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Abstract 

 There is a need for chemical sensors for monitoring volatile organic compounds 

(VOCs) in air.  Acute and chronic inhalation of toxic VOCs can cause adverse health 

effects in humans, so monitoring these analytes is important for ensuring that their 

concentrations are maintained below maximum permissible levels.  Chemical sensors using 

polydimethylsiloxane (PDMS) to extract VOCs with partial selectivity, coupled with label-

free optical detection methods based on refractive index, can overcome the limitations of 

conventional VOC detection methods.  

 A variety of tunable and high refractive index PDMS materials were developed by 

incorporating a range of titanium and zirconium concentrations (2.5 – 30 mol % and 2.5 – 

15 mol %, respectively) using a simple sol-gel synthesis and by incorporating a range of 

titanium concentrations (2.5 – 10 mol %) into naphthyl-functionalized PDMS.  These 

materials ranged in refractive index from 1.4023 ± 0.0002 to 1.5663 ± 0.0001 at 635 nm 

and 1.3942 ± 0.0003 to 1.5510 ± 0.0007 at 1550 nm. 

 The ability to use tunable refractive index PDMS films to differentiate between m-

xylene and cyclohexane was demonstrated by monitoring changes in refractive index and 

thickness following absorption of these analytes using a refractometer at 1550 nm.  The 

sensitivity of the refractive index response to an analyte using a particular PDMS film was 

dependent upon the difference between the refractive index of the analyte and film, as well 

as the film-air partition coefficient of the analyte.  The detection limits for m-xylene and 

cyclohexane were 81 ppm and 4940 ppm, respectively, using PDMS-titanium-oxo 

nanocomposites with 5 and 10 mol % Ti, respectively.  
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 A simple planar waveguide sensor with an input grating coupler was developed to 

monitor changes in refractive index of the cladding through shifts in peak resonance 

wavelength.  Using high refractive index PDMS materials as the waveguide core, we 

monitored changes in refractive index arising from absorption of VOCs into the grating.  

Here, the sensitivity of the waveguide response was dependent upon the difference in 

refractive index of the analyte and polymer, as well as the film-air partition coefficient of 

the analyte.  The detection limits for m-xylene and cyclohexane were 1980 ppm and 18000 

ppm, respectively.  
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Chapter 1                                                                                            

Introduction 

 

1.1 Monitoring Volatile Organic Compounds in Air 

 The ability to monitor our air for the presence of toxic contaminants is important in 

order to protect Canadians from negative health effects and a decreased quality of life.  The 

Canadian Medical Association estimated that air pollution would contribute to 21,000 

deaths in 2008, with the number of yearly deaths rising to 44,000 in 2031, which also poses 

a significant economic burden on our health care system.1  It is important to monitor 

volatile organic compounds (VOCs) in air, as VOCs can react with nitrogen oxides in air to 

produce one of the main components of air pollution, ozone,2 and also pose a significant 

health hazard on their own, since inhalation of VOCs can cause many adverse health 

effects.3 

 VOCs are carbon-containing molecules that will evaporate at standard ambient 

pressure and temperature due to their low boiling points (≥ 250°C).4  There are many 

sources of VOCs in indoor air, including organic solvents, paints, sealants, cleaning 

products, furniture, cosmetics, fragrances, and photocopiers, to name a few.5, 6  In many 

cases, the concentrations of VOCs can be greater indoors than outdoors.7 

 Inhalation of VOCs can be detrimental to human health; symptoms arising from 

inhalation mainly include headaches and irritation of the skin, eyes, nose, and throat.8 

Certain VOCs, like benzene and formaldehyde, are known human carcinogens, while other 

VOCs, like chloroform, dichloromethane, and trichloroethylene, are suspected human 
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carcinogens.9  VOCs are also believed to play a role in sick-building syndrome, which 

occurs when individuals report symptoms of feeling unwell in a specific building.10   These 

symptoms can include irritation of the skin, eyes, nose, and throat, difficulty breathing, and 

headaches.  It is important to monitor the presence of VOCs in indoor air to ensure that the 

concentrations of these analytes are maintained below their maximum allowable levels. 

 In Ontario workplaces, the Ministry of Labour has set time-weighted average 

exposure limits for different VOCs.11  These limits are the maximum average concentration 

for specific VOCs that an individual can be exposed to over an entire workday (i.e. 

approximately 8 hours).  The time-weighted average limits for some VOCs are shown in 

Table 1-1. 

Table 1-1: Occupational exposure limits for selected volatile organic compounds 
established by the Ontario Ministry of Labour.11 

Volatile Organic Compound 
(VOC) 

Time-Weighted Average Limit 
(Ontario) 

Acetone 500 ppm 

Benzene 0.5 ppm 

Chloroform 10 ppm 

Cyclohexane 100 pm 

Ethylbenzene 20 ppm 

Styrene 35 ppm 

Toluene 20 ppm 

Trichloroethylene 10 ppm 

Xylenes 100 ppm 
  

 To protect people from the negative health effects of VOCs, it is important to have 

an inexpensive, rapid, and portable monitoring system for the detection and quantitation of 

VOCs.  The development of a portable sensing system that could be installed inside 
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residential homes, workplaces, and industrial buildings to allow for the continuous 

monitoring of several VOCs in air would provide a better understanding of indoor air 

quality.  Specifically, this would provide more information about the nature and 

concentration of indoor air contaminants, in addition to indicating when the concentrations 

of VOCs rise above their occupational exposure limits. 

1.2 Conventional Methods for Detection of Volatile Organic Compounds in Air 

 Most conventional strategies for the detection of VOCs include three steps: 

sampling, separation, and detection.5, 12  Sampling methods include using plastic bags or 

surface-passivated canisters for capturing whole air or passing air through sorbents to 

isolate the VOCs of interest.12  After sampling, the analytes are separated using gas 

chromatography with detection achieved using a mass spectrometer or a flame ionization 

detector.5  For example, the widely employed United States Environmental Protection 

Agency Method TO-14A involves collecting an air sample on-site in a surface-passivated 

canister and then directing the sampled air into a cryogenic trap (attached to a gas 

chromatograph) to concentrate the analytes.13  These analytes are then thermally desorbed 

and separated using a gas chromatograph before detection.  Detectors that can be used with 

this method include mass spectrometers, flame ionization detectors, electron capture 

detectors, or photoionization detectors.  The sensitivity and specificity of the technique 

depends on the choice of detection method.  Unfortunately, this method is laborious, 

requiring bulky and expensive instrumentation, which does not easily facilitate field 

measurements of VOCs.    

 There have been some efforts in developing portable instruments for the detection 

of VOCs in air based on conventional detection methods.  The HAPSITE ER and 



 4 

HAPSITE Smart Plus gas chromatography/mass spectrometry (GC/MS) systems (Inficon 

Inc.) are two commercial devices capable of rapidly detecting and identifying VOCs in 

air.14  The UltraRAE3000 (RAE Systems) is another commercial device that can be used to 

detect total VOCs or benzene in air over a large dynamic range.15  This device, which uses 

a photoionization detector, lacks the specificity of portable mass spectrometry systems.  

 In addition to these commercial devices, there has been ongoing research to develop 

portable sensing technologies for the detection of VOCs in air.  For example, Lu et al. 

developed a very sensitive portable device for identification and detection of VOCs using 

surface acoustic wave sensors.16  In this device, air samples were passed through a sorbent 

material to concentrate the analyte, before separation on a gas chromatograph, with 

identification and detection accomplished using an array of surface acoustic wave sensors. 

Jia et al. described the use of a portable gas chromatograph for separation of the analytes 

with detection of VOCs achieved using three non-specific detectors (i.e. photoionization, 

flame ionization, and dry electrolytic conductivity detectors).17 

 Commercial solid-state gas sensors, which are generally based on measuring a 

change in electrical signal following the interaction of a gaseous analyte with a metal oxide 

sensor surface, are widely employed to monitor, inexpensively, gases and VOCs in indoor 

air.18, 19  These compact gas sensors can be installed in residential homes and industrial 

workplaces for monitoring of VOCs while still achieving parts-per-billion to parts-per-

million detection limits.19, 20  Some solid-state gas sensors that are used for the detection of 

VOCs include catalytic combustion sensors and semi-conducting oxide gas sensors.18, 20  

Catalytic combustion sensors, which have been used since the 1950s, measure the change 

in electrical resistivity that arises when a combustible gas interacts with oxygen on a 
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heated, catalyst-coated sensor surface.  Commercial catalytic combustion sensors include 

the Catalytic Combustion Sensor 201G (Delphian Corp.)21 and the Catalytic Combustion 

Gas Detector (Det-Tronics).22  Semi-conducting oxide gas sensors measure the change in 

electrical conductivity that arises when a gas or VOC interacts with a heated metal oxide 

semi-conductor surface.18, 20 Commercial semi-conducting oxide gas sensors include the 

TGS2620 VOC sensor for alcohols and organic solvents (Figaro USA Inc.)23 and the C-21 

VOC gas sensor for hydrocarbons and organic solvents (Eco Sensors).24  Solid-state gas 

sensors are limited by their inability to differentiate between analytes as well as being prone 

to interferences from other gaseous species that may be present in air.18, 19   

 While the previous sensing systems are capable of “point monitoring” VOCs, some 

applications require the ability to measure the average VOC concentration across a large 

distance (i.e. long-path monitoring).  Long-path monitoring can be accomplished using 

differential optical absorption spectroscopy (DOAS), where a light beam is directed to a 

receiver at some desired distance away (e.g. hundreds of meters to several kilometers).12, 25  

When VOCs or gases are present in the optical path, they will absorb some of the incident 

light (which is either ultraviolet or infrared, depending on the analyte being detected) to 

produce a characteristic optical absorption profile.  The commercial Online UV & IR 

DOAS systems (Opsis AB)26 have been widely employed for measuring the average 

concentration of different VOCs, including benzene, toluene, and p-xylene, over long 

distances for extended periods of time.27, 28  Other optical long-path sensors include Fourier 

transform infrared spectrometers.29, 30  Some drawbacks of these optical long-path sensors 

are that they are prone to interferences from non-target gaseous species that may absorb or 

scatter incident light and to variation from atmospheric/environmental conditions.12 



 6 

=  Analyte 

Solid Phase 

Gas/Liquid Phase 

 While many of these previously described sensors facilitate on-site analysis of 

VOCs in air, they can be expensive, bulky, lack sensitivity and specificity, may require 

operation by trained individuals, and can be prone to interferences from other non-target 

gaseous species in air.  As a result, there is a focus on developing portable sensors for 

detection of VOCs in air that are both inexpensive and easy-to-use while still maintaining 

high sensitivity and selectivity. 

