together, RET[25] may occur and energy is transfered
from C545T to PtOEP, without emission from C545T. This
will effectively increase the rate of excitation of the PtOEP
molecules and thereby result in stronger photoluminescence
emission. The emission spectrum of C545T also extends
into the red region, and so it could add too the trouble of
distinguishing the emission from PtOEP from all the rest.
However, it is possible to choose concentrations carefully, such
that the emission from C545T is completely quenched.

D. Phase Fluorometry

Phase-fluorometry uses the effect quenching has on the
lifetime of a luminophore, τ , and it a good alternative to
intensity-based measurements of quenching, since it is virtu-
ally insensitive to losses in the optical fiber, photobleaching
of the photoluminescent compound, or drift in the excitation
source. The time-constant for the photoluminescence decay,
when subject to quenching, can be written in the form of the
well-known Stern-Volmer equation

τ0
τ

= 1 +KSV [Q] (3)

where τ0 is the time-constant for the unquenched system and τ
for the quenched system. KSV is the Stern-Volmer coefficient
and [Q] is the concentration of the quencher. The coefficient
KSV depends on both environmental factors and the quencher.
With increasing oxygen concentration, the lifetime of the
luminophore decreases.

When a sample is illuminated by a modulated excitation
source with frequency ω0, the emission will also have a mod-
ulated intensity with the same frequency. However, depending

Fig. 4. Optical Setup for the measurement of photoluminescent intensity
from the fabricated sensors. The blue LED is used to excite the luminophores
at the distal end of the optical fiber sensor. Emitted photoluminescence
propagates back through the system and is directed, through the splitter, to
the spectrometer.

on the lifetime of the luminophore (and thereby also the
oxygen concentration), the emission will be delayed and a
phase difference develops (see Fig 3) given by:

φ = tan−1 ω0τ (4)

II. MATERIALS AND METHODS

The work presented here is divided in three parts. First, a
solubility analysis has been performed on the photolumines-
cent compounds PtOEP and C545T. Next, POF sensors with
a layer thicknesses of approximately 45 µm were fabricated
with three different sensing-gel mixtures, in order to show the
effect of optimizing solubility. Finally, another POF sensor
with a thinner layer of about 15 µm was fabricated, to show
the capability of producing a fast response-time.

A. Materials and Equipment
Optical Fiber The POF was a 1 mm PMMA core fiber

with fluorinated polymer cladding (ESKA CK-40) acquired
from Edmund Optics. The fibers were jacketed resulting in a
2.2 mm outer diameter.

Polymer PMMA for the solubility test was acquired from
GEHR (www.gehr.de). The solubility testing is described
in a previously published work [20].

Solvents For the solubility tests, the following
solvents (>95 %) were used: Acetone, 2-propanol,
ethanol, trichloroethylene (TCE), dibromomethane (DBM),
methyl ethyl ketone (MEK), hexane, chloroform, toluene,
dimethyl sulfoxide (DMSO), trans-decahydronapthalene,
tetrachloroethylene, cyclohexane, caprolactone, benzyl
alcohol, cyclohexanol and 1-bromonapthalene. Acetone and
TCE were used in preparing the solutions of polymer, solvent
and luminophore. All chemicals were acquired from Sigma
Aldrich.

Luminophores The luminophores used were the phospho-
rescent PtOEP (>95 % from Sigma Aldrich) and fluorescent
C545T (>98 % from TCL).

Optical Setup Photoluminescence spectra were recorded
using an Ocean Optics HR-2000 spectrometer. A simple color-
filter from LEE Filters, was used to remove the excitation
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Fig. 5. Thin film application principle. In (A) the POF is placed in a drilled
hole in a Teflon block. A micrometer screw allows for the adjustment of the
height of the optical fiber. This is shown in (B). In (C) a pipette is used to
fill the free volume above the fiber and in (D) the fiber is slowly moved up,
as the solvent evaporates.

wavelengths from the back-propagating light. A 1 mm POF
splitter (P#: FF-ASPLT5050-SMA-100CM) was acquired from
Fiber-Fin and a blue LED with center-wavelength at 470 nm
was used for excitation. The setup is depicted in Fig. 4.

Manufacturing Setup A custom-made device was used for
applying the sensing layer on the end of the POF. The fiber is
mounted in a Teflon block with a 2.2 mm hole drilled through.
A micrometer screw allows for adjustment of the free volume
above the fiber end surface. Fig. 5 explains the principle behind
the device.

B. Solubility Testing

Solubility testing was carried out by putting a small amount
of polymer (approx. 200 mg) or a small amount of lu-
minophore (the tip of a small weighing spatula) into a solvent
(5 mL). The exact amount of polymer or luminophore is not
important, since the HSPs rely on a qualitative judgment by the
researcher on whether a substance is dissolved (or dispersed)
or not. What is important is to be fairly consistent with those
amounts and judgments.

For polymers, magnetic stirring is used to speed up the
process, and after a day or two it is determined whether the
solvent dissolved the polymer. If need be, it is possible to
wait even longer. The kinetics are not of primary import, only
whether the polymer is dissolved. For more information see
the Hansen Solubility Parameters Handbook[18].

For luminophores, the mixture of compound and solvent is
first shaken well. Some solvents will immediately result in a
colored mixture. Depending on the solvent the color may be
stronger or weaker. However, we let the mixture sit for one
day, and then perform a visual inspection of the mixture and
look for precipitation. If a precipitate is identified, the solvent
is labeled as a “bad” solvent. By using an eye-magnifying
glass we also inspect the mixture to see if a suspension is
formed. If clumps are visible, the solvent is also marked as
“bad”. Using these two judgments, the solvents were labeled
as either “good” or “bad”.

The kinetics of dissolution for luminophores and polymers
are different. In polymers, the solvent will need to diffuse
into the bulk, and thereby plasticize the polymer and allow
chains to disentangle from each other. The time for this
process depends on a lot of factors, particularly the molecular

weight distribution of the polymer and the size of the solvent
molecules. It is important to allow polymers the time they need
to dissolve, and this is usually one or two days. However,
it is possible that even longer times will be required. For
luminophores and other particles, dissolution is a surface
phenomon, and so diffusion into the agglomerate is not of
importance. This also speeds up the process, and so the
timescale will be much shorter than for polymers.

For both polymers and luminophores, the software program
“Hansen Solubility Parameters in Practice” (HSPiP v. 5.3.02)
was used to find the best fit for the cohesive energy densities
(δD, δP and δH ), as well as the interaction distances (R).
We have previously reported HSPs for the polymers PMMA,
Zeonex and TOPAS[20], and will use the values found for
PMMA (from Gehr) in this work.

C. Sensor Fabrication & Intensity Measurements

The sensing gel is created in two steps. Firstly, stock
solutions of solvent and luminophore are made in order to
precisely control the amount of luminophore added to the
sensing mixture. The actual sensing mixture is created by
putting polymer and an amount of luminophore stock solution
into a small vial. In order to control the viscosity of the
mixture, clean solvent is added to make the solution a 15 %
volume mix of polymer – that is, the polymer accounts for
15 % of the total solution volume. We have found that this
results in a viscosity, which is easy to work with. The mixtures
made for this work are summarized in Table I. It is important
to note that the concentrations are the concentrations inside
the polymer matrix, when the solvent has evaporated.

TABLE I
MIXTURES USED FOR SENSOR FABRICATION

Mix Solvent PtOEP C545T

Mix-1 Acetone 4.16 mM
Mix-2 Acetone + TCE (1:3) (v/v) 4.16 mM
Mix-3 Acetone + TCE (1:3) (v/v) 4.16 mM 12.23 mM

Next up, the POFs are prepared by cutting them into
approximately 20 cm long pieces. Both ends are polished with
first a 1200 grit sand paper and then 4000 grit. The POFs are
then inserted into the custom-made device for applying the thin
film onto the flat tip of the fiber. Depending on the thickness
required, the fiber end is lowered to a specific depth. The space
above the fiber end-surface is filled with sensing gel by using a
suitable pipette. As the solvent evaporates, the fiber is moved
up in order to “compress” the thicker and thicker mixture.
Depending on the thickness required the fabrication takes
anywhere from 2 to 10 minutes. After fabrication the fiber
is removed from the fabrication device and dried for at least
16 hours. The day after fabrication, the fibers are each inserted
into the setup depicted in Fig. 4 and their photoluminescent
response is measured.

Initially, three different batches of fibers were created. The
first batch was created with Mix-1 (pure acetone solvent).
Acetone is capable of dissolving PMMA, but is less good for
PtOEP, although it is possible to create functioning sensors.



JOURNAL OF LIGHTWAVE TECHNOLOGY 5

Fig. 6. Fiber sensors manufactured by the process of applying a thin film
consisting of a PMMA matrix, containing either PtOEP or PtOEP+C545T,
at the distal end surface. In (A) the fiber is with a only PtOEP, while (B)
and (C) are with a mixture of C545T and PtOEP. The fibers, with jacket, are
2.2 mm in diameter, with a core and cladding of approximately 1 mm. The
film thicknesses are on the order of 45 µm and after 16 hours of drying.

The second batch was fabricated with Mix-2 (Acetone + TCE
mixture as solvent). The mix solvent is selected since it has
good solubility for both PMMA and PtOEP – as will be shown
in section III). The third batch of fibers was created with
Mix-3, in which, in addition to PtOEP, C545T is added in
order to act as a “light harvester” and thereby enhance the
brightness of the light emitted from the PtOEP. Examples of
fibers made by this process can be seen in Fig. 6. As will be
explained in section III, C545T was easily dispersible in the
same solvent mixture used for Mix-2 and Mix-3.