1.3 Solid-Phase Microextraction  

 Since its invention by Arthur and Pawliszyn in 199031, solid-phase microextraction 

(SPME) has been presented as a simple, solvent-free, and inexpensive method for 

extraction of an analyte from a sample matrix.32, 33 In SPME, an analyte partitions into a 

“solid phase” (e.g. a polymer) from a sample matrix (e.g. aqueous or gaseous phase) until a 

distribution equilibrium has been established (Figure 1-1).   This technique is very useful 

for sample preparation due to its ability to concentrate the analyte in the solid phase.  Since 

SPME relies on reaching a distribution equilibrium between the concentration of analyte in 

the sample and solid phase, this technique is reversible.  This has many positive 

implications when using SPME for sensing applications since it will allow for sensor 

regeneration. 

 

 

 

 

Figure 1-1: Principle of solid-phase microextraction. 
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 The type of analyte that partitions into the solid phase can be tuned by the selection 

of the polymeric solid phase; in general, more hydrophobic solid phases like 

polydimethylsiloxane (PDMS) will absorb hydrophobic analytes, while more hydrophilic 

solid phases like polyacrylate will absorb hydrophilic analytes.32  A partition coefficient 

can be used to describe the affinity of an analyte towards a solid phase.  For example, the 

film-air partition coefficient (Kfa) can be used to describe the affinity of an analyte for a 

thin polymer film (solid phase) over air (gaseous phase): 

 Equation 1-1     

where the concentration of analyte in the film and air must be expressed in equivalent units.
 

1.3.1 Polydimethylsiloxane 

 Polydimethylsiloxane (PDMS) has many unique properties that contribute to its 

widespread use in many industrial, medical, and optical sensing applications.  PDMS is 

also used extensively with the previously described SPME process, which occurs when 

compounds partition into the solid phase.33  In the case of PDMS, hydrophobic compounds 

will selectively partition into the hydrophobic polymer.  Extraction of a large variety of 

analytes, including organochlorine pesticides34, substituted benzenes35, and polycyclic 

aromatic hydrocarbons36, into PDMS has been demonstrated using the SPME technique. 

The structure of polydimethylsiloxane, shown in Figure 1-2, is composed of a silicon and 

oxygen backbone with dimethyl substitution on the silicon atoms.  This siloxane backbone 

structure results in a very elastomeric polymer.37, 38   In addition, PDMS is an inexpensive, 

biologically inert, and hydrophobic polymer with the ability to withstand temperatures up 

K fa =
[analyte] film
[analyte]air
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to 200°C.37-40  Important optical properties of PDMS include optical transparency above 

280 nm41 (Figure 1-3) and low birefringence.42   

 

 
 

Figure 1-2: Chemical structure of polydimethylsiloxane.  
 

 

 

 

 

 

 

 

 

Figure 1-3: UV-Visible spectrum of polydimethylsiloxane obtained using an Ocean Optics 
USB2000 miniature fiber optic spectrometer with a mini-D2T deuterium tungsten light 

source. 
 

1.3.2 Solid-Phase Microextraction for Detection of Volatile Organic Compounds 

 There have been many reported examples of partially selective extraction of VOCs 

from air into a PDMS polymer using SPME.  Pawliszyn and colleagues have shown that 

VOCs, including benzene, toluene, and xylenes, partition into PDMS43 and 

PDMS/divinylbenzene polymers.44  Popp et al. have shown that VOCs will also partition 

into Carboxen – PDMS materials.45  This partially selective partitioning of VOCs into 
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PDMS polymers has been used for many sensing applications.   Many of these applications 

rely on the extraction of VOCs into a polymer fiber before inserting the fiber into a gas 

chromatograph, for desorption and separation of the analytes, followed by analyte 

detection.44  Analyte identification and quantitation is typically achieved using mass 

spectrometry46 as well as flame ionization, photoionization, and dry electrolytic 

conductivity detectors.17, 44  

 Chai et al. have shown that extraction of VOCs into a PDMS-coated fiber followed 

by GC-MS is an effective strategy for monitoring the presence of VOCs in air.46  Similar 

efforts by Larroque et al. have shown that VOCs can be extracted using Carboxen-PDMS 

composite polymers before separation on a gas chromatograph and detection with a flame 

ionization detector.47  The detection limit of these methods ranged from the low parts-per-

trillion to low parts-per-million, depending on the chosen detection method and the nature 

of the VOC analyte.46, 47  While these methods are very sensitive to VOCs in indoor air and 

some can facilitate on-site detection, their widespread use is limited by the high cost 

associated with these devices and the need for operation by trained individuals. 

1.4 Chemical Sensors for Label-Free Detection of Volatile Organic Compounds 

 In order to develop a portable sensing platform for detection of VOCs in air, it 

would be beneficial to focus on chemical sensors that have inexpensive, sensitive, and 

portable detection elements.  Chemical sensors are composed of a receptor, which is 

responsible for analyte recognition, as well as a transducer, which is used to convert the 

analyte recognition event into a measurable signal.48 Chemical sensors with optical 

transducers are insensitive to electromagnetic field fluctuations, easily adapted to integrated 

sensing platforms, and can be used for multi-analyte detection.49  Furthermore, optical 
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transducers with label-free detection methods are preferable, as they do not require labour-

intensive, time-consuming, and expensive analyte-labeling methods. In particular, label-

free optical detection methods that rely on the refractive index of an analyte are 

advantageous as all analytes have an inherent refractive index.   

1.4.1 Refractive Index 

 Refractive index is a dimensionless quantity that describes how fast light travels 

through a particular medium relative to the speed of light in a vacuum.50   Specifically, the 

refractive index of a given medium is defined by the equation: 

 Equation 1-2    

where n is the refractive index of the medium, c is the speed of light in a vacuum, and v is 

the speed of light in the medium.50  It is important to note that the refractive index of a non-

magnetic medium is determined by its dielectric constant: 

 Equation 1-3    

where n is the refractive index of the medium and ε is the dielectric constant of the 

medium.51 The dielectric constant is related to the polarizability of a material.52 

 To further understand refractive index, the Lorentz-Lorenz equation relates the 

refractive index of a specific material to its polarizability and molar volume: 

 Equation 1-4     

where n is the refractive index, NA is Avogadro’s constant, α is the polarizability of the 

material, and V is the molar volume of the material.53  

n = c
v

n = ε

(n2 −1)
(n2 + 2)

=
4π
3
⋅NA ⋅α ⋅

1
V
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 The refractive index is an important parameter for understanding how light travels 

between different media.  Snell’s law can be used to describe the behaviour of light 

travelling between two different media: 

 Equation 1-5    

where n1 and n2 are the refractive indices of the first and second media, respectively, and θ1 

and θ2 are the angles of incident and refracted light (from the normal) for the first and 

second media, respectively.50  We can use Snell’s law to predict how incident light is 

refracted when light travels from a medium with higher refractive index to a medium with 

lower refractive index (Figure 1-4A) and when light travels from a medium with lower 

refractive index to a medium with higher refractive index (Figure 1-4B). 

 

 

 

 

 

 

 
Figure 1-4: Refraction of light when travelling from: (A) a higher refractive index medium 

to a lower refractive index medium or (B) a lower refractive index medium to a higher 
refractive index medium. 

 

 When light at a specific incident angle travels from a medium with higher refractive 

index to a medium with lower refractive index, light is refracted away from the normal 

(Figure 1-5A).50  When light at a specific incident angle results in refracted light at an angle 
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90° from the normal, this angle is called the critical angle (Figure 1-5B).  The critical angle 

is defined as: 

 Equation 1-6    

where θc is the critical angle, n1 is the refractive index of the higher refractive index 

medium, and n2 is the refractive index of the lower refractive index medium.  Light in the 

higher refractive index medium that is incident on the interface of a lower refractive index 

medium at an angle greater than the critical angle will be reflected within the higher 

refractive index medium, which is the principle of total internal reflection (Figure 1-5C). 

This is important for optical sensors based on refractive index. 

 

 

 

 

 

 

Figure 1-5: Behaviour of light travelling from a higher refractive index medium to a lower 
refractive index medium when: (A) the angle of incident light is less than the critical angle, 

(B) the angle of incident light is equal to the critical angle, and (C) the angle of incident 
light is greater than the critical angle. 

 

1.4.2 Evanescent Wave Sensors 

 Chemical sensors with label-free detection methods that measure changes in 

refractive index are often based on the principles of waveguiding and evanescent wave 

sensing.  Generally, a waveguide consists of a high refractive index core located between a 

θc = sin
−1(n2
n1
)
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lower refractive index substrate and a lower refractive index cover layer or cladding (Figure 

1-6).54   Light coupled into the waveguide core will propagate within the core due to total 

internal reflection, generating an evanescent field at the waveguide surface that decays 

exponentially into the cladding.  Due to interactions with the evanescent field, changes in 

the refractive index of the cladding will alter the phase velocity of the light propagating 

within the waveguide core, according to the following equation: 

 Equation 1-7   vp =
c
neff

 

where vp is the phase velocity of the light propagating within the waveguide core, c is the 

speed of light, and neff is the effective refractive index of the waveguide.54   The value of neff 

is a function of the wavelength and polarization of incident light, the refractive index of the 

substrate, core, and cladding, as well as the core thickness.   From this relationship, changes 

to the refractive index of the cladding will produce changes in the effective refractive index 

of the waveguide. 

 

 

 

Figure 1-6: Principle of evanescent wave sensing.  
 

 The penetration depth of the exponentially decaying evanescent field into the 

cladding is an important advantage of evanescent wave sensors.   The penetration depth can 

be calculated according to the following equation: 

 Equation 1-8   dp =
λ

4π ⋅ n1
2 sin2θ − n2

2
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where dp is the penetration depth of the evanescent field, λ is the incident wavelength, θ is 

the angle of incident light, n1 is the refractive index of the high refractive index medium, 

and n2 is the refractive index of the lower refractive index medium.55  Since the evanescent 

field penetrates only a few hundred nanometers into the cladding56, these sensors will only 

be sensitive to changes in refractive index within a few hundred nanometers of the 

core/cladding interface and will be insensitive to properties of the bulk sample matrix.54 

This is particularly advantageous for chemical sensors that rely on the binding or 

adsorption of analytes to the cladding. 

1.5 Sensors Based on Refractive Index for Detection of Volatile Organic 

Compounds  

 Chemical sensors generally rely on the use of a receptor to recognize the analyte 

under investigation.48 Since VOC analytes will partition into PDMS and other siloxane-

based materials by SPME with partial selectivity, PDMS can act as the receptor.  This has 

been used in some sensor applications.  For example, the change in thickness and refractive 

index of thin PDMS57, 58 or polyurethane58 films following absorption of VOCs has been 

monitored using ellipsometry.  In addition, Chen et al. showed that a refractometer can be 

used to monitor changes in refractive index and thickness that arise from absorption of 

VOC analytes into thin PDMS films.59  In both of these cases, analytes with lower 

refractive indices than the polymer decreased the film refractive index, while analytes with 

higher refractive indices than the polymer increased the film refractive index. 

 There are two models that can be used to explain the extraction of an analyte into a 

polymer film, and the associated change in refractive index, following exposure to analytes: 

(1) absorption of analytes into a close-packed polymer film and (2) adsorption of analytes 
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into a porous film.33  In the first case, the polymer film will swell with absorption of the 

analyte causing a change in refractive index of the polymer film that is dependent on the 

difference between the refractive index of the analyte and the refractive index of the 

polymer film.  This swelling model can be used to explain the observations by Spaeth et 

al.58 and Chen et al.59 discussed above.  In the second case, the analyte will fill the pores, 

displacing air, producing an increase in refractive index of the film independent of the 

difference between the refractive index of the analyte and the refractive index of the 

polymer film.  The latter model can be used to explain the refractive index changes 

observed using a porous silicon waveguide as discussed in Section 1.5.4.60 

 We will examine a variety of label-free optical detection platforms that can be used 

for the detection of VOC-induced refractive index changes, including sensors based on 

surface plasmon resonance, optical fibers, interferometers, and waveguides.  Many of these 

sensing platforms rely on the use of a polymer or another chemical surface for partially 

selective detection of VOCs. 

1.5.1 Surface Plasmon Resonance – Based Sensors 

 Surface plasmon resonance (SPR) is a popular method for monitoring biomolecular 

interactions in real-time, but also has applications in the sensing of VOCs in air.  SPR 

sensors are based on the oscillation of electrons in a noble metal film caused by the 

evanescent field generated from light incident on a prism-film interface.61  Changes in the 

refractive index at the surface of the metal film due to the presence of VOCs will change 

the properties of the light reflected from the prism-film interface, which can be monitored.  

Depending on the instrument parameters, the minimum detectable refractive index change 

using this sensing platform are 10-5 to 10-6 refractive index units.   Using a thin film of a 
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silicon-glycol copolymer deposited on a silver metal film, Nylander et al. were able to 

detect halothane (anaesthetic, 2-bromo-2-chloro-1,1,1-trifluoroethane) in air by monitoring 

changes in the reflectivity of light.62  The detection limit of this strategy was 10 ppm of 

halothane.  Alternatively, de Julián Fernández et al. showed that zinc oxide films deposited 

on a gold metal film were able to non-selectively detect parts-per-million concentrations of 

some alcohols and organic solvents in air by monitoring changes in the reflectivity of 

light.63 

 Localized surface plasmon resonance (LSPR), which involves sensing with metal 

nanoparticles rather than with metal films, can probe changes in refractive index due to the 

adsorption of VOCs onto the nanoparticles by UV-Vis spectroscopy.64   While LSPR may 

not be as sensitive to changes in bulk refractive index as SPR, instruments using LSPR are 

much less expensive and can be much more portable.65  Cheng et al. monitored the shift in 

the LSPR peak wavelength for films of gold nanoparticles, silver nanoparticles, and gold 

nanoshells, when exposed to toluene vapour.66   Silver nanoparticle films were also used to 

detect sub-parts-per-million concentrations of a wide variety of VOCs, including toluene, 

n-octane, and chlorobenzene, by monitoring changes in the LSPR peak wavelength. The 

specificity of these silver nanoparticle films for VOC analytes can be improved by 

functionalization of the nanoparticle surface.67   Kreno et al. showed that functionalizing 

the surface of silver nanoparticles with a metal organic framework can be used both to tune 

the selectivity of the sensor for an analyte as well as concentrate the analyte on the 

nanoparticle surface.68  
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1.5.2 Optical Fiber – Based Sensors 

 Optical fiber – based sensors are another popular method for detection of VOCs in 

air.69  An optical fiber consists of a high refractive index core surrounded by a lower 

refractive index cladding.  Many optical fiber – based sensors use the evanescent field that 

extends into the cladding.  Changes in the refractive index near or of the cladding can affect 

the propagation of light within the optical fiber core.  Monitoring the attenuation of light in 

an optical fiber can reveal important information about changes in the external refractive 

index.   

 Coating long-period gratings with PDMS polymers can be used to detect VOCs 

using SPME.70, 71  In a long-period grating (LPG), the attenuation spectrum is a function of 

the grating periodicity as well as the refractive indices of the core, cladding, and external 

surroundings.  Changes to the refractive index of a polymer-coated cladding, due to 

partitioning of VOCs into a PDMS polymer, will produce changes in the attenuation 

spectrum of the LPG.  Barnes et al. used PDMS-coated LPGs with a fiber-loop ring-down 

spectroscopy system to monitor shifts in the attenuation peak caused by the partitioning of 

cyclohexane and xylenes into the PDMS cladding.70  Later work used PDMS-coated LPGs 

with a cavity ring-down spectroscopy system to monitor shifts in the attenuation peak 

caused by partitioning of xylenes, trichloroethylene, cyclohexane, and gasoline into 

PDMS.71  Both of these systems are inherently more sensitive to xylenes than other VOCs, 

like cyclohexane, with xylenes detection limits of 300 ppm70 and 134 ppm.71  Topliss et al. 

modified the cladding of a LPG with calix-4-resorcarene to improve selectivity of the 

sensor for aromatic VOCs rather than hydrocarbon VOCs.72   
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 Lowder et al. used fiber Bragg gratings coated with PDMS to detect 

dichloromethane and acetone vapours with detection limits in the mid-thousand parts-per-

million range.73   Here, the direction of the shift in the Bragg wavelength was related to the 

refractive index of the VOC analyte relative to the PDMS polymer.  

1.5.3 Interferometry – Based Sensors 

 Interferometric sensors have been developed for detection of VOCs, where changes 

in the interference pattern that result from partitioning of analytes into a thin PDMS film 

were monitored.74  For thin films on a glass substrate, incident light from a laser reflecting 

off the film-air, film-glass, and glass-air boundaries will generate an interference pattern 

that can be captured by an optical power meter.  When the refractive index and thickness of 

the thin film change due to partitioning of the analyte into the polymer, the interference 

pattern will also be altered.   This principle was used for the detection of a variety of VOCs, 

including alcohols, esters, and alkanes, over a large dynamic range.74  Alternatively, using 

the interference patterns to monitor changes in the optical pathlength of a swollen film due 

to absorption of VOCs into the polymer has been used to detect halogenated 

hydrocarbons.75 

 A Fabry-Pérot cavity sensor operates on the same principle as interferometry, where 

changes in the reflection of light can be used to indicate changes in refractive index or 

thickness following absorption of VOCs into a polymer.76  Reddy et al. showed that this 

principle can be used to detect acetone, heptane, and toluene with detection limits in the 

sub-part-per-million range.76  St-Gelais et al. developed a Fabry-Pérot interferometer that 

can be used for the detection of VOCs in air.77  Absorption of analytes caused the PDMS 

polymer, which was positioned between two Bragg mirrors, to swell, causing a deformation 
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in the Bragg mirrors, and a shift in the resonant wavelength of the Fabry-Pérot cavity.  In 

addition, the authors reported the ability to alter the sensitivity of the sensor to VOC 

analytes by modifying the polymer composition.    

 In a Mach-Zender interferometer sensor, light travels from a laser source to a Y-

junction to guide light into two arms: a sensing arm that is coated with a material selective 

for the analyte being detected and an uncoated reference arm.49  Light exiting each of the 

waveguide arms is combined and travels to the detector, generating a specific interference 

pattern.  Changes in the refractive index at the sensing arm due to adsorption of analyte will 

alter this interference pattern.  Using this principle, Fushen et al. used metalloporphyrin-

coated sensing arms to detect VOCs in air.78  The selectivity of these sensing arms to 

different VOCs can be tuned by the choice of metal in the metalloporphyrin films. 

 In a Young interferometer sensor, light is guided through a Y-junction to a sensing 

arm, which is coated with a material selective for the analyte being detected, and an 

uncoated reference arm.49   Light will exit each of the waveguide arms separately, forming 

an interference pattern that is collected on a detector placed near the edge of the sensor.  

Again, changes in the refractive index of the sensing arm due to adsorption of analyte will 

alter this interference pattern.  A Young interferometer sensor developed by Edmiston et al. 

used a molecularly imprinted polymer prepared from bis(triethoxysilyl)benzene to coat the 

waveguide sensing arm.79  This sensor could selectively detect trinitrotoluene over similar 

organic compounds, such as 2,4-dinitrotoluene and 2,6-dinitrotoluene. 

1.5.4 Planar Waveguide – Based Sensors 

 A planar waveguide, which is composed of a three-layer system of a lower 

refractive index substrate, high refractive index core, and lower refractive index cover layer 
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or cladding, is a promising sensing platform for VOCs.54  A planar waveguide with a Bragg 

grating, prepared using a porous silicon core, was used to monitor changes in the refractive 

index of air induced by the presence of VOCs (e.g. alcohols).  Here, the presence of VOCs 

produced a shift in the peak transmission wavelength.60  The detection limits of this sensor 

were around one thousand parts-per-million for ethanol and isopropanol vapour.  In 

addition, a planar waveguide prepared using a peroxopolytungsten acid polymer core was 

used to detect a range of VOCs in air, with selectivity towards aromatic VOCs.80 

 A metal-cladding leaky waveguide is similar to a planar waveguide with the 

exception of adding a thin metal layer between the substrate and core.81  These sensors have 

increased penetration depth of the evanescent field compared to planar waveguides, which 

can offer greater sensitivity.  Metal-cladding leaky waveguides prepared from a porphyrin 

core have been used in the detection of VOCs.81 

 Planar waveguide systems are promising for the development of chemical sensors 

with label-free detection methods due to their potential for high sensitivity, high specificity, 

as well as portability.  In addition, it is easy to adapt planar waveguide systems for multi-

analyte detection.  As a result, we have chosen to focus on this sensing platform to develop 

chemical sensors for detection of VOCs.  Specifically, we focused on waveguide sensors 

with grating couplers.  