D. Oxygen Measurements

For the oxygen measurements, a special fiber with a thin
layer (15 µm) was fabricated with Mix-3. Using Mix-3 allows
for the possibility of having a very thin layer, but still a strong
signal. Having a thin layer will be important in cases where a
sensor of fast response time is needed, since the oxygen will
quickly diffuse into a thin sensing matrix. The measurements
are performed in a temperature controlled chamber set to
20 °C. Two volumes of water were placed in the chamber
and allowed to equilibrate with the temperature. One of
them was then bubbled with nitrogen for at least 1 hour to
remove dissolved oxygen[26]. The precise concentration was
not measured. However, for a step response measurement we
are primarily interested in having a step of significant size for
the sensor to respond to. The setup can be seen in Fig. 7.

The return signal is converted to an electronic signal by way
of a photodiode (PD). The signal is recorded and interpreted
electronically by a lock-in amplifier (LIA) algorithm, which
extracts the amplitude and phase. The phase is measured
relative to the excitation signal controlling the blue LED. It
is important to note that the system itself will have a certain
phase-response, and so it is the differences in phase we are
interested in as the oxygen content changes. In practice, the

Fig. 7. The setup used for oxygen step response measurements. The POF
sensor is moved between low-O2 and high-O2 concentrations and allowed
to equilibrate afterwards. The LED is modulated by the electronics system,
which can be controlled from a computer. The signal analysis is implemented
as a lock-in amplifier (LIA) and extracts an amplitude and phase from the
photoluminescence signal. The phase is measured in comparison with the
signal driving the LED.

initial measurement performed at low oxygen levels is used
as the “baseline”, and this is then subtracted from the phase
measured through the rest of the experiment.

III. RESULTS

A. Solubility

Using the approach specified in section II-B, HSPs were
determined for both C545T and PtOEP. The HSPs for PMMA
were taken from earlier work. The results showed clearly
that C545T was readily dissolved in many solvents. In fact,
all solvents and mixtures capable of dissolving PMMA and
PtOEP should also be capable of dissolving C545T. The
overlap between PMMA and PtOEP was not total, and so,
there exists an intersection between the spheres in which
solvents and mixtures must lie, in order for dissolution of
PMMA and dispersion of PtOEP to be possible. There are
many possible mixtures and solvents which lie within this
intersection, and we chose the 1:3 acetone/TCE mixture. The
spheres and the positions of both pure acetone and the solvent
mixture with TCE can be seen in Fig. 8. The HSPs for the
luminophores and the solvents can be found in Table II.

TABLE II
HSPS FOR LUMINOPHORES AND SOLVENT MIXTURE

δD δP δH R0

PtOEP 18.28 5.98 4.61 5.5
C545T 17.94 6.77 7.38 10.1
Acetone/TCE (1:3) 17.4 4.9 5.7
Acetone (pure) 15.5 10.4 7

The units of the HSPs and R are [MPa1/2]
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Fig. 8. HSP spheres for PtOEP (smallest, green), PMMA (middle size,
red) and C545T (largest, blue). The 1:3 acetone/trichloroethylene mixture is
depicted by a small green dot sitting inside all the spheres simultaneously.
Acetone (the small red dot), is outside the solubility sphere for PtOEP. It is
also clear that C545T is easily dispersible in any solvents capable of dissolving
both PtOEP and PMMA.

B. Intensity Measurements

The results of the intensity measurements are shown in
Fig. 9. The sensors made with the pure acetone mixture
(Mix-1) had the worst performance in terms of photolumi-
nescent emission, and this was expected as PtOEP did not
have a good solubility in acetone. The PtOEP had a tendency
to aggregate and clump together inside the sensing matrix.
The result is that the clumps of PtOEP have a very high local
concentration leading to self-quenching.

The acetone and TCE mixture with PtOEP (Mix-2) showed
a much better performance – about 3-4 times increase in
signal. In the acetone/TCE solvent mixture PtOEP has a much
better solubility and the concentration used (4.16 mM) is well
dispersed. In such a case no self-quenching occurs. What we
have attempted to show here is that by consciously selecting a
solvent mixture based on HSPs, we were able to find a mixture
which results in complete dispersion of the luminophore for
the concentration used. This result is easily extended to other
polymers and luminophores.

The next step was to add the light-harvesting compound
C545T. The acetone and TCE solvent mix also shows a good
solubility for C545T, and so C545T is also well-dispersed. The
C545T works as expected by increasing the intensity of the
sensor by 2-3 times relative to the result for Mix-2. For other
luminophores and light-harvesting donors, it may be necessary
to compromise and find a “perfect spot” in HSP space for
them.

Fig. 9. Intensities measured from the different sensors manufactured. All
sensors had a concentration of PtOEP of 4.16 mM. The ones made with
Mix-1 were the worst of the lot. This is due to the fact that the solvent
(acetone) does not provide a good solubility of PtOEP. The result is that PtOEP
aggregates into clumps and self-quenching occur. Mix-2 sensors were based
on a better solvent (Acetone + TCE), and the intensity is much improved.
In that particular solvent, PtOEP can be loaded quite heavily (up to 11 mM
according to our measurements). In Mix-3, the added C545T acts as a “light-
harvester” an effectively increases the absorption cross-section of the PtOEP.

C. Oxygen Measurements

A POF sensor with a thin layer (~15 µm), was manufactured
and tested to verify that indeed it could measure oxygen.
The fiber was placed in the setup depicted in Fig. 7 and
initially inserted into the de-oxygenated water. It was allowed
to equilibrate and the phase-response was followed until it
no longer changed significantly. The fiber was then moved
from the de-oxygenated water to the water saturated at ambient
atmospheric pressure. When the phase did not change appre-
ciably it was moved back into the de-oxygenated water and
once again allowed to equilibrate. This process was repeated
once more. The results can be seen in Fig. 10. The response
times (from 0-95% of the final value) were 48 seconds going
from low to high and 57 seconds going from high to low.

IV. DISCUSSION

Our primary aim with the presented work has been to show
the method of using HSPs to quantitatively select solvents
for a mixture, in which the luminophores to be used have a
good solubility/dispersibility. We have shown that acetone (a
bad solvent for PtOEP), results in a lower photoluminescent
yield than using a better solvent (the mixture of acetone and
TCE), but with the same concentration. This is likely due to the
tendency of PtOEP to aggregate and form non-phosphorescent
complexes when in pure acetone.

As previously stated, several authors before have gone
down similar tracks before, and used HSP for the solubil-
ity/dispersion of particles. Our hypothesis is that the distance
a solvent or solvent mixture has with the luminophore in
HSP space, is indicative of the absolute solubility/dispersibility
of the luminophore. More work would need to be done to
determine how well this fits with reality.

In our case, the addition of C545T was straight-forward,
since C545T was easily dispersed in many solvents. In fact, as
is evident by the results in Fig. 8, C545T will be dissolveable
in any solvent or solvent-mix, which works for either PtOEP
or PMMA. However, this may not always be the case. It
is possible to use different donors and acceptors in other
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Fig. 10. The results of the step-response measurements. The POF sensor
underwent two cycles in which it was moved from low oxygen (low phase)
to high oxygen (high phase). The t95 response-time averaged at 48 s when
going from low-oxygen to high-oxygen, and 57 s for the high-to-low transition.

applications, and they may not be so readily mixed together
in a single solvent. The approach we have outlined here, gives
researchers a tool they can use, in order to investigate whether
a compromise between two hard to dissolve luminophores
exist.

In our experiments, we also used PMMA as the polymer
matrix. For oxygen sensing, there are other polymers, which
have higher permeability to oxygen, and will therefore give
rise to even faster response times as well as larger phase shifts.
This, however, is not always what is wanted. Large phase-
shifts also mean that the oxygen will dampen the luminescence
much more, and the system will therefore receive a smaller
signal. However, if a different polymer is to be used, it is easy
to find a new solvent or mixture, which would work well. One
needs only to perform a solubility analysis of the polymer to
find the HSPs, and then analyze the intersection between the
luminophore solubility spheres and that of the new polymer.
Solvent mixtures can then be formulated by clever selection
of ratios.

Finally, a sensor could be envisioned in which several
different luminophores are used as indicators of different
parameters (temperature, oxygen, pH). In those instances, the
simultaneous solubility of the compounds may indeed be
difficult to achieve. But using HSPs one can once again attempt
to find an overlap between the three solubility spheres and
formulate a solvent which satisfies the needs.

V. CONCLUSION

We have presented an all-polymer fiber optical sensor for
dissolved oxygen with the sensing matrix fabricated by quanti-
tatively finding a good solvent mixture capable of dispersing a
high amount of the luminophore (PtOEP) as well as dissolving
the polymer (PMMA) leading to a strong adhesion to the fiber
end-surface. We presented the approach of determining HSPs
for luminophores and used this approach for both PtOEP and
the brightness enhancer C545T. Using C545T in conjunction
with PtOEP, it is possible to significantly increase the bright-
ness of the oxygen sensor. This allows for the possibility of
having a very thin layer at the end of the fiber, with a resulting
fast response-time. In our tests we succeeded in making a
sensor with a t95 response-time of less than 1 minute for both
up and down step oxygen concentration measurements.

Our sensors are the first fiber-optical oxygen sensors utiliz-
ing light harvesting molecules, and using our approach for

optimal solvent selection, the sensors fabricated showed a
three-fold increase in signal intensity and this can be improved
further with different concentrations of PtOEP and C545T.