1.5.4.1 Planar Waveguide Sensors with Grating Couplers 

 In the early 1980s, Tiefenthaler and Lukosz discovered that changes in ambient 

humidity altered the optical signal of a waveguide with an input grating coupler after 

exhaling over the surface of the grating.82  Since then, a significant amount of work by 

Lukosz and others has focused on the development of these grating coupler waveguides 
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into potential sensing platforms.  An important advantage of these sensors is the ability to 

follow changes in refractive index at the grating surface in real time. 

 Gratings are embedded into waveguides to couple light into or out of the 

waveguide.82, 83  Those gratings that couple light into the waveguide are considered to be 

input grating couplers, while those gratings that couple light out of the waveguide are 

considered to be output grating couplers (Figure 1-7). 

 

 

 

 

Figure 1-7: Input (left) and output (right) grating couplers. 
 

 In grating coupler sensors, light is coupled into the waveguide core and propagates 

by total internal reflection, generating an evanescent field at the cover layer or cladding.84   

Changes in the refractive index of the cladding, due to (a) adsorption or binding of analyte, 

(b) bulk changes in the refractive index, and (c) movement of analyte into or out of the 

pores of the core, will change the effective refractive index of the waveguide.  These 

changes in the effective refractive index can be monitored using the grating coupler 

equation: 

 Equation 1-9   neff = nair sinθ +
l ⋅λ
Λ

 

where neff is the effective refractive index, nair is the refractive index of air, θ is the angle of 

incident light, l is the diffraction order, λ is the wavelength of light, and Λ is the grating 
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periodicity.84  Typically, changes in the effective refractive index can be determined by 

monitoring the shift in the resonance wavelength or resonance angle of the grating. 

 Nellen et al. showed that waveguides prepared from SiO2-TiO2 (n = 1.761) with 

input grating couplers could be used to monitor changes in the effective refractive index 

resulting from the adsorption of human IgG antibody to the grating surface, as well as the 

binding of a second immunoreagent, anti-human IgG antibody, to the adsorbed IgG 

antibody.85  The change in effective refractive index over time was determined by 

monitoring the resonance angle of incident light of the grating, according to Equation 1-9.  

Lukosz et al. later showed that interactions between immunoreagents on the grating surface 

could also be monitored using waveguides with output grating couplers.83  In these output 

grating couplers, rather than varying the angle of incident light to monitor the resonance 

angle of light, the outcoupled light was measured on a position sensitive detector.  Binding 

of biotinylated-proteins to avidin adsorbed on the grating surface has been monitored using 

both input and output grating couplers.86  The minimum detectable change in effective 

refractive index that can be achieved using these input and output grating platforms is 2 x 

10-6 refractive index units. 

 Bier et al. showed that waveguides with input grating couplers could detect a 

pesticide, s-triazine, using a competitive immunoassay.87  Here, changes in the effective 

refractive index were evaluated by monitoring the peak resonance angle of the grating 

through variation of the angle of incident light.  Further, this strategy has shown to be 

effective for detection of Escherichia coli K12 using a poly-L-lysine coated waveguide.88  

 Optical Waveguide Lightmode Spectroscopy (OWLS) is a commercial sensing 

platform (MicroVacuum Ltd.) that monitors changes in the refractive index of the cladding 
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using an input grating coupler.89  In OWLS, light is coupled into a planar waveguide via an 

input grating coupler with light exiting the waveguide monitored at its edge.90  Changes in 

the effective refractive index, caused by analyte binding near the surface of the grating, are 

evaluated by varying the angle of incident light, using a rotary motor, to monitor the peak 

resonance angle of the grating.  The minimum detectable change in effective refractive 

index that can be achieved using this sensing platform is 10-6 refractive index units.  The 

OWLS platform can be used to detect a variety of important analytes, ranging from 

environmental contaminants to disease biomarkers, using competitive immunoassays.91  

Unfortunately, the OWLS sensor is not practical for portable analysis, due to the 

requirement for a bulky rotary motor to vary the angle of incident light, which limits its use 

to a lab setting.90  The use of a position sensitive detector, like those used in output grating 

couplers, could make the device more portable and field compatible by overcoming the 

need for a bulky rotary motor to vary the angle of incident light.   However, calibration of 

this device would still require control over the angle of output coupled light.  

1.5.4.2 Planar Waveguide Sensors with Wavelength-Interrogated Grating 

Couplers 

 Most waveguide grating coupler sensors evaluate changes in the effective refractive 

index by varying the angle of incident light on the grating to monitor the resonance angle.  

As previously mentioned, this requires bulky instrumentation that does not facilitate the 

development of portable sensor platforms that could be used for analysis directly on-site.  

Instead, using a wavelength tunable light source for wavelength interrogation of the grating 

coupler equation can be used to monitor changes in the effective refractive index.92  From 

the grating coupler equation (Equation 1-9), changes in the effective refractive index will 
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cause a shift in the peak resonance wavelength for a grating, provided the angle of incident 

light is kept constant. 

 A wavelength-interrogated optical sensor (WIOS) was developed by Cottier et al. to 

monitor changes in the refractive index of the cladding using a tunable wavelength laser 

(763 ± 2 nm).92  In the WIOS, light from a vertical cavity surface-emitting laser (VCSEL) 

was coupled into a tantalum pentoxide waveguide using an input grating, and coupled out 

of the waveguide using an output grating.  The tunability of the VCSEL source allowed 

wavelength interrogation of the grating equation to determine the peak resonance 

wavelength for a given incidence angle.  Changes in the effective refractive index, caused 

by changes in the refractive index of the cladding, produced a shift in the peak resonance 

wavelength for the grating.  Cottier et al. demonstrated the potential uses of the WIOS by 

successfully monitoring changes in refractive index of the cladding due to changes in bulk 

refractive index, binding of biotin to surface-immobilized neutravidin, and binding of anti-

IgG antibody to surface-immobilized IgG antibody, at the grating surface.92  The minimum 

detectable refractive index change using this sensing platform was 10-6 refractive index 

units. The WIOS has been shown to detect effectively multiple antibiotics in milk using a 

competitive immunoassay at the grating surface.93, 94  While this device is portable, it still 

requires precise control over the angle of incident light on the grating.95 

 Another wavelength-interrogated grating coupler sensor used broadband light to 

monitor changes in the peak resonance wavelength from the grating coupler equation.96   

Here, the wavelength of incident light on a polystyrene waveguide with an input grating 

coupler was controlled using a voltage-tunable Fabry-Pérot filter (60 nm wavelength tuning 

range).   This sensor was able to monitor changes in refractive index arising from changes 
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in the relative humidity at the grating surface.  The minimum detectable refractive index 

change using this sensing platform was 5 x 10-4 refractive index units. 

 Grego et al. developed the Tunable Wavelength Interrogated Sensor Technology 

(TWIST) platform using a tunable infrared laser (1570 ± 50 nm).95, 97  The minimum 

detectable refractive index change using this sensing platform was 10-5 refractive index 

units.97  Using silicon oxynitride waveguides with input grating couplers, Grego et al. were 

able to monitor changes in bulk refractive index, formation of adlayers, and binding of 

streptavidin to immobilized biotin, at the grating surface.95 

1.5.4.3 Other Limitations of Current Planar Waveguide Sensors with Grating 

Couplers 

 An important design consideration when developing waveguide grating coupler 

sensors is the fabrication of the waveguide sensor itself.  The core and grating of the 

waveguide sensor must be prepared using a high refractive index material.   While initial 

work from Lukosz et al. used sol-gel derived SiO2-TiO2 (n = 1.76) materials that were 

embossed with gratings84, many of the current waveguide grating coupler sensors are 

fabricated using tantalum pentoxide (n = 2.13)92 and silicon oxynitride (n = 1.8).95  

 While tantalum pentoxide is a common high refractive index material used in 

waveguides, fabrication of devices with this material requires expensive and laborious 

methods, including chemical vapour deposition and reactive magnetron sputtering, which 

are not easily adapted to large scale or high-throughput manufacturing.54, 90  For example, 

the WIOS device was fabricated using magnetron sputtering for deposition of the tantalum 

pentoxide film with a combination of holographic exposure and dry etching methods to 

prepare the grating.92  Other high refractive index materials commonly used in waveguides 
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include other metal oxides and nitrides, which also require expensive and laborious 

methods, like chemical vapour deposition, for their fabrication.98  For example, the TWIST 

device was fabricated using plasma-enhanced chemical vapour deposition of the silicon 

oxynitride film with nanoimprint lithography to prepare the grating.95    

1.6 Objectives of This Research 

 There are a wide variety of chemical sensors with label-free optical detection 

methods available for monitoring VOCs in air.  However, these sensing technologies are 

limited by many factors, including: labour-intensive and expensive sensor fabrication 

processes that are not amenable to high-throughput manufacturing, instrumentation that is 

not amenable for on-site analysis, high cost, the need for operation by trained personnel, as 

well as poor selectivity.  The goal of this project is to overcome the limitations of these 

current sensing technologies in order to facilitate the development of an inexpensive, rapid, 

and portable sensing technology, with partial specificity and high sensitivity, for detection 

of VOCs in air. 

 In Chapter 2, we will investigate the development of tunable and high refractive 

index PDMS materials for use in chemical sensors with label-free optical detection 

methods.  We propose that using an array of partially tunable refractive index materials 

could be used to differentiate between VOC analytes in a chemical sensor.  We propose that 

high refractive index PDMS materials could be used in planar waveguide sensors, which is 

a very promising chemical sensing platform. 

 In Chapter 3, we will investigate the use of thin films prepared from tunable 

refractive index PDMS for their ability to differentiate between VOC analytes on a 

refractometer at 1550 nm.  We will monitor the changes in refractive index and thickness of 
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these tunable refractive index PDMS films following exposure to VOCs.  We propose that 

these materials could be used in a sensing array to monitor several analytes simultaneously 

based on their refractive index with partial selectivity. 

 In Chapter 4, we will investigate the use of high refractive index PDMS materials in 

planar waveguide sensors with input grating couplers.  First, we will need to develop a 

simple and inexpensive optical sensing instrument capable of measuring changes in the 

peak resonance wavelength due to changes in refractive index at the grating surface of a 

planar waveguide sensor.  Next, our goal is to develop planar waveguide sensor chips using 

simple and inexpensive synthetic methods for fabrication of the waveguide core, in order to 

facilitate future commercial development of these sensors.  We will demonstrate the ability 

to use inexpensive, high refractive index PDMS materials as the core in planar waveguides. 
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Chapter 2                                                                                           

Development of Tunable and High Refractive Index  

Polydimethylsiloxane Polymers 

 

2.1 Introduction 

2.1.1 Polydimethylsiloxane 

 Polydimethylsiloxane (PDMS) is an elastomeric and optically transparent polymer 

that can be used in optical sensing applications.  PDMS is also a platform for solid-phase 

microextraction (SPME), which occurs when compounds partition into the solid phase.1 

These partially selective extraction properties can also be used for optical sensing 

applications, which makes PDMS an ideal platform for the development of optical sensors. 

 One limitation with using PDMS in optical sensing applications is its low refractive 

index of 1.38 – 1.40 at 589 nm.2  PDMS is commonly used as a cladding in optical 

waveguide sensors.  Many optical sensing applications require high refractive index 

polymers and/or the ability to easily tune the refractive index of polymers.  For example, to 

use PDMS as the core material in planar waveguide sensors will require the refractive index 

of PDMS to be greater than the substrate, which could be a quartz (n = 1.46 at 589 nm)3, 

soda-lime-silica (n = 1.52 at 589 nm)4, or borosilicate (n = 1.52 at 589 nm) glass.3  As a 

result, our goal was to develop PDMS materials with tunable and high refractive index for 

use in optical sensing applications.  We placed an emphasis on using simple and 

inexpensive synthetic methods, as this would overcome many of the disadvantages 
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associated with the preparation of high refractive index materials that are currently used in 

optical sensing applications.  Focusing on simple and inexpensive methods for the 

preparation of tunable and high refractive index PDMS materials could later facilitate high-

throughput, commercial fabrication of sensors using these materials. 

2.1.2 Strategies for Increasing the Refractive Index of Polymer Materials 

 The Lorentz-Lorenz equation shows that the refractive index of a specific material 

depends on both its polarizability and molar volume: 

 Equation 2-1     

where n is the refractive index, NA is Avogadro’s constant, α is the polarizability of the 

material, and V is the molar volume of the material.5  One strategy that can be used to 

increase the refractive index of a polymer is through incorporation of high refractive index 

components.6  The refractive index of composite materials can be calculated using the 

Lorentz-Lorenz equation for multi-component mixtures: 

 Equation 2-2     

where n is the refractive index of the resulting multi-component mixture, ni is the refractive 

index of component i, Φi is the associated volume fraction of component i, and k is the total 

number of components.7  The volume fraction is calculated according to the following 

equation: 

 Equation 2-3     
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where xi is the mole fraction of component i, Vi is the associated molar volume, and k is the 

total number of components.7   Therefore, incorporating high refractive index components 

into a lower refractive index polymer will increase the refractive index according to the 

Lorentz-Lorenz equation (Equation 2-2) (Figure 2-1).   Due to their high refractive indices, 

incorporating inorganic particles into a polymer is a very promising strategy for increasing 

the refractive index.6  We will explore this strategy in greater detail in Section 2.1.3. 

 

 

 

 

 

 

 

 

 

 

Figure 2-1: Plot of predicted refractive index at 635 nm for a binary mixture of PDMS (n = 
1.4081) and rutile TiO2 (n = 2.582) according to the Lorentz-Lorenz equation. 

 

 Another strategy that can be used to increase the refractive index of a polymer is to 

incorporate high refractive index functional groups into the polymer structure.8  High 

refractive index functional groups include aromatic-, halogen-, and sulfur-containing 

groups.  We will explore this strategy in greater detail in Section 2.1.4.  
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2.1.3 High Refractive Index Polymers by Incorporation of Inorganic Particles 

 The incorporation of inorganic particles into polymers has proven to be an effective 

approach for increasing the refractive index of polymers.6  Since the refractive indices of 

most polymers generally lie in the range of 1.3 – 1.7, incorporating inorganic particles with 

refractive indices in the range of 2.0 – 5.0 can increase the overall refractive index of the 

polymer.  The material that results from the mixture of an organic polymer with inorganic 

nanoparticles is considered to be an inorganic-organic nanocomposite. 

 When selecting the type of inorganic particle to be incorporated into the polymer, it 

is important to consider both the refractive index and optical absorption of the inorganic 

particle.6  It is important that the refractive index of the inorganic particle be greater than 

the refractive index of the polymer, in order to be effective in increasing the refractive 

index, and that the optical absorption of the inorganic particle be minimal, in order to 

achieve optical transparency in the nanocomposite material.  Inorganic particles that are 

commonly incorporated into polymers, due to their favourable refractive indices, optical 

transparency, and commercial availability, are listed in Table 2-1.  Other high refractive 

index inorganic particles that can be used to increase refractive index include Si, Ge, and 

PbS, however these particles are unfavourable due to their ability to strongly absorb visible 

wavelengths of light. 
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Table 2-1: Refractive indices of common inorganic particles used in high refractive index 
inorganic-organic nanocomposite materials. 

Inorganic Component Refractive Index at 589 nm 

ZnO 2.00 – 2.029 

ZrO2 2.13 – 2.209 

ZnS (sphalerite) 2.379 

CeO2 2.4710 

TiO2 (anatase) 2.49 – 2.569 

TiO2 (rutile) 2.61 – 2.909 

 

 For many optical sensor applications, it is important that the inorganic-organic 

nanocomposite material is transparent. The Rayleigh scattering formula can be used to be 

predict the transmittance (T) for an inorganic-organic nanocomposite material:  

 Equation 2-4   

where I is the intensity of transmitted light, I0 is intensity of incident light, Φp is the volume 

fraction of the inorganic particles, d is the thickness of the inorganic-organic 

nanocomposite, r is the radius of the inorganic particles, λ is the wavelength of incident 

light, and np and nm  are the refractive indices of the inorganic particles and the polymer 

material, respectively.6, 11   

 Non-transparent inorganic-organic nanocomposites generally arise due to large 

inorganic particles or aggregates of inorganic particles, or due to a large difference in the 

refractive index of the inorganic particle and the organic polymer (known as a refractive 

index mismatch).6  When preparing high refractive index inorganic-organic 

nanocomposites, the large difference between the refractive index of the inorganic particle 

and organic polymer cannot be avoided if one desires to increase the refractive index of the 
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polymer by adding high refractive index inorganic particles.  Thus, to ensure optical 

transparency, it is important to control of the size of the inorganic particles.  A general rule 

of thumb for incorporating inorganic particles into polymer is that the particles should have 

a diameter less than 10 nm in order to maintain optical transparency. 

 Generally, three synthetic strategies can be used to incorporate inorganic particles 

into a polymer.6  These strategies are: (a) incorporating high refractive index inorganic 

particles using a sol-gel synthesis, (b) incorporating inorganic nanoparticles by an in situ 

synthesis, and (c) direct incorporation of inorganic nanoparticles prepared ex situ.   Each of 

these synthetic strategies presents different advantages for incorporating inorganic particles 

into both PDMS and other polymers.   

2.1.3.1 Sol-Gel Syntheses of Organic-Inorganic Nanocomposites  

 A sol-gel synthesis for preparing organic-inorganic nanocomposites generally 

involves a series of hydrolysis and condensation reactions to produce the nanocomposite 

material.6   For example, alkoxysilanes combined with metal alkoxides will form a hybrid 

material with the metal oxide cross-linking the side chains of the alkoxysilane material.   

Several examples of this have been reported in the literature to prepare tunable and high 

refractive index PDMS-inorganic nanocomposites.  For example, Yamada et al. prepared 

transparent, tunable, and high refractive index PDMS materials by incorporating a variety 

of metal alkoxides (e.g. Al(O-sec-C4H9)3, Ti(OC2H5)4, Zr(O-n-C4H9)4, Nb(OC2H5)5, 

Ta(OC2H5)5) into silanol-terminated PDMS.12  However, due to the high reactivity of the 

metal alkoxides towards water, modification of the metal alkoxide with ethyl acetoacetate 

was necessary to prevent precipitation of the inorganic additive from the material.  The 

increase in refractive index of these materials, which range from 1.41 to 1.47 at 589 nm, is 
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relatively modest, partially owing to the inability to incorporate large amounts of the 

inorganic component into the polymer. In addition, modification of the metal alkoxide with 

ethyl acetoacetate introduces an additional component that can affect the composition of the 

final polymer with little-to-no effect on refractive index.  While the authors did not attempt 

this, it should be noted that the use of chelating agents with metal alkoxides is not 

necessary when preparing PDMS from dimethyldiethoxysilane.13       

 Other attempts at preparing PDMS-inorganic nanocomposites using a sol-gel 

synthesis have been described.  Whang et al. prepared high refractive index PDMS-like 

materials using silicon and titanium alkoxides with 5 – 15 wt. % silanol-terminated PDMS 

via a sol-gel synthesis.14   The resulting materials varied in refractive index from 1.56 to 

1.68, depending on the reaction conditions and amount of PDMS incorporated into the final 

polymer.  Motakef et al. prepared high refractive index SiO2-PDMS materials with titanium 

and germanium alkoxides with final refractive indices ranging from 1.417 to 1.562 for 0 – 

26.5 wt. % TiO2 in SiO2-PDMS and 1.417 to 1.451 for 0 – 32.0 wt. % GeO2 in SiO2-PDMS 

at 632.8 nm.15  In addition, Luo et al. prepared high refractive index PDMS materials via a 

condensation reaction of pre-hydrolyzed 3-methacryloxypropyltrimethoxysilane with 

dimethyldimethoxysilane (or diphenyldimethoxysilane, or some combination of the two) 

and a titanium alkoxide.16 Depending on the composition of the final material, the 

refractive indices varied from 1.4760 to 1.5460 at 632.8 nm. 

 While the refractive indices of these PDMS materials are both high in value and 

tunable, they also have some disadvantages.  Primarily, their syntheses are often laborious, 

which limits the ability of these materials to be prepared in high-throughput and used for 

commercial applications.  In some cases, due to the high reactivity of metal alkoxides 
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towards water, modification of the metal alkoxides with chelating agents can also be 

required.17 Another limitation of these materials is that many do not have high PDMS 

content, which may limit their applicability in optical sensing applications that rely on the 

SPME properties of this polymer.  Therefore, it is important to investigate other synthetic 

strategies that can produce PDMS-inorganic nanocomposites via simple and inexpensive 

methods with greater PDMS content.   