The approach of using HSPs to determine the dispersibility
of a luminophore in solvents, is a practical and useful tool
for researchers working with polymeric matrices and lu-
minophores. Using this approach, it is possible to find solvents
capable of dispersing high-concentrations of one or more
luminophores. However, more work remains, and especially
the question whether a direct relationship between the solvent-
luminophore distance in HSP space and absolute solubility
exists.
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Abstract: We present optimization results on the design for a polymer optical fiber single point sensor1

suitable for photoluminescence-based sensing. The single point sensing design consists of one or two2

annular cavities, separated by a small distance, milled into the fiber and subsequently filled with a3

thick solution of polymer, solvent and photoluminescent molecules, which is then allowed to dry.4

The design is tested by varying the depth and length of a single cavity, and utilizing two cavities with5

varying separations. Results from experiments show a maximum response at a separation of 2 mm6

to which we present an analytical explanation. A geometrical, numerical simulation model, taking7

into account both skew and meridional rays, has been developed and shows very good agreement8

with the experimental results. The fiber design presents a general platform that has potential for9

the fabrication of multi-point photoluminescent sensors, for which it is necessary to have several10

points along the fiber functionalized for sensing. Furthermore, the approach with polymer fibers and11

polymer sensing gels allows for a robust integration of the sensing matrix and the optical fiber, more12

so than is possible using glass optical fibers.13

Keywords: polymer optical fibers; photoluminescence; sensor design14

1. Introduction15

Photoluminescence-based optical detection of various compounds have been around for16

approximately a century. The fluorescence microscope is probably the first application of17

photoluminescence in an analytical sense, since its invention in the early 1910s by Heimstadt and18

Reichert [1]. The theories underlying photoluminescence was not completely understood in the early19

20th century, but still found useful applications in other areas than microscopy, such as the detection of20

uranium [2], spores [3], oxygen [4,5] and more. In the early 1940s, Coons et al. developed the technique21

of using fluorescent antibodies [6] and some of the first applications were in the detection of diseases22

and bacteria [7,8].23

Optical sensors using photoluminescence can have many different designs. Some developments24

have been in the direction of special indicator spots, for example for oxygen detection in e.g.25

bio-reactors [9]. Other designs are based on the use of optical fibers in conjunction with26

photoluminescent compounds [10–12].27

One of the reasons to use optical fibers as the sensing platform, is the ability for remote sensing,28

which has been pointed out early on in the history of fiber optical sensing [13]. The main contribution29

of the optical fibers is to act as waveguides, transporting the excitation and emission light to/from the30

sensing point. The sensing point has often been placed at the distal end of the fiber when it comes31

to photoluminescent sensors, although there are many examples of designs for in-line sensors with32

capability for sensing at particular points along the fiber axis [14–17].33

When using optical fibers, the choice stands between using a fiber made from either polymer34

or one of glass. Glass optical fibers have the definitive advantage when it comes to transmission35
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Figure 1. The concept of the POF sensor. Annular cavities are milled in the fiber at specific locations.
These cavities are then filled with a gel-solution of PMMA and solvent, containing photoluminescent
molecules quenchable by oxygen. The solvent evaporates and leaves a PMMA matrix with embedded
photoluminescent molecules.

over longer distances, but polymers allow for high flexibility due to a lower Young’s modulus (thirty36

times smaller than silica) [18]. Also, in many sensing applications, long distances are not required,37

and polymer fibers find their justification. Polymer Optical Fibers (POFs) have been used in many38

different sensing applications to date. With Fiber Bragg Gratings (FBGs), POFs have been used as39

strain/force [19–22], humidity [23–25] and temperature [26] sensing. Using tapering, POFs have40

been modified for fiber-optical oxygen sensors based on photoluminescence [12], and by suitable41

chemical functionalization with antibodies of the polymer, a microstructured POF has been used for42

fluorescence-based localized bio sensing [27–29]. The modifiability of the polymer fibers is one of their43

core advantages in the development of sensors. With suitable UV or VIS light, it is possible to inscribe44

FBGs into the fiber core, even if the core is thick [30,31], using simple solvents on can etch polymer45

fibers locally for various applications [16,32–36], and by suitable selection it is possible to strongly46

integrate polymers with each other or apply polymer gels [37,38], a technique used in this paper.47

In this paper, we present a new photoluminescent sensor concept. A POF is modified by48

mechanically milling two annular cavities, separated by a small distance, at a specific position along its49

length. The cavities are then filled with a specialized solution of polymer, photoluminescent compound50

and solvent (see Fig. 1). As the solvent evaporates, the solution solidifies into a volume of polymer,51

solvent bonded (molecular entanglement) to the fiber and containing photoluminescent compound.52

Oxygen can diffuse into the volume and affect the photoluminescence by quenching. Signal from the53

sensing point will be a sum of the signal from each of the two cavities.54

By creating an annular cavity, light is still allowed to pass through the sensing point and further55

down the optical fiber - yet it will have a stronger interaction with the electromagnetic field than an56

evanescent wave sensor embedded in the cladding. There will still be loss associated with absorption57

and scattering, but it is likely to be less than experienced for designs in which a hole is drilled through58

the fiber [39,40]. Some designs have, instead of drilling all the way through the fiber, focused on59

creating several shallow cavities after each other, which could then be filled with a sensing gel [41].60

That particular design also works by utilizing the aggregation of signals from several closely spaced61

cavities.62

By allowing the light to pass, the sensor concept has potential for multi-point sensors, such as63

described by Eich et al. [17], in which it is necessary to have several functionalized points along the64

fiber capable of local sensing, and thereby create a profile of one or more measurands along the length65

of the fiber. One could imagine having one sensing point located at one position on the fiber, consisting66

of two closely spaced annular cavities, and another sensing point located further down the optical67

fiber, with another two closely spaced annular cavities. By using annular cavities, the light is allowed68

to pass both to and from the second sensing point and so on further down the fiber.69

Our initial assumption was that creating a single sensing point by having two cavities would70

result in a stronger photoluminescence signal than a single cavity (of the same size as either of the two).71

However, our goal has also been to avoid creating a long cavity (along the length of the fiber), which72

would also provide the stronger signal, since long cavities would be difficult to fill evenly with a gel.73

Besides, a long, deep cavity will in itself make the fiber more fragile. Using smaller cavities placed74



Version August 9, 2020 submitted to Sensors 3 of 19

Figure 2. Cavities milled in the fiber. The fiber has a diameter of 1 mm and the cavity depth is 137.5 µm.
The separation of the cavities is approximately 2 mm.

Figure 3. Example of a fiber with two annular cavities. The initial trenches have been filled with the
gel solution of solvent, polymer and PtOEP, and left for 1 day to solidify. The fiber is 1 mm in diameter
and the separation of the cavities is 5 mm.

after each other was assumed to have the same effect as a single long cavity in the aggregate, while75

also maintaining the mechanical integrity of the fiber.76

An important parameter for any optical sensor using photoluminescence, is the intensity of77

photoluminescence from the sensing point. Precise measurement of oxygen levels require intensities78

that allow the electronics in the reader-unit to function optimally. Higher intensities are easier to79

develop reader-solutions for and can also mean cheaper development costs. At the same time, the80

design must be such that a suitable fabrication process can be found.81

This paper presents results on the evaluation of the concept described in Fig. 1, by varying the82

depth and length of a single cavity, and utilizing more than one cavity with varying separations. We83

first present the experimental results and move on to provide an analytical answer to some of the84

observed data. Finally we will show the results from a numerical model simulation, in an attempt to85

recreate the experimental findings.86

2. Materials and Methods87

2.1. Materials88

Fibers The optical fibers used are 1 mm thick PMMA/PVDF (core/cladding) fibers acquired from89

Edmund Optics (product no. 02-534). The fibers are manufactured by Mitsubishi (ESKA CK-40). The90

core of the fibers has a diameter of approximately 980 µm. The cladding is approximately 10 µm.91

Measurement The measurements are performed using an Ocean Optics HR2000 spectrometer.92

Simple color filters from LEE Filters, are used for the removal of excitation light.93

Chemicals The solvents and photoluminescent compound used is PtOEP (Platinum94

octaethylporphyrin) and has been acquired through Sigma Aldrich. PMMA (from GEHR GmbH) is95

dissolved in a mixture of 25 % acetone and 75 % trichloroethylene. The gel mixture is a 15 % (v/v)96

solution of PMMA. PtOEP is added to the mixture, enough to create a molar concentration of 0.77 mM.97

The chemicals both have grades of >95 %.98
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Figure 4. Experimental setup. Light from an LED (470 nm) is coupled into a 1 mm POF splitter
(acquired from FiberFin). The light is guided into into a sample fiber with the photoluminescent
annular cavities via an SMA coupler. The light returning will be guided back into the splitter, and
some of it will travel to the spectrometer. Before entering the spectrometer, the light passes through a
spectral filter removing the LED excitation wavelength. The spectra are acquired via a laptop.

2.2. Methods99

Cavity fabrication The fibers are first milled using a Proxxon MICRO Mill MF 70. The milling100

is performed using a triangular milling head and with a speed of 20 000 RPM. The fibers are fixated101

in a setup which allows them to be rotated around the fiber axis while the miller is running. After102

milling the fibers are annealed for at least 16 hours at 90 ◦C and 90 % relative humidity. This serves to103

remove any residual stress in the fiber, especially at the sensing point [24]. An example can be seen in104

Fig. 2. Residual stress can cause the fiber to break, when the gel solution is added. The gel is applied105

to the sensing point and the fibers are left to dry for a day, during which most of the solvent leaves the106

mixture [35]. All fibers of a given batch are fabricated on the same day, in order to compare them later.107

An example of a filled and dried sample is given in Fig. 3.108

Photoluminescence response For a given batch of fibers to be compared, all of them must have109

been manufactured on the same day, and given an equal amount of drying time. We have found that the110

photoluminescent response increases in the first few days after applying the sensing solution, possibly111

as a result of the evaporation of residual solvent molecules and thus leaving a more rigid medium112

for the phosphorescent PtOEP, and thereby higher quantum yield [42]. It is therefore important that113

fibers to be compared are measured after an equal number of days from fabrication. By “batch” we114

mean the collection of fibers with differing geometrical parameters (1 cavity, 2 cavities, depth, width,115

length, separation), which will be compared relative to each other. The measurements are performed116

in a setup as portrayed in Fig. 4. The integration time was set to 2000 ms.117

3. Experimental Results118

Three different experiments were conducted. In the first two only a single cavity was created and119

the depth, d, and length (along the fiber), l, of this cavity was varied in order to see how the response120

behaved. In the first experiment, the cavity depth was varied while keeping the length constant. In the121

second experiment we varied the length of the cavity and kept the depth constant.122

The third and final experiment was with two cavities. However in this experiment, a number of123

fibers with a single cavity were also created and measured, in order to get the relative gain of adding a124

second cavity. This would also allow us to compare the three experiments in terms of how each of125

them compared to a single-cavity.126

In figures 5 and 6 presenting the results, a black, dotted line has also been plotted for the simulation127

model developed. We will comment more on this model in section 5.128
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Figure 5. Photoluminescence spectra and signal response from the cavity-depth experiments. The
intensities are shown relative to the average of the intensity for the 40 µm batch. The results clearly
show an increase in photoluminescence signal with increasing depth (the cavity length is fixed at
approximately 140 µm). To the left, the recorded spectra are shown with the thick lines representing
the average of a given batch. The horizontal black lines, to the right, depict the average peak intensity
for the batch, which is equal to the peaks of the averaged spectra. In the graph on the right side, the
relative peak intensity is shown for all the different fibers. The black dotted curve is the result of a
model simulation (described later in sec. 5). The peak just above 680 nm is a result of defective pixels
on the CCD spectrometer.