 The preparation of PDMS-inorganic nanocomposites using a sol-gel route is 

favourable due to the mild reaction conditions as well as the relative simplicity and low 

cost.  Julián et al. detailed a relatively simple synthesis for transparent PDMS-metal-oxo 

nanocomposites using dimethyldiethoxysilane (DMDES) and various metal alkoxides (e.g. 

Al(O-sec-C4H9)3, Ge(OC2H5)4, Sn(O-i-C3H7)4 Ti(O-n-C4H9)4, Zr(OC3H7)4, Nb(OC2H5)5, 

and Ta(OC2H5)5).18   Here, DMDES was hydrolyzed in acidified water and ethanol to form 

short-chain PDMS oligomers, which were then cross-linked using the metal alkoxide to 

form silicon-oxygen-metal bonds throughout the material (Figure 2-2). 
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Figure 2-2: Synthetic scheme for the preparation of PDMS-metal-oxo nanocomposites 
using a sol-gel route.    

 

 Interestingly, the extent of cross-linking by the metal oxide in the polymer 

depended on the choice of metal.18  For example, Ge, Ta, Nb, and Sn metals cross-linked 

the PDMS and remain dispersed throughout the polymer.  However, for Al, Ti, and Zr 

metals, rather than cross-linking and dispersing evenly throughout the polymer, small metal 

oxide regions were formed.  This is indicative of nanophase separation between the organic 

and inorganic components.  These hydrophilic metal oxide regions have been observed 

extensively with this synthetic method, and are believed to facilitate the condensation of 

shorter PDMS chains to form longer PDMS chains.19-21  Studies on PDMS-zirconium-oxo 
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nanocomposites revealed the hydrophilic zirconium oxide regions were 1 – 2 nm in 

diameter, and separated from neighbouring zirconium oxide regions by 1 – 5 nm, 

depending on the amount of zirconium in the nanocomposite.19  To the best of our 

knowledge, while the structure of these materials has been studied and characterized 

extensively, there has been no investigation into the refractive indices of these PDMS-

metal-oxo nanocomposites.  The additional ability to tune the refractive index of these 

materials by incorporating different quantities of the metal alkoxide is an attractive feature 

of this synthetic strategy. 

2.1.3.2  In situ Preparation of Inorganic Nanoparticles in Organic-Inorganic 

Nanocomposites 

 The in situ formation of nanoparticles in PDMS refers to the one-step synthesis 

where nanoparticles are formed directly in the polymer, with the polymer acting as a 

stabilizer to prevent nanoparticle aggregation.6  One limitation of this strategy is that the 

additives often required for the preparation of the nanoparticles become trapped in the final 

polymer, which may have negative effects on the final polymer composition.   

 The in situ preparation of ZnS nanoparticles in a siloxane polymer has been shown 

to increase the refractive index while retaining optical transparency.22  These 

nanocomposite materials were prepared by combining poly(Zn-)phenylsiloxane and 

poly(dimethyl)-block-(phenyl)siloxane resin with a specific curing agent.  The formation of 

ZnS nanoparticles is then accomplished by exposing these films to hydrogen sulfide.  The 

resulting nanocomposites had refractive indices of 1.54 to 1.68 for materials ranging from 0 

– 4.6 vol. % ZnS at 550 nm. 
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 The incorporation of PbS nanoparticles via in situ syntheses has been shown to 

effectively increase the refractive index of a variety of polymers.23, 24  For example, 

Zimmerman et al. prepared PbS nanoparticles in gelatin in situ by combining lead acetate 

with gelatin and exposing the film to hydrogen sulfide.23  The resulting nanocomposite 

material had refractive indices ranging from 1.537 to 2.465 at 632.8 nm for 0 – 86.4 wt. % 

PbS.  Lü et al. prepared PbS nanoparticles in polythiourethane by combining a lead 

precursor with polythiourethane and exposing the film to hydrogen sulfide.24  The resulting 

materials varied in refractive index from 1.574 to 2.055 at 632.8 nm for 0 – 41.8 wt. % 

PbS.  One limitation of the nanocomposites with PbS is the strong optical absorption at 

wavelengths less than 600 nm25, which may limit the applicability of these materials for 

some sensing applications.6 

 There have been several reported syntheses for the in situ incorporation of metallic 

nanoparticles into PDMS.  Silver and platinum nanoparticles have been formed in PDMS in 

situ by mixing the metal salt with PDMS elastomer and curing agent from a Sylgard® 184 

silicone elastomer kit.26  In addition, palladium, iron, and nickel nanoparticles have been 

formed in PDMS in situ by mixing the metal acetylacetonate salts with PDMS elastomer 

and curing agent from a Sylgard® 184 silicone elastomer kit, followed by heating the 

materials at a high temperature to form the metal nanoparticles.27  There are several reports 

of incorporating gold nanoparticles into PDMS using a one-step synthesis where the 

nanoparticles were prepared in situ without the use of any external additives.26, 28-30 When 

gold salt was combined with PDMS elastomer and curing agent from a Sylgard® 184 

silicone elastomer kit, gold ions were reduced to form gold nanoparticles, which were then 

stabilized by the cross-linking of the PDMS polymer.  While the exact mechanism of the 
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gold nanoparticle formation is unknown, it is believed that both the PDMS elastomer and 

curing agent play a role in the formation of the gold nanoparticles.30  The refractive indices 

of these gold nanoparticle-PDMS nanocomposites have not been investigated. 

 The effect of gold nanoparticles on the refractive indices of polymers has been 

debated.  Carrasquilla et al. were able to increase the refractive index of macroporous sol—

gel-derived silica from 1.34 to 1.57 at 632.8 nm by the addition of gold nanoparticles (~25 

nm mean diameter).31  Contrarily, Zimmerman et al. decreased the refractive index of 

gelatin by the addition of gold nanoparticles (~5 nm mean diameter).32  The refractive 

index of the final materials ranged from 1.537 to 0.963 at 632.8 nm for 0 – 92.9 % (w/w) 

gold in gelatin, suggesting that the refractive index of gold nanoparticles is 0.51 ± 0.07. It 

should be noted that the refractive index of bulk gold is 0.23 at 600 nm, and is strongly 

dependent on the wavelength of incident light.33  

2.1.3.3 Incorporation of Inorganic Nanoparticles Prepared ex situ in Organic-

Inorganic Nanocomposites 

 Incorporating pre-synthesized inorganic nanoparticles is an attractive strategy for 

increasing the refractive index of polymers due to its simplistic and non-laborious nature, 

which could be very easily adapted to a high-throughput manufacturing process.6   A very 

important consideration when designing these nanocomposite materials is the potential 

incompatibility between the organic polymer and inorganic nanoparticles.  Differences in 

polarity between the organic and inorganic components could result in nanoparticle 

aggregation.  The nanoparticle surface can be modified to minimize nanoparticle 

aggregation and promote uniform nanoparticle dispersion.  In addition, it is important that 

the nanoparticles do not interfere with the cross-linking and hardening of the polymer.   
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 There have been a few reported attempts to incorporate high refractive index 

inorganic nanoparticles into PDMS.  Raman et al. incorporated uncoated TiO2 

nanoparticles (30 – 70 nm diameter) directly into PDMS from a Sylgard® 184 silicone 

elastomer kit to increase the refractive index from 1.43 to 1.63 for 0 – 0.4 wt.% TiO2 

nanoparticles for photonic crystal applications.34  Monson et al. modified the surface of 

TiO2 nanoparticles (5 nm diameter) with trimethoxy(7-octen-1-ylsilane) to facilitate 

dispersion in a silicone polymer.35  In addition, this surface modification contained terminal 

vinyl groups that could be directly incorporated into the polymer backbone.  To avoid the 

aggregation of ZrO2 nanoparticles when incorporated into PDMS, Lee et al. modified the 

surface of the ZrO2 nanoparticles using a ligand containing a diamine head group, which 

adsorbed to the surface of the ZrO2 nanoparticles, and a double siloxane tail, which 

facilitated homogeneous dispersion into the PDMS matrix.36    The resulting nanocomposite 

materials had high optical transparency and refractive indices ranging from 1.38 to 1.65 at 

632.8 nm for 0 – 20.8% (v/v) ZrO2.  Surface modification of TiO2 nanoparticles to facilitate 

dispersion into a wide variety of matrices, including poly(vinyl alcohol)37 and Bisphenol A 

epoxy38, and of ZrO2 nanoparticles to facilitate dispersion into polyurethane39, have also 

been used to prepare high refractive index inorganic-organic nanocomposites.  

2.1.4 High Refractive Index Polymers by Incorporation of High Refractive Index 

Functional Groups 

  An alternative strategy to preparing high refractive index polymers is to incorporate 

functional groups with high molar refraction into the polymer.8   The molar refraction is 

calculated according to: 
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 Equation 2-5   RM =
n2 −1
n2 + 2

⋅
M
ρ

 

where R is the molar refraction, n is the refractive index, M is the molecular weight, and p 

is the density.40  The molar refraction values for certain atoms and functional groups are 

listed in Table 2-2.  The summation of these values can be used to predict the refractive 

index of a polymer.5  In particular, aromatic-containing functional groups have high molar 

refraction values, and can be used to increase the refractive index of a polymer.   

Table 2-2: Molar refraction values for select atoms and functional groups.  

Atom or Group Molar Refraction (cm3 mol-1)41 

Hydrogen (H) 1.100 

Carbon (C) 2.418 

Carbon double bond (C=C) 1.733 

Carbon triple bond (C≡C) 2.398 

Fluorine (F) 0.95 

Chlorine (Cl) 5.967 

Bromine (Br) 8.865 

Iodine (I) 13.900 

Thiol (S-H) 7.69 

Phenyl (C6H5) 25.463 

Naphthyl (C10H7) 43.00 
  

 Kohjiya et al. modified the refractive index of PDMS by incorporating a variety of 

functional groups, including naphthyl, anthryl, and 2-n-perfluorooctylethyl, into the PDMS 

polymer backbone.42  Vinyl derivatives were used to attach the desired functional group to 

poly(methylhydrogensiloxane) by a hydrosilylation reaction.  The addition of aromatic 

functional groups into the PDMS backbone was effective in increasing the refractive index 

of the final material from 1.4 to 1.6 and 1.4 to 1.7, depending on the amount of naphthyl 
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and anthryl groups that were incorporated into the polymer, respectively.  The 

incorporation of 2-perfluoroctylethyl into the PDMS backbone was effective in decreasing 

the refractive index from 1.4 to 1.35, depending on the amount of the 2-n-

perfluorooctylethyl that was incorporated into the polymer.  The ability to incorporate 

different amounts of high and low refractive index functional groups using this synthetic 

strategy is advantageous for preparing tunable refractive index polymers. 

2.1.5 Research Objectives 

 To facilitate the development of tunable and high refractive index PDMS materials, 

which could be used in a variety of optical sensing applications, we sought to investigate 

simple and inexpensive synthetic strategies that could be use to alter the refractive index of 

PDMS.  

 Julián et al. described a two-step sol-gel synthesis for the preparation of PDMS-

metal-oxo nanocomposites, where a pre-hydrolyzed form of the polymer was prepared and 

then mixed directly with a metal alkoxide to form the nanocomposite material.18  While 

these polymers have been characterized extensively, there has been no investigation into 

their refractive indices.  Therefore, nanocomposites prepared with increasing amounts of 

zirconium and titanium alkoxides were investigated for their refractive indices.  

 There have been some reports detailing the ability to increase the refractive index of 

sol—gel-derived silica using gold nanoparticles31 as well as the ability to decrease the 

refractive index of gelatin using gold nanoparticles.32  Due to the unknown effect of gold 

nanoparticles on the refractive index of PDMS and the ability to easily prepare gold 

nanoparticles in PDMS using an in situ synthesis26, 28-30, we chose to investigate the 

refractive index of these materials.     
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 Incorporating inorganic nanoparticles into PDMS is promising due to the relative 

simplicity of the preparation process and the ability to prepare high refractive index 

materials. There are many TiO2 nanoparticles with hydrophobic surface modifications 

available commercially, including SiO2-coated TiO2 nanoparticles (described as highly 

hydrophobic by the manufacturer) from SkySpring Nanomaterials Inc. (Houston, TX)43 and 

octylsilane-coated TiO2 nanoparticles from Evonik Degussa (Piscataway, NJ).44  To the 

best of our knowledge, none of these commercially available surface-modified inorganic 

nanoparticles have been incorporated into a PDMS polymer for the purpose of increasing 

the refractive index.  Therefore, we investigated the ability to incorporate commercially 

prepared high refractive index titanium dioxide nanoparticles into PDMS. 

 Kohjiya et al. described a synthetic strategy to incorporate high refractive index 

functional groups, such as phenyl and naphthyl, into PDMS to increase the overall 

refractive index.42  While this is an effective strategy to increase the refractive index of 

PDMS, the effect of incorporating an inorganic component, such as titanium alkoxide, to 

further increase the refractive index remains to be investigated.  We chose to investigate the 

ability to tune and prepare high refractive index naphthyl-functionalized PDMS with 

increasing amounts of titanium alkoxide. 

2.2 Materials and Methods 

2.2.1 Synthesis of Polydimethylsiloxane-Metal-Oxo Nanocomposites via a Sol-Gel 

Route 

 Dimethyldiethoxysilane (97%), titanium (IV) butoxide (97%), and zirconium (IV) 

propoxide solution (70 wt.% in 1-propanol) were purchased from Sigma-Aldrich (Oakville, 

ON).  All solvents were of reagent grade and used as received.  For refractive index 
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characterization, NSF-11 glass slides (n = 1.78 at 589 nm) were obtained from Volume 

Precision Glass (Santa Rosa, CA).    

 PDMS-metal-oxo nanocomposites were prepared as described by Julian et al.18  

Briefly, pH 1.00 distilled water (acidified using hydrochloric acid) (5.5 mmol), absolute 

ethanol (5.5 mmol), and dimethyldiethoxysilane (5.5 mmol) were combined and stirred 

continuously for 20 minutes to form the prehydrolyzed DMDES polymer.  Then, either 

titanium butoxide or zirconium propoxide was added under stirring for 1 minute in the 

necessary quantity to achieve a final mole percent of metal ranging from 2.5 to 30% or 2.5 

to 15% for Ti and Zr, respectively.   Thin films of these PDMS-metal-oxo nanocomposites 

were prepared for refractive index characterization by depositing an appropriate amount of 

the material onto a 2.5 cm x 2.5 cm NSF-11 glass slide to fully cover the slide surface. 

 The preparation of reproducible thin films of PDMS-titanium-oxo nanocomposites 

was optimized due to its favourable refractive index compared to PDMS-zirconium-oxo 

nanocomposites.  The selection of casting solvent (methanol, ethanol, dichloromethane 

(DCM), and hexane), as well as the dilution factor (2X, 5X, 10X) for casting thin films was 

optimized for the production of transparent and uniform thin films.       

2.2.2 Synthesis of Gold Nanoparticle – Polydimethylsiloxane Nanocomposites 

 Two synthetic strategies were explored for the incorporation of gold nanoparticles 

(AuNPs) into PDMS.26, 28, 30  For these syntheses, gold (III) chloride hydrate (99.999% 

trace metals basis) and gold (III) chloride trihydrate (≥99.9% trace metal basis) were 

purchased and used as received from Sigma-Aldrich (Oakville, ON).  Sylgard® 184 

silicone elastomer kit was purchased from Dow Corning (Midland, MI).   All solvents were 

of reagent grade and used as received.  For refractive index characterization of the prepared 
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materials, soda-lime-silica glass slides (n = 1.52 at 589 nm) were obtained from 

Fisherbrand (Markham, ON) and NSF-11 glass slides (n = 1.78 at 589 nm) were obtained 

from Volume Precision Glass (Santa Rosa, CA).  

 The preparation of AuNP-PDMS films was first investigated using a synthetic 

strategy developed by Goyal et al.26  Briefly, PDMS elastomer and curing agent from a 

Sylgard® 184 silicone elastomer kit were combined in a 10:1 weight ratio before dissolving 

in an equal volume of dichloromethane.  Gold (III) chloride hydrate dissolved in methanol 

was then added to the PDMS to achieve the desired final weight percent of gold and 

sonicated for 20 minutes to allow for the formation of gold nanoparticles in PDMS.  Thin 

films of these materials were prepared by depositing an appropriate amount of the AuNP-

PDMS solution onto a 2.5 cm x 2.5 cm glass slide to fully cover the slide surface.  The film 

was then left to cure for a minimum of 1 week, to allow for the material to harden and for 

the polymer to cross-link around the AuNPs. 

 The parameters of this synthetic strategy were varied in an attempt to alter the 

optical properties of the final AuNP-PDMS material, including the volume of 

dichloromethane used to dissolve the PDMS (half or equal volume of dichloromethane to 

PDMS), the ratio of PDMS elastomer to curing agent (10:0.5, 10:1, and 5:1), and the final 

concentration of gold in the polymer (0.002, 0.02, and 0.2 wt.% HAuCl4 in PDMS).   The 

effect of these parameters on the physical and/or refractive index properties of these AuNP-

PDMS films was investigated. 

 The second synthetic strategy for the preparation of AuNP-PDMS films was 

adapted from a report by Ryu et al.30  Briefly, crushed gold (III) chloride trihydrate was 

combined with an appropriate amount of PDMS elastomer and curing agent, prepared in a 
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weight ratio of 10:1, to achieve the desired final weight percent gold and then sonicating for 

a specific length of time.  Contrary to the first synthetic strategy investigated for preparing 

AuNP-PDMS films, this strategy prepared more uniformly dispersed gold nanoparticles in 

PDMS.   As a result, many different synthetic conditions were investigated in an attempt to 

alter the size of the gold nanoparticles and/or the refractive index of the nanocomposite 

material.  The synthetic conditions investigated include the choice of solvent for sonication 

and/or casting thin films (no solvent, hexanes, dichloromethane, tert-butanol, or a 3:1 

combination of dichloromethane to methanol), the volume of solvent for sonication (1X, 

2X, or 3X the volume of solvent to PDMS), and sonication time (1, 2, 3, or 4 hours).  For 

absorbance spectroscopy, thin films of these AuNP-PDMS materials were prepared by 

depositing an appropriate amount of the AuNP-PDMS solution onto a 2.5 cm x 2.5 cm 

glass slide to fully cover the slide surface.  For refractive index characterization, thin films 

of these AuNP-PDMS materials were prepared by depositing an appropriate amount of 

AuNP-PDMS solution onto a 2.5 cm x 2.5 cm glass slide to fully cover the slide surface.   

 The surface plasmon resonance of gold nanoparticles gives a distinctive size-

dependent absorption profile and is responsible for the bright colour observed with gold 

nanoparticles.45, 46  For this reason, we used absorbance spectroscopy to assess the size and 

dispersion of gold nanoparticles for those AuNP-PDMS films that could be synthesized and 

prepared reproducibly (that is, those films prepared using the synthetic strategy established 

by Ryu et al.30).  To measure the absorbance spectrum of the AuNP-PDMS film, a 

spectrometer capable of measuring thin films was assembled.   In this set up, white light 

from a xenon arc lamp (Sciencetech 9030, London, ON) was delivered perpendicularly to 

the surface of the thin film on a glass slide by a fiber-optic cable.  Transmitted light was 
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captured directly below the slide by a fiber-optic cable connected to an Ocean Optics S2000 

Temperature Regulated Miniature Fiber Optic Spectrometer (Dunedin, FL) (Figure 2-3).  

The absorbance was calculated according to: 

 Equation 2-6     

where A(λ) is the absorbance at a specified wavelength (λ), Fλ is the intensity of light 

transmitted through the film and glass slide at λ, Rλ is the reference intensity at λ (light 

transmitted through a glass slide without an AuNP-PDMS film), and Dλ is the dark intensity 

at λ (the signal intensity in the absence of incident light).  Absorbance spectra were 

acquired from three replicate films with the following measurement parameters: integration 

time of 50 ms, 10 scans to average, and a boxcar width of 10.  All spectra were normalized 

against the maximum peak absorbance value. 