3.1. Effect of Cavity Depth129

Three different depths of d = 40 µm, 120 µm and 250 µm were tested in order to determine the130

influence of this parameter upon the photoluminescent response. The lengths of the cavities were131

approximately 140 µm. Ten fibers of each type were fabricated and of the ten fibers with a depth of132

40 µm all remained, while nine remained of the ones with 120 µm cavities. Only five fibers with the133

deep 250 µm cavities remained. The fibers that did not survive broke at the cavity after the gel mixture134

was applied, probably as a result of environmental stress cracking (ESC) [43], even though the fibers135

had been pre-annealed. The cause for this is most likely that the solvent is aggressive to the polymer136

core of the fiber. Any stresses, either internal or external, can easily break the thinned and plasticized137

core during the drying process. From these results it could be concluded that cavity depths should138

stay well below the 250 µm, and possibly even below 200 µm, to avoid breaking the fiber when the gel139

is applied.140

The surviving fibers were investigated in the experimental setup previously mentioned. The141

results of these measurements can be seen in Fig. 5, in which the clear trend is that a deeper trench142

will give rise to a stronger response. This is intuitive, as the excitation light will have a larger surface143

area to interact with. However, as we have noted, while a deeper cavity will give a stronger signal,144

fabrication will be more difficult due to the thin core and possible ESC.145

3.2. Effect of Cavity Length146

The second experiment looked at increasing photoluminescent signal through longer cavities.147

Three lengths were tested, averaging l = 0.15 mm, 1 mm and 1.9 mm, and all with d = 140 µm. Eight148

fibers for each length were fabricated. The results are depicted in Fig. 6. There is an increase in signal149

strength with increasing length. However, the gain diminishes with length. As with the depth of the150

cavities, it is more difficult to fabricate longer cavities than shorter ones. Also, filling short cavities is151

easier, as the gel required can be dispensed in a single blob very easily. Thus, from a fabrication point152

of view, it is therefore of interest to keep the cavities short, while still meeting necessary requirements153

for the signal strength.154

The diminished gain at longer lengths could be due to a self-screening effect of the cavity. The155

light originating from the far end of the cavity first has to traverse the cavity itself, before propagating156
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Figure 6. Results of varying cavity lengths and with fixed depths at about 140 µm. The signal increases
rapidly from 150 µm to 1 mm but slows between 1 mm and 2 mm. The plot to the right show the peak
intensities of the spectra along with the averages for each length (black horizontal lines). The black
dotted curve is the result of the model simulation. The peak around 680 nm is a result of defective
pixels.

Figure 7. Photoluminescence intensity from dual cavities. The intensities are shown relative to the
average intensity for the batch of fibers with 0.15 mm cavity lengths. The cavities all had depths of
125 µm and lengths of 130 µm. The left most plot (“single”) shows the variation of a single cavity. The
trend shows that a maximum apparently exists at 2 mm, where after the addition of a second cavity
has less impact. Simulations using the model presented later, also show this optimum, although it is
necesarry to tinker with the parameters of the model. The second simulation (magenta), attempts to
take into account the power distribution of the fiber, whereas the first simulation (black) does not.

in the optical fiber back toward the detector. This light is partially blocked by the cavity itself if the157

cavity is long.158

3.3. Effect of Dual Cavities159

The third experiment investigated the effect of adding a second cavity. It would be intuitive to160

assume that an extra cavity will result in an increase in signal. If the two cavities were close enough161

together that they were effectively one cavity with double the length, then we know from the earlier162

experiment that this is already better than a single cavity. By separating the cavities the second cavity163

presents a new surface, perpendicular to the fiber axis, available as a photoluminescence source.164

In Fig. 7 we see the results from the experiment, in which cavities with depth 125 µm and length165

130 µm are made with varying separations. Even though the variance is large within the samples of a166

given separation, a trend is clear. With a 1 mm separation the average intensity is more than 1.2 times167

the single-cavity intensity, and at 2 mm, the average intensity is around 1.5 times the single-cavity168

intensity. But further out, at 10 mm and 15 mm, the average intensity once again drops, and becomes169

comparable, or smaller, than the intensity from the 1 mm separation. These results point toward the170

existence of a maximum somewhere between 1 mm and 10 mm.171
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Figure 8. Polar angle and maximum polar angle θc as measured from the fiber propagation axis.

In the following sections, we will analyze this idea of an optimal separation. First by an analytical172

approach considering the meridional rays in the fiber, and next using a numerical model taking into173

account both skew and meridional rays, as well as other effects.174

4. Results from Meridional Analysis175

In order to explain some of the results from the the experiments, we will analyze the design by176

a geometrical optics approach. The reason for this is that that all the length scales in the design are177

several orders of magnitude larger than the wavelength and the fiber is a heavily multi-mode fiber.178

In the analysis, we assume that optical rays exist for all angles less than or equal to the
complementary angle to the critical angle for total internal reflection (TIR) – this angle we will call
the polar angle, θ (see Fig. 8). The NA of the fiber is given by the manufacturer as 0.51, and the core
material is PMMA with a refractive index of 1.49. We calculate the maximum polar angle, θc, with eq. 1.
Rays with polar angles larger than θc will not undergo TIR at the core-cladding interface.

θc =
π

2
− sin−1

√1− NA2

n2
core

 ≈ 20◦ (1)

The situation we will analyze is depicted in Fig. 9, in which the two annular cavities are seen in179

a meridional plane of the optical fiber. The cavities are of length l and depth d and have a central180

separation given by the distance s.181

The approach will be to look at the light rays being emitted by the surface A-B and determining
if they can pass through the aperture presented by the left-most annular cavity. If the rays make it
through, they will be “collected” and travel the rest of the distance through the fiber to the detector.
As the separation s is varied, the sector spanned by the angles θmin and θmax will change. The power
collected, p(s), is assumed to be proportional to the integral across the surface A-B, of the sectors
spanned.

p(s) =
d∫

0

∆θ(s, x)dx =

d∫
0

(
θmax(s, x)− θmin(s, x)

)
dx (2)

The function ∆θ(s, x) is dependent on both the separation of the cavities, as well as the position, x, on182

the surface A-B. The function will have to take into account that the maximum value θmax can take is183

θc.184

In the analysis, we neglect any reflections that occur on the inner surface of the cavities, as well as185

the emission from this surface. We also neglect reflections occuring between the two cavities and focus186

our attention on the “direct” rays passing through the aperture. Our goal is to show an approximative187

behaviour which can be helpful in understanding the results from the third experiment. In the full188

numerical model, presented in Sec. 5, skew rays, reflections at core-cladding and photoluminescence189

from the inner surface of the cavities are all included.190
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Figure 9. The meridional picture of the two-cavity design. A point x on the surface A-B is reachable
through an aperture, presented by the left-most cavity. Lightrays with polar angles in the sector
bounded by θmin and θmax are able to reach and excite the point, and also be emitted from the point
and make it to the detector. The angles θmin and θmax must be smaller than or equal to the maximum
polar angle of θc. A ray originating from between point B and the point xb, will have its maximum
angle c onstrained by the point D.

4.1. Dark, Bright and Blocked regions191

The light enters from the left and initially encounters the first cavity. Some of the light will192

pass through the aperture presented by the cavity and travel further toward the right, where it then193

encounters the second cavity. Some of the light will then hit and interact with the vertical surface of the194

second cavity, and photoluminescent light will be emitted from the surface and travel back toward the195

left. Some of the light will also hit the inner surface of the second cavity, but as mentioned previously196

we will disregard this.197

There can exist three regions on the surface of the second cavity. Nearest the cladding, a dark198

region can exist, where no rays can be drawn through the aperture to a point in the region, without199

violating the condition that the polar angle be less than θc (see Fig. 9). The position xdark, as measured200

from point B on the surface and to the cladding, is the point where this region begins. The region201

then extends from xd and to point A. From xd and to xb will be a region which is called the bright202

region, since rays with polar angles all the way up to θc can reach through the aperture. There is still203

a constriction on the minimum angle of the rays as can be seen in figure 9. The region from point B204

to xb, closest to the core, is termed the partially blocked region, and here the maximum angle is also205

constrained by the first cavity.206

At some separation sdark, the incoming light from the left will be able to reach the cladding, and
the dark region, xd-A will have dissapeared. This separation is given by the equation

sdark =
d

tan(θc)
+ l (3)

The point xdark can be found by the piecewise equation

xdark =

 (s− l) tan(θc) if s < sdark

d otherwise
(4)

At some separation sblock the partially blocked region, B to xb will emerge. This separation can be
found by considering the separation at which the angle from the point B in Fig. 9, to the point D in Fig.
9, is exactly θc.

sblock =
a

tan(θc)
(5)
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Table 1. Two-cavity fiber parameters

Parameter Value

d avg. cavity depth 140 µm
l avg. cavity length 135 µm
sdark dark region disappears 0.52 mm
sblock emergence of partially blocked region 1.98 mm

In eq. 5, a = T − 2d is the aperture size presented by the cavity. As the separation between the cavities
is increased, the partially blocked region will increase and the point xbright separating the bright and
partially blocked region is given by:

xbright =

 s tan(θc)− a if s ≥ sblock

0 otherwise
(6)

4.2. Values Calculated for Experimental Design207

For the two-cavity fibers tested experimentally, the above parameters have been calculated and208

can be seen in Table 1. Using the calculated values we can determine what kind of behavior we have209

according to the above. We see that sdark < sblock, which means that the dark region disappears before210

the partially blocked region appears.211

4.3. Radiant power integrals212

We will now describe the power in terms of the integrals in each of the three sections s < sdark,
sdark < s < sblock and s > sblock. The integral in eq. 2 can be described in terms of two separate integrals,
pb(s) for the power collected from the bright region, and pp(s) for the partially blocked region.

p(s) = pp(s) + pb(s) (7)

pp(s) =
xb∫

0

∆θp(s, x)dx (8)

pb(s) =
xd∫

xb

∆θb(s, x)dx (9)

As the separation s changes, the limits of the integrals will also change. The ∆θ functions are given by

∆θp(s, x) = arctan
(

a + x
s

)
− arctan

(
x

s− l

)
(10)

∆θb(s, x) = θc − arctan
(

x
s− l

)
(11)

Since the maximum angle that exists in the problem is 20 ◦, the maximum value of of the argument
to the arc-tangents will be 0.364. We therefore express them in their Taylor series and keep only the
first-order term. In that case, the error at the largest argument will be 4.2 %.

pp(s) =
xb∫

0

(
a + x

s
− x

s− l

)
dx =

xb∫
0

a
s

dx (12)

pb(s) =
xd∫

xb

(
θc −

x
s− l

)
dx (13)
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In the integral for the power collected from the partially blocked region, the last integral is arrived at213

by making the assumption that s� l. This is valid in our case, since we know that when the partially214

blocked region emerges, the separation, s, of the cavities is at approximately 2 mm, while the length l215

is 130 µm.216

For each of the three separation ranges, we can now write down the integrals and compute them.217

4.3.1. When s < sdark218

Initially, the power collected is described by only the integral for the bright region. Also, xb = 0
and xd = (s− l) tan(θc).

p(s) =
xd∫

0

(
θc −

x
s− l

)
dx = (s− l)

(
θc tan(θc)−

tan2(θc)

2

)
(14)

We see that θc determine the slope of the function. By inserting the value of θc into the equation, the219

slope is found to be 0.0608 and thus positive.220

4.3.2. When sdark ≤ s < sblock221

When the separation increases above sdark = 0.52 mm, and the integral will change. The upper
limit is now xd = d and the integral become

p(s) =
d∫

0

(
θc −

x
s− l

)
dx = θcd− d2

2(s− l)
(15)

The interesting part now is that the function will go as 1/s. The larger the separation the smaller the222

second negative term in the sum will get, and the larger the total collected power.223

4.3.3. When s > sblock224

When the cavities are separated even further, the lower part of the surface A-B will begin to be
partially blocked by the cavity in front. The partially blocked region emerges and the integral will
change. When s > 1.98 mm the total integral becomes

p(s) =
xb∫

0

a
s

dx +

d∫
xb

(
θc −

x
s− l

)
dx (16)

As was done in eq. 13, the fractional term in the last integral can be approximated by simply x/s at
this separation.

p(s) =
axb

s
+

d∫
xb

(
θc −

x
s

)
dx =

axb
s

+

[
θcx− x2

2s

]d

xb

(17)

As long as there is still a bright region (xb 6= d) then xb = s tan(θc)− a. This leads to the equation for
p(s) given by

p(s) = −s

(
θc tan(θc)−

tan2(θc)

2

)
− a2 + d2

2s
(18)

By differentiating we can find the slope of this function and see that it is

dp
ds

= −
(

θc tan(θc)−
tan2(θc)

2

)
+

a2 + d2

2s2 (19)
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Figure 10. The axial projection plane of the fiber. A ray is emitted from a position in the fiber (red dot)
and as an initial direction in the plane given by its azimuthal angle φ. The polar angle governs the
relationship between the axial-propagation distance, z and the inter-plane distance, a(z), and is given
by a(z) = z tan(θ).

Table 2. Effects at critical separations

Sep. [mm] Effect until this point

0 to 0.52 Decreasing dark region. Increasing collected power.
0.52 to 1.98 Dark region disappears. Overall increase in power.
1.98 to 2.05 Decreasing bright region. Increasing blocked region. Overall increase

in power.
2.05 + Decreasing collected power.

We know that the first term will be negative, since the evaluation of the parenthesis was performed
in the previous section, and we found it to be 0.0608. By setting up an inequality, we can find the
separation at which the slope becomes negative.

− 0.0608 +
a2 + d2

2s2 < 0 (20)

s >

√
a2 + d2

2 · 0.0608
= 2052.96 = 2.05 mm (21)

We therefore find that the total power collected reaches a maximum at 2.05 mm.225

4.4. Summary226

Table 2 summarize the findings of the previous analysis. It fits well with the experimental data,227

which shows a maximum at around 2 mm separation. The first range of separation is where the228

dark region is decreasing and the bright region is increasing. This results in a total increase in the229

collected power. The next range is entered as the dark region disappears. The full surface of A-B is230

now illuminated and is a “bright” region and the overall power increases. At 1.98 mm a region of231

partial blocking emerges. The overall power still increases. At 2.05 mm, the partially blocked region232

has grown big enough to start to reduce the overall collected power and we see a decrease happening.233

5. Simulation Model for Annular Cavities234

In order to investigate the annular cavity design in more detail, we developed a numerical
simulation model. The model is based on the idea that the total collected radiant power of fluorescence
emission (units of [W]) can be described as the sum of the radiant powers from each of four surfaces -
F1, G1, F2 and G2 (see Fig. 10). The F surfaces are the frontally facing surfaces of the annular cavities
while the G surfaces are the glazing surfaces of the cavities.

Pcol = PF1 + PG1 + PF2 + PG2 (22)
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Each of the powers can be described as a integral of the collected emittance, M (units of [W/m2]), over
each surface. By collected we mean it is the portion of the total emittance, which can make it to the
detector. For F surfaces the integral becomes

PFi =
∫
S

MFi (x, y)dS =

2π∫
0

R∫
(R−d)

MFi (r, α)r dr dα =

2π∫
0

R∫
(R−d)

rMFi (r)dr dα = 2π

R∫
R−d

rMFi (r)dr (23)

The first step is achieved by converting from cartesian to cylindrical coordinates for the integration.
We assume there is rotational symmetry to the emittance, MFi , in such a way that it is independent of
the angle, α. This way we can write the integral as in eq. 23. Similarly for G surfaces, we can write an
integral. The radiant power for G also depends on the radius, but the integral is over the length of the
G surface instead.

PGi = 2πr
L∫

0

MGi (l)dl (24)

The the collected emittance is itself an integral over the solid angle of the “emission” radiance, Lem235

(units of [W/m2/sr]), within angles for rays that would be guided by the fiber. This approach takes236

into account emitted skew rays. Snyder and Mitchell [44], showed in 1974 that skew rays with a polar237

angle less than the complementary critical angle θc will be totally internally reflected. Skew rays with238

a polar angle larger than θc but an azimuthal angle such that the angle between the ray and the fiber239

surface normal is within the TIR critical angle, are expected in geometrical optics to be totally internally240

reflected. However, Snyder and Mitchell showed that these rays are in fact leaky. In our model we will241

neglect any rays with polar angles larger than θc by assuming that these rays are attenuated completely242

during the transmission through the fiber optics.243

The collected emittance, M, can then be found by an integral of the radiance, Lem, and is expressed
in the same way for both F and G surfaces. In the integral, x is replaced by r for F surfaces and l for G
surfaces. In eq. 25, φ is the azimuthal angle and θ is the polar angle of the ray. dΩ is a differential unit
of solid angle.

M(x) =
∫
Ω

Lem(x, θ, φ)dΩ =

2π∫
0

θc∫
0

Lem(x, θ, φ) sin θ dθ dφ (25)

The difference between the surface F1 and F2 is that the F2 surface is partially blocked by the first244

cavity, and similarly for G2. This means that some combinations of θ and φ give zero contribution to245

the integral, as that particular direction will be blocked by the cavity in front. This can be modeled246

as the multiplication of the natural radiance, lem(r, θ, φ), and a window function W(r, θ, φ), where the247

window function is a function with an output between 0 and 1. Directions in which the rays from the248

second cavity hit the “backside” of the first cavity will be completely blocked and W(r, θ, φ) will be249

zero. Rays which pass directly through the first cavity aperture will travel through the rest of the fiber250

toward the detector and will correspond to a value of W(r, θ, φ) = 1. Those rays that hit the inside of251

the first cavity (that is, they hit the G1 surface), will be partially reflected, dependent on the model of252

reflectance used.253

For F1 there is no window-function and the emission intensity can be described entirely by the254

natural emission intensity. For G1 the rays may reflect a number of times inside the G1 cavity before255

exiting. Depending on the reflection model used for the surface, these rays may be be weighted with a256

factor between 0 and 1. For the simplest model, in which light rays impinging on the inner surface of257

the cavities are neglected or assumed lost, the window function is binary and is either 0 or 1.258

The natural radiance originates from within the annular cavity material, and it is dependent on the259

material as well as the model used to describe the surface. To be precise, the radiance depends on the260

projected area of the surface. For a flat surface, the projected area will decrease with the cosine of the261
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viewing angle wrt. the surface normal. A lambertian surface will have equal radiance in all directions,262

and large viewing angles would have a radiant intensity (units of [W/sr]) of decreasing magnitude.263

This is what is behind Lambert’s Cosine Law. However, for true surfaces, roughness plays a role and264

the projected area may have much more complex descriptions. We assume the surfaces to be isotropic265

emitters, meaning that the projected area remains the same independent on viewing angle, and the266

radiant intensity is likewise direction independent.267

The power emitted by a F or G surface can be described in terms of a triple integral.

PFi = 2π

R∫
R−d

r
2π∫
0

θc∫
0

WFi (r, θ, φ) lem,Fi (r) sin(θ)dθ dφ dr (26)

PGi = 2πr
L∫

0

2π∫
0

θc∫
0

WGi (l, θ, φ) lem,Gi (l) sin(θ)dθ dφ dl (27)

The natural radiance, of a small surface, is assumed to depend on the irradiance at that point, E. This
power is similarly described by integrals. In fact, the problem of determining the power of excitation
is almost the same as for emission. The integral is over the solid angle from which rays can reach a
given differential surface element. The window function plays a role once again, and it is the same as
previously described. The relationship between the irradiance E and the natural radiance lem is given
through a function akin to a bidirectional reflectance distribution function (BRDF)[45]. It essentially
encodes the directionality property of the radiance.

lem = f (x, y, z, φ, θ) · E(x, y) (28)

The function describes the direction-dependent emission from a surface element, and allows for a268

dependence on postion as well, to account for changes in surface characteristics. However, in this269

paper, we assume the relationship to be constant, and so it will taken as equal to 1.270

The integral for the natural radiance, lem, takes the same form for both F and G surfaces, and in
the following, x would be replaced by l in case of a G surface, and r in case of an F surface.

lem(x, ) =
∫
Ω

f (x, y, z, φ, θ)E(x, y)dΩ =

2π∫
0

θc∫
0

W(x, θ, φ) lex(r, θ, φ) sin(θ)dθ dφ (29)

Here lex (units of [W/m2/sr]) is a function that defines the intensity of excitation coming from a
direction defined by θ and φ and at a given position (either length or radius depending of whether the
surface is an F or G surface). The power from F2 can thus be described by a quintuple integral

PF2 = 2π
∫

r
(∫∫

WF2(r, θ, φ) sin(θ)dθ dφ

)
·
(∫∫

WF2(r, θ, φ) lex(r, θ, φ) sin(θ)dθ dφ

)
dr (30)

The first double-integral is closely related to the solid angle that a surface element can emit into the
optical fiber, but with some angles fully blocked or partially blocked by the cavity in front or reflections
at the inner surface of the cavities. We call this the “emission efficiency” of that surface element.
Similarly for the G surfaces, the expression becomes

PGi = 2π r
(∫∫∫

WGi (l, θ, φ) sin(θ)dθ dφ

)
·
(∫∫

WGi (l, θ, φ) lex(r, θ, φ) sin(θ)dθ dφ

)
dl (31)

Eqs. 30 and 31 are the fundamental equations which make up the simulation model. These were271

implemented in Python/NumPy code.272
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5.1. The Ray Propagation Equations273

The window function is central to the problem and can be found by considering the rays being274

emitted or impinging on a surface element. For the F1 surface, there are no obstacles in front of it, and275

all directions have a value of unity. It therefore suffices to look at the window functions for G1, F2 and276

G2. To set up the problem, we derive some fundamental equations for the propagation of the rays in277

the fiber.278

A ray being emitted from a surface into the fiber, has a radial position r, and azimuthal angle φ279

and a polar angle θ. Another angle exists, γ, which is the angle defining the skewness of the ray. Seen280

from the cross-sectional projection of the fiber, a ray will be moving in a helical-like path around the281

fiber circumference. Each time the ray reaches the core-cladding interface, the ray will reflect and the282

angle of reflection is γ. Rays with γ = 0, corresponding to r = 0, are meridional rays, and the type of283

rays most often considered in fiber-optical propagation.284

The angle γ for a given ray being emitted is given by a relationship between the position r and
the azimuthal angle φ.

γ(r, φ) = arcsin
(

r
R

sin(φ)
)

(32)

During propagation in the fiber and reflections at the core-cladding interface, the polar angle and285

the propagation distance between reflections, ar remain unchanged [46]. As the ray propagates, its286

position can be projected to the cross-section of the core. In this cross-secctional plane, its path will287

look polygonal in nature. At particular propagation distances, the ray may encounter a cavity, and288

depending on its radial position in this cross-sectional plane (and thus its distance from the cladding)289

it may be either lost or pass into the cavity. All of the interesting dynamics of the problem therefore290

depend on the description of the ray propagation in this cross-sectional plane.291

As the ray propagates, its total cross-sectional propagation distance, a, increases. The relationship
between the cross-sectional distance a and the axial distance, z, is determined by the polar angle.

a(z) = z tan(θ) (33)

As the ray propagates, it will at some point be reflected at the core-cladding boundary. The new
angle with respect to the cylindrical surface is again γ and this angle is conserved throughout the
propagation down the fiber. Between any two reflections, the ray behaves as between any other two
reflections. The cross-sectional distance between reflections ar can be found by simple trigonometry
and is given by

ar = 2R cos(γ) (34)

The ray is initially emitted at a radial position of r and with an azimuthal angle of φ, which together292

determines the actual skewness angle γ (eq. 32).293

The ray can be seen as having traveled an initial distance ai(r, φ) from the “previous” reflection.
This initial distance ai is given by

ai(r, φ) =
ar

2
− r cos(φ) = R cos(γ)− r cos(φ) (35)

The radial position of the ray, as it propagates from one reflection point to another, is given by

r(z, θ, φ) =
√

a2
t + R2 − 2atR cos(γ) (36)

In eq. 36, at is the cross-sectional position of the ray along the line connecting two reflection points. In
Fig. 10, it corresponds to the line going from point B toward point C. It can be found as

at = a−
⌊

a
ar

⌋
ar = a mod ar (37)
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where the parenthesis denotes the floored division operation. It can also be seen as the modulo, or294

remainder, operation. The reason for using this approach, is that the ray propagates in the same295

manner between any two reflections. It is therefore only of interest to know the position along the path296

between two reflections, to know the radial position.297

5.2. G1 Window Function298

The G1 rays being emitted, have the probability of reflecting on the inner surface of the cavity,
before exiting and being collected. The number of times a ray has reflected internally can also be
computed by the floored division.

n(l, φ, θ) =

⌊
a

ar,g

⌋
=

⌊
l tan(θ)

ar,g

⌋
(38)

The distance between reflections, ar,g, is different inside the cavity region than outside, since the radius299

of the cylindrical cavity bottom is smaller than the fiber. Its value is computed similarly as above, but300

with the radius replaced by the radius of the cavity, Rcav = R− d.301

5.3. F2 Window Function302

The rays emitted from the F2 surface, can be completely blocked by the backside of the first cavity.303

They can also enter through the aperture presented by the first cavity, and then either pass directly304

through the cavity, or be reflected on the G1 surface.305

Initially, the rays propagate an axial distance given by s, which is the separation between the306

cavities. At the input plane of the first cavity, the radial position of each ray is determined. Those that307

have a radial position less than Rcav = R− d, will pass into the cavity, and those with a radial position308

larger than this, will be blocked completely by the cavity.309

5.4. G2 Window Function310

To begin with the G2 rays behave similarly to the G1 rays. They have the opportunity to reflect a311

number of times at the inner surface of the cavity. As they exit the cavity region, they will propagate312

the axial distance s to the first cavity, and now behave similarly to F2, with some rays being completely313

blocked by the first cavity.314

Next, the rays not blocked will pass into the first cavity, and reflect a number of times depending315

on their angle and radial parameters, and finally exit.316

5.5. Simulation Results317

In Figs. 5, 6 and 7, we already showed results from model simulations. The model used in those318

simulations were with the internal cavity reflectance of the G1 and G2 cavities set to 0 (and therefore319

all rays hitting a G surface would be totally lost). Additionally, they are made with a radial power320

distribution of 1, that is, no matter the direction and no matter the radial position, the power in the321

excitation ray would be the same.322

Such a model is obviously very simplified, but the important thing to notice is that the general323

trends can be seen. The collected power rise as we increase the cavity depth and also rises with length,324

but with the gain diminishing for longer lengths. This hints at the idea of self-blocking from the first325

cavity being the reason behind the smaller gain with longer lengths seen in the experimental results.326

The simulation for the separation of two cavities also show a comparable trend to the experimental327

findings, but the gain at 2 mm is greatly undershot.328

In Fig. 11, we see the three experiments once again. Each curve is a simulation of the model,329

with a different combination of effects included. Adding simple reflectance to the G-surfaces changes330

the results of the simulations for varying length and depth of a single cavity, however it does little in331
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Figure 11. Simulation results with different combinations of effects added to the model. The intensity
is relative to the intensity from a single cavity with the same geometrical parameters as either of the
two annular cavities in the dual-cavity fibers (l =0.15 mm and d =125 µm). The black dotted curve is
the same model as used in Figs. 5, 6 and 7, and is the simplest model, with an excitation function of
unity. The black curves are hidden behind the green curves on the left-most and right-most plots, as
adding reflection only has minimal influence on the effect of separation. The same is true for the blue
and yellow curves, where the blue is hidden behind the yellow in the left and right plots. The intensity
at 2 mm separation can also be quantified relative to a single cavity with double the length. In that case
the relative intensity is 1.2.

changing the results for the double cavity simulation. If we instead account for a distribution in the332

ray power given by the equation333

p(γ) = e−(γ/w)b
(39)

then we see a large change in the simulation of the dual cavities. In the function w is a width334

parameter and b is an exponent signifying how super-gaussian the function is (b = 2 is a standard335

gaussian function). In the simulation, the values have been chosen as w = 0.4 and b = 6. It seems336

likely that the simulation must take into account the power distribution in the rays, and more complex337

models could be generated. However, we do not know the correct distribution and so, we have simply338

fitted the parameters as best we could to show the effect.339

6. Discussion340

The results from the simulations and the analytical expressions, indicate that the trend of having341

a maximum, is arising from a consideration of the window functions for the surfaces F1, G1, F2 and G2.342

As the separation is increased, the window functions will change, and depending on the geometry of343

the cavities, the optimum will change.344

The model simulation for the separation had a discrepancy in relation to the experimental345

values. The optimal value was found to lie lower than experimentally at 2 mm separation. However,346

the analytical part of this paper described an optimal separation of 2 mm, when considering only347

meridional rays. The reason behind the discrepancy between the experiment and the simulation, may348

be in the incorporation of skew rays. The meridional analysis only took into account meridional rays,349

and the contribution to the power from the skew rays was zero. In the simulation, equal weight is350

given to meridional and skew rays. The correct model may have to account for differences in the351

power being radiated in skew and meridional rays. Another large factor which will have an impact352

on the results is the surface model used. When a light ray hits the inner surface of a cavity, a model353

of the surface and the scattering has to be assumed, in order to explain how the light is reflected and354

scattered due to both specular and diffuse reflection. One approach to this may come from applying a355

bidirectional scattering distribution function (BSDF) [45].356
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Another factor that has not been included is the material losses in the fiber. Rays with skew357

trajectories will travel a much longer distance than rays that are more directly oriented along the fiber358

axis, which favours the meridional analysis results. Material loss through absorption will lead to a359

smaller contribution to the total radiated power of skew rays, which again may lead to a better model360

fit.361

7. Conclusion362

We have presented results on the design of a photoluminescent dual annular cavity POF sensor,363

and shown the photoluminescent response varies with depth, length and cavity separation. It was364

found that an optimal separation exists, for which the photoluminescent response is greatest, and we365

have proposed an analytical answer to this using a ray optic meridional analysis. A simulation model366

taking into account both skew and meridional rays have also been constructed, and could to some367

degree verify the trends we saw in the experimental results for depth, length and cavity separation.368

The work has potential in paving the way for design of multi-point photoluminescent sensors, where369

optimizing for maximally received signal from the sensing points will be important.370

It is possible to achieve a strong photoluminescent response by creating a long cavity, but it371

becomes more difficult to fill this cavity with an even layer, as the length is increased. We instead372

create a short cavity, which will allow the gel to creep into and around the cavity by itself - due to373

surface tension. Creating such a short cavity will come at the expense of signal strength, and so we374

propose a solution to this trade-off. By adding a second cavity, closely after the first one, it is possible375

to achieve a photoluminescence signal equal to or greater than a single cavity of double the length. It376

is possible to choose the distance such that an optimal intensity can be collected. With a separation of377

2 mm, we achieved an increase in signal strength of 1.2, compared to the intensity of a single cavity378

with the same axial length as the two annular cavities combined.379

Our experiments, analyses and numerical investigations all provide evidence for the suitability380

for annular cavities as a general platform for multipoint sensing of several measurands.381

Author Contributions: Conceptualization, Rune Inglev, Ole Bang and Jakob Janting; methodology, Rune Inglev;382

software, Rune Inglev; validation, Rune Inglev; formal analysis, Rune Inglev; investigation, Rune Inglev; resources,383

Jakob Janting; writing–review and editing, Rune Inglev; visualization, Rune Inglev; supervision, Ole Bang; project384

administration, Jakob Janting; funding acquisition, Jakob Janting; All authors have read and agreed to the385

published version of the manuscript.386

Funding: This work has been funded by The European Maritime and Fisheries Fund and The Danish Fisheries387

Agency.388

Conflicts of Interest: The authors declare no conflict of interest.389

References390

1. Renz, M. Fluorescence Microscopy—A Historical and Technical Perspective. Cytometry Part A 2013,391

83, 767–779. doi:10/f4798m.392

2. Papish, J.; Hoag, L.E. The Detection of Uranium by a Photoluminescence Test. Proceedings of the National393

Academy of Sciences 1927, 13, 726–728. doi:10/ctp8hc.394

3. Davidson, A.M.; Gregory, P.H. Kitten Carriers of Microsporon Felineum and Their Detection By The395

Fluorescence Test. Canadian Medical Association Journal 1933, 29, 242–247.396

4. Damon, G.H. Fluorescence of Gaseous Acetone as a Test for Traces of Oxygen. Industrial & Engineering397

Chemistry Analytical Edition 1935, 7, 133–134. doi:10.1021/ac50094a026.398

5. Kautsky, H.; Hirsch, A. Nachweis Geringster Sauerstoffmengen Durch Phosphoreszenztilgung. Zeitschrift399

für anorganische und allgemeine Chemie 1935, 222, 126–134. doi:10/b8cq7p.400

6. Coons, A.H.; Kaplan, M.H. LOCALIZATION OF ANTIGEN IN TISSUE CELLS. The Journal of Experimental401

Medicine 1950, 91, 1–13.402

7. Thomason, B.; Moody, M.; Goldman, M. Staining Bacterial Smears with Fluorescent Antibody .2. Rapid403

Detection of Varying Numbers of Malleomyces-Pseudomallei in Contaminated Materials and Infected404

Animals. Journal of Bacteriology 1956, 72, 362–367. doi:10.1128/JB.72.3.362-367.1956.405

https://doi.org/10/f4798m
https://doi.org/10/ctp8hc
https://doi.org/10.1021/ac50094a026
https://doi.org/10/b8cq7p
https://doi.org/10.1128/JB.72.3.362-367.1956


Version August 9, 2020 submitted to Sensors 18 of 19

8. Noyes, W.F.; Mellors, R.C. FLUORESCENT ANTIBODY DETECTION OF THE ANTIGENS OF THE406

SHOPE PAPILLOMA VIRUS IN PAPILLOMAS OF THE WILD AND DOMESTIC RABBIT. The Journal of407

Experimental Medicine 1957, 106, 555–562. doi:10.1084/jem.106.4.555.408

9. Warkentin, M.; Freese, H.M.; Karsten, U.; Schumann, R. New and Fast Method To Quantify Respiration409

Rates of Bacterial and Plankton Communities in Freshwater Ecosystems by Using Optical Oxygen Sensor410

Spots. Applied and Environmental Microbiology 2007, 73, 6722–6729. doi:10.1128/AEM.00405-07.411

10. Peterson, J.I.; Fitzgerald, R.V.; Buckhold, D.K. Fiber-Optic Probe for in Vivo Measurement of Oxygen412

Partial Pressure. Analytical Chemistry 1984, 56, 62–67. doi:10.1021/ac00265a017.413

11. Lippitsch, M.E.; Pusterhofer, J.; Leiner, M.J.; Wolfbeis, O.S. Fibre-Optic Oxygen Sensor with414

the Fluorescence Decay Time as the Information Carrier. Analytica Chimica Acta 1988, 205, 1–6.415

doi:10.1016/S0003-2670(00)82310-7.416

12. Pulido, C.; Esteban, Ó. Tapered Polymer Optical Fiber Oxygen Sensor Based on Fluorescence-Quenching417

of an Embedded Fluorophore. Sensors and Actuators B: Chemical 2013, 184, 64–69.418

doi:10.1016/j.snb.2013.04.061.419

13. Borman, S.A. Optrodes. Analytical Chemistry 1981, 53, 1616A–1618A. doi:10/gg33zq.420

14. Cao, W.; Duan, Y. Optical Fiber-Based Evanescent Ammonia Sensor. Sensors and Actuators B: Chemical 2005,421

110, 252–259. doi:10.1016/j.snb.2005.02.015.422

15. Ruddock, I.S.; Han, T.P.J. Potential of Two-Photon-Excited Fluorescence for Distributed Fiber Sensing.423

Optics Letters 2006, 31, 891. doi:10.1364/OL.31.000891.424

16. Pulido, C.; Esteban, Ó. Improved Fluorescence Signal with Tapered Polymer Optical Fibers under425

Side-Illumination. Sensors and Actuators B: Chemical 2010, 146, 190–194. doi:10.1016/j.snb.2010.02.006.426

17. Eich, S.; Schmälzlin, E.; Löhmannsröben, H.G. Distributed Fiber Optical Sensing of Oxygen with Optical427

Time Domain Reflectometry. Sensors 2013, 13, 7170–7183. doi:10.3390/s130607170.428

18. Dobb, H.; Carroll, K.; Webb, D.J.; Kalli, K.; Komodromos, M.; Themistos, C.; Peng, G.D.; Argyros, A.;429

Large, M.C.J.; van Eijkelenborg, M.A.; Fang, Q.; Boyd, I.W. Grating Based Devices in Polymer Optical430

Fibre. Photonics Europe; Culshaw, B.; Mignani, A.G.; Bartelt, H.; Jaroszewicz, L.R., Eds.; , 2006; p. 618901.431

doi:10.1117/12.662306.432

19. Markos, C.; Stefani, A.; Nielsen, K.; Rasmussen, H.K.; Yuan, W.; Bang, O. High-T_g TOPAS Microstructured433

Polymer Optical Fiber for Fiber Bragg Grating Strain Sensing at 110 Degrees. Optics Express 2013, 21, 4758.434

doi:10.1364/OE.21.004758.435

20. Chen, X.; Zhang, C.; Webb, D.J.; Peng, G.D.; Kalli, K. Bragg Grating in a Polymer Optical Fibre436

for Strain, Bend and Temperature Sensing. Measurement Science and Technology 2010, 21, 094005.437

doi:10.1088/0957-0233/21/9/094005.438

21. Liu, H.Y.; Liu, H.B.; Peng, G.D. Tensile Strain Characterization of Polymer Optical Fibre Bragg Gratings.439

Optics Communications 2005, 251, 37–43. doi:10.1016/j.optcom.2005.02.069.440

22. Xiong, Z.; Peng, G.; Wu, B.; Chu, P. Highly Tunable Bragg Gratings in Single-Mode Polymer Optical Fibers.441

IEEE Photonics Technology Letters 1999, 11, 352–354. doi:10.1109/68.748232.442

23. Woyessa, G.; Fasano, A.; Markos, C.; Rasmussen, H.K.; Bang, O. Low Loss Polycarbonate Polymer Optical443

Fiber for High Temperature FBG Humidity Sensing. IEEE Photonics Technology Letters 2017, 29, 575–578.444

doi:10.1109/LPT.2017.2668524.445

24. Woyessa, G.; Nielsen, K.; Stefani, A.; Markos, C.; Bang, O. Temperature Insensitive Hysteresis Free446

Highly Sensitive Polymer Optical Fiber Bragg Grating Humidity Sensor. Optics Express 2016, 24, 1206.447

doi:10.1364/OE.24.001206.448

25. Zhang, C.; Zhang, W.; Webb, D.; Peng, G.D. Optical Fibre Temperature and Humidity Sensor. Electronics449

Letters 2010, 46, 643–644. doi:10.1049/el.2010.0879.450

26. Webb, D.J.; Kalli, K.; Carroll, K.; Zhang, C.; Komodromos, M.; Argyros, A.; Large, M.; Emiliyanov, G.;451

Bang, O.; Kjaer, E. Recent Developments of Bragg Gratings in PMMA and TOPAS Polymer Optical Fibers.452

Proceedings of SPIE; SPIE: Beijing, China, 2008; Vol. 6830, p. 683002. doi:10.1117/12.761167.453

27. Emiliyanov, G.; Jensen, J.B.; Bang, O.; Hoiby, P.E.; Pedersen, L.H.; Kjær, E.M.; Lindvold, L. Localized454

Biosensing with Topas Microstructured Polymer Optical Fiber. Optics Letters 2007, 32, 460–462.455

doi:10/d3g6pq.456

28. Emiliyanov, G.; Høiby, P.; Pedersen, L.; Bang, O. Selective Serial Multi-Antibody Biosensing with TOPAS457

Microstructured Polymer Optical Fibers. Sensors 2013, 13, 3242–3251. doi:10.3390/s130303242.458

https://doi.org/10.1084/jem.106.4.555
https://doi.org/10.1128/AEM.00405-07
https://doi.org/10.1021/ac00265a017
https://doi.org/10.1016/S0003-2670(00)82310-7
https://doi.org/10.1016/j.snb.2013.04.061
https://doi.org/10/gg33zq
https://doi.org/10.1016/j.snb.2005.02.015
https://doi.org/10.1364/OL.31.000891
https://doi.org/10.1016/j.snb.2010.02.006
https://doi.org/10.3390/s130607170
https://doi.org/10.1117/12.662306
https://doi.org/10.1364/OE.21.004758
https://doi.org/10.1088/0957-0233/21/9/094005
https://doi.org/10.1016/j.optcom.2005.02.069
https://doi.org/10.1109/68.748232
https://doi.org/10.1109/LPT.2017.2668524
https://doi.org/10.1364/OE.24.001206
https://doi.org/10.1049/el.2010.0879
https://doi.org/10.1117/12.761167
https://doi.org/10/d3g6pq
https://doi.org/10.3390/s130303242


Version August 9, 2020 submitted to Sensors 19 of 19

29. Jensen, J.B.; Hoiby, P.E.; Emiliyanov, G.; Bang, O.; Pedersen, L.H.; Bjarklev, A. Selective Detection459

of Antibodies in Microstructured Polymer Optical Fibers. Optics Express 2005, 13, 5883–5889.460

doi:10.1364/OPEX.13.005883.461

30. Lacraz, A.; Polis, M.; Theodosiou, A.; Koutsides, C.; Kalli, K. Femtosecond Laser Inscribed Bragg462

Gratings in Low Loss CYTOP Polymer Optical Fiber. IEEE Photonics Technology Letters 2015, 27, 693–696.463

doi:10.1109/LPT.2014.2386692.464

31. Theodosiou, A.; Lacraz, A.; Stassis, A.; Koutsides, C.; Komodromos, M.; Kalli, K. Plane-by-Plane465

Femtosecond Laser Inscription Method for Single-Peak Bragg Gratings in Multimode CYTOP Polymer466

Optical Fiber. Journal of Lightwave Technology 2017, 35, 5404–5410. doi:10.1109/JLT.2017.2776862.467

32. Merchant, D.; Scully, P.; Schmitt, N. Chemical Tapering of Polymer Optical Fibre. Sensors and Actuators A:468

Physical 1999, 76, 365–371. doi:10.1016/S0924-4247(99)00008-4.469

33. Inglev, R.; Woyessa, G.; Bang, O.; Janting, J. Polymer Optical Fiber Modification By Etching Using Hansen470

Solubility Parameters—A Case Study of TOPAS, Zeonex, and PMMA. Journal of Lightwave Technology 2019,471

37, 4776–4783. doi:10.1109/JLT.2019.2919798.472

34. Janting, J.; Pedersen, J.K.M.; Woyessa, G.; Nielsen, K.; Bang, O. Small and Robust All-Polymer Fiber Bragg473

Grating Based pH Sensor. Journal of Lightwave Technology 2019, 37, 4480–4486. doi:10.1109/JLT.2019.2902638.474

35. Janting, J.; Pedersen, J.K.M.; Inglev, R.; Woyessa, G.; Nielsen, K.; Bang, O. Effects of Solvent Etching on475

PMMA Microstructured Optical Fiber Bragg Grating. Journal of Lightwave Technology 2019, 37, 4469–4479.476

doi:10.1109/JLT.2019.2902244.477

36. Hassan, H.; Bang, O.; Janting, J. Polymer Optical Fiber Tip Mass Production Etch Mechanism to Achieve478

CPC Shape for Improved Biosensor Performance. Sensors 2019, 19, 285. doi:10.3390/s19020285.479

37. Herrlich, S.; Lorenz, T.; Spieth, S.; Messner, S.; Zangerle, R. Solvent Bonding of a Drug Delivery Device by480

Using Hansen Solubility Parameters. Proceedings of the 8th International Conference on Multi-Material481

Micro Manufacture. Research Publishing Services, 2011, pp. 38–41. doi:10.3850/978-981-07-0319-6_208.482

38. Dang, T.T.; Egesborg, H.; Janting, J.; Shah, R.; Aaskov, D.; Hall, J.F.; Aasmul, S. Biostable Glucose Permeable483

Polymer. US US9848805B2, 2017.484

39. Shin, J.D.; Park, J. Plastic Optical Fiber Refractive Index Sensor Employing an In-Line Submillimeter Hole.485

IEEE Photonics Technology Letters 2013, 25, 1882–1884. doi:10.1109/LPT.2013.2278973.486

40. Park, J.; Park, Y.J.; Shin, J.D. Plastic Optical Fiber Sensor Based on In-Fiber Microholes for Level487

Measurement. Japanese Journal of Applied Physics 2015, 54, 028002. doi:10.7567/JJAP.54.028002.488

41. Alonso, J.D.; Guzman, N.; Berry, D. Distributed Fiber Optic Chemical Sensor and Method. US489

US20180031485A1, 2018.490

42. Valeur, B. Molecular Fluorescence Principles and Applications. Molecular Fluorescence 2001, p. 399.491

doi:10/bnpsqs.492

43. Hansen, C.M. Hansen Solubility Parameters: A User’s Handbook, Second Edition; CRC Press, 2007.493

44. Snyder, A.W.; Mitchell, D.J. Leaky Rays on Circular Optical Fibers. Journal of the Optical Society of America494

1974, 64, 599. doi:10.1364/JOSA.64.000599.495

45. Bartell, F.O.; Dereniak, E.L.; Wolfe, W.L. The Theory And Measurement Of Bidirectional Reflectance496

Distribution Function (Brdf) And Bidirectional Transmittance Distribution Function (BTDF). 1980497

Huntsville Technical Symposium; Hunt, G.H., Ed.; , 1981; pp. 154–160. doi:10.1117/12.959611.498

46. Ang, A.S.; Sugon, Q.M.; McNamara, D.J. Skew Ray Tracing in a Step-Index Optical Fiber Using Geometric499

Algebra. Applied Optics 2015, 54, 3764. doi:10.1364/AO.54.003764.500

© 2020 by the authors. Submitted to Sensors for possible open access publication under the terms and conditions501

of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).502

https://doi.org/10.1364/OPEX.13.005883
https://doi.org/10.1109/LPT.2014.2386692
https://doi.org/10.1109/JLT.2017.2776862
https://doi.org/10.1016/S0924-4247(99)00008-4
https://doi.org/10.1109/JLT.2019.2919798
https://doi.org/10.1109/JLT.2019.2902638
https://doi.org/10.1109/JLT.2019.2902244
https://doi.org/10.3390/s19020285
https://doi.org/10.3850/978-981-07-0319-6_208
https://doi.org/10.1109/LPT.2013.2278973
https://doi.org/10.7567/JJAP.54.028002
https://doi.org/10/bnpsqs
https://doi.org/10.1364/JOSA.64.000599
https://doi.org/10.1117/12.959611
https://doi.org/10.1364/AO.54.003764
http://creativecommons.org/licenses/by/4.0/.