 

 

  

 

 

 

 

  

 

Figure 2-3: Schematic of the spectrometer used to acquire absorbance spectra of AuNP-
PDMS films.  
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2.2.3 Synthesis of Titanium Dioxide Nanoparticle – Polydimethylsiloxane 

Nanocomposites 

 A variety of TiO2 nanoparticles were tested for compatibility with several organic 

solvents to facilitate incorporation into the PDMS polymer.  Rutile TiO2 nanoparticles (10 

– 30 nm particle diameter) and rutile TiO2 nanoparticles coated with SiO2 (20 – 40 nm 

particle diameter) were purchased from SkySpring Nanomaterials Inc. (Houston, TX).   

Aeroxide® T805 octylsilane-coated TiO2 nanoparticles (45 nm particle diameter) were 

generously donated by Evonik Degussa (Piscataway, NJ).  Sylgard® 184 silicone elastomer 

kit was purchased from Dow Corning (Midland, MI).  All solvents were of reagent grade 

and used as received. 

 To prepare nanoparticle dispersions, an appropriate amount of solvent was added to 

solid nanopowder to achieve the desired concentration of nanoparticles.  The mixtures were 

then sonicated to aid the dispersion of nanoparticles into the solvent.  A variety of solvents 

were tested to prepare dispersions of rutile TiO2 nanoparticles, rutile TiO2 nanoparticles 

coated with SiO2, and octylsilane-coated TiO2 nanoparticles, including hexanes, 

dichloromethane, chloroform, xylenes, methanol, ethanol, and isopropanol.  We also 

explored adding oleic acid to help disperse and stabilize the nanoparticles in the solvent, 

according to literature protocols for similar inorganic nanoparticles.47, 48  

 TiO2 nanoparticle – PDMS nanocomposites were prepared by combining a specified 

volume of the octylsilane-coated TiO2 nanoparticle dispersion with PDMS elastomer and 

curing agent prepared in a 10:1 weight ratio from a Sylgard® 184 silicone elastomer kit. 

The PDMS-nanoparticle mixtures were sonicated for a minimum of 60 minutes to aid the 

dispersion of nanoparticles into the polymer.  Large TiO2 nanoparticle aggregates were 
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removed by passing the suspension through a 0.2-µm filter.  Thin films of these TiO2 

nanoparticle-PDMS materials were prepared by depositing an appropriate amount of the 

solution onto a 2.5 cm x 2.5 cm glass slide to fully cover the slide surface. 

2.2.4 Synthesis of Naphthyl-Functionalized Polydimethylsiloxane 

 Dichlorodimethylsilane (≥99.5%), dichloromethylsilane (≥97%), cis-

dichlorobis(diethylsulfide)platinum(II), and titanium (IV) tetraisopropoxide (97%) were 

purchased from Sigma-Aldrich (Oakville, ON).  2-vinylnaphthalene (97% stabilized with 

0.4% 4-tert-butylcatechol) was purchased from Alfa Aesar (Ward Hill, MA).   All solvents 

were of reagent-grade and used as received. 

 Poly(dimethyl-co-ethylnaphthylmethyl)siloxane, also known as naphthyl-

functionalized PDMS, was prepared via a hydrosilylation reaction with poly(dimethyl-co-

methylhydrogen)siloxane and 2-vinylnaphthalene using a synthetic strategy adapted from 

Kohjiya et al.42   First, poly(dimethyl-co-methylhydrogen)siloxane was prepared by slowly 

adding dichlorodimethylsilane (10 mmol) and dichloromethylsilane (10 mmol) into 

methanol (23 mmol) and glacial acetic acid (20 mmol) over 8 minutes.   It is important to 

note that in this reaction, half of the necessary quantity of dichlorodimethylsilane was 

added first, followed by addition of half of the necessary quantity of dichloromethylsilane, 

and then both steps were repeated, to achieve a 1:1 ratio of dimethyl to methylhydrogen 

functional groups in the final poly(dimethyl-co-methylhydrogen)siloxane polymer.  This 

reaction mixture was stirred for 1 hour before evaporating any volatile compounds under 

N2 for 3 hours.  A NMR spectrum was obtained of the final product in CDCl3 using a 

Bruker Avance-400 NMR spectrometer. 
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 Poly(dimethyl-co-ethylnaphthylmethyl)siloxane was prepared by combining  

poly(dimethyl-co-methylhydrogen)siloxane (10.9 mmol), 2-vinylnaphthalene (5.4 mmol), 

and cis-dichlorobis(diethylsulfide)platinum(II) catalyst (13 µmol) in a round bottom flask 

with approximately 6 mL of toluene.  The round bottom flask was attached to a condenser 

and placed in an oil bath at 70°C for 5 hours to allow for the hydrosilylation reaction to 

occur.  The final solution was diluted 2-fold by volume in dichloromethane, and the 

dichloromethane plus any other volatile compounds were evaporated under N2 for 3 hours.   

A NMR spectrum was obtained of the final product in CDCl3 using a Bruker Avance-400 

NMR spectrometer.   

 Thin films of poly(dimethyl-co-ethylnaphthylmethyl)siloxane were prepared by 

diluting the polymer 60-fold in a 1:1 mixture of dichloromethane: hexanes and then 

depositing an appropriate amount of the material onto a 2.5 cm x 2.5 cm NSF-11 glass slide 

to fully cover the slide surface.  Titanium tetraisopropoxide can be added to cross-link and 

harden the polymer, but also has an added advantage of simultaneously increasing the 

refractive index of the polymer due to the high refractive index of titanium.  Titanium 

tetraisopropoxide was added to poly(dimethyl-co-ethylnaphthylmethyl)siloxane to achieve 

2.5 – 10 mol % Ti in the final polymer.  The preparation of reproducible, transparent, and 

uniform thin films of poly(dimethyl-co-ethylnaphthylmethyl)siloxane with titanium 

tetraisopropoxide was optimized using combinations of dichloromethane and hexanes as 

well as by varying the dilution factor.       
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2.2.5 Refractive Index Characterization of Polydimethylsiloxane Nanocomposites 

at 635 nm and 1550 nm 

 To investigate the refractive indices of the PDMS-nanocomposite materials, thin 

films were prepared of the materials previously described in Sections 2.2.1, 2.2.2, 2.2.3, 

and 2.2.4.  For refractive index characterization of the prepared materials, soda-lime-silica 

glass slides (n = 1.52 at 589 nm) were obtained from Fisherbrand (Markham, ON) and 

NSF-11 glass slides (n = 1.78 at 589 nm) were obtained from Volume Precision Glass 

(Santa Rosa, CA).  The type of glass slide used for refractive index characterization 

depended on the calibration range of the refractometer, due to interferences that can arise 

from the refractive index properties of the glass slide.  Generally, for measurements using 

calibrations that had refractive index ranges ending below 1.45, the soda-lime-silica glass 

slides were used, while for those measurements using calibrations that had refractive index 

ranges ending above 1.45, NSF-11 glass slides were used. 

 Traditionally, the measurement of refractive index for thin films is accomplished 

using ellipsometry.49  However, ellipsometry requires films of uniform thickness for 

measurement and is unable to measure both liquid and solid samples.   Recently, Chen et 

al. described an Abbé-type refractometer for measurement of refractive index at 1550 nm 

(Figure 2-4).50  Here, linearly polarized light at 1550 nm was obtained by passing light 

from a laser diode (Thorlabs LPS-1550-FC, 1.5 mW) through a polarization controller and 

polarization filter.  Using a series of lenses, this linearly polarized light was focused on a 

prism, which was used to couple light into a film-coated glass slide placed on the top of the 

prism.  It should be noted that light directed into the film-coated glass slide was incident at 

a range of angles.  According to Snell’s law, light at those incident angles smaller than the 
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critical angle will be refracted, while light at those incident angles greater than the critical 

angle will result in total internal reflection.  The final image captured by the detector was 

composed of a dark region (for refracted angles) and light region (for total internal 

reflection angles); the intersection of the dark region with the light region is known as the 

interface, which is indicative of the critical angle (Figure 2-5). Using solutions of known 

refractive index, a linear relationship between the measured interface and refractive index 

was established to predict the refractive index of unknown samples.      

 

 

 

 

 

 

Figure 2-4: Refractometer used for measuring the refractive index of thin films at 1550 nm. 
 

 

 

 

 

 

 

Figure 2-5: Image acquired using the refractometer (1550 nm), illustrating the interface of a 
PDMS film.   
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 Prior to measurement, the surface of the prism was spotted with a refractive index 

matching solution (Cargille Labs, n = 1.7250 at 589 nm) before placing the film–coated 

substrate on the prism surface.  Calibration of the measurement region of this refractometer 

was performed by measuring the interface position for solutions of known refractive index, 

including DMSO/water solutions (60 – 90 % (v/v), n = 1.4040 – 1.4507), or 

cinnamaldehyde/water solutions (75 – 95 % (v/v), n = 1.5256 – 1.5671), depending on the 

desired refractive index measurement range.  This calibration generated a linear 

relationship between the interface position and refractive index.  For each film, three 

measurements of refractive index were obtained at different positions, unless otherwise 

noted. 

 We also assembled an identical refractometer capable of measuring refractive index 

at 635 nm.  The only difference in the construction of this refractometer was the use of a 

linearly polarized 635 nm laser diode (Edmund Optics 63-885, 5 mW), which eliminates 

the requirement for a polarization controller and polarization filter.  This refractometer is 

shown in Figure 2-6. For each film, three measurements of refractive index were obtained 

at different positions. 

 

 

 

 

 

 

Figure 2-6: Refractometer used for measuring the refractive index of thin films at 635 nm. 
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2.3 Results and Discussion 

2.3.1 Synthesis and Refractive Index Characterization of Polydimethylsiloxane-

Metal-Oxo Nanocomposites 

 PDMS-zirconium-oxo nanocomposites could only be prepared with 2.5 – 15 mol % 

Zr before the films began to show signs of extensive cracking, which is likely a result of the 

dehydration stress owing to solvent evaporation from the material after casting a thin film.  

 Increasing the mol percent of zirconium in PDMS linearly increased the refractive 

indices of the nanocomposite materials both at 635 and 1550 nm  (Figure 2-7).  The slopes 

for the change in refractive index were nearly identical within error, indicating that the 

effect of zirconium in this nanocomposite was independent of the wavelengths measured in 

this study.  The highest refractive indices of these PDMS-zirconium-oxo nanocomposites 

were 1.4745 ± 0.0002 and 1.4581 ± 0.0007 at 635 nm and 1550 nm, respectively, for 15 

mol % Zr. While this is a significant increase in refractive index compared to PDMS (n = 

1.40), we chose to pursue PDMS-titanium-oxo nanocomposites due to the ability to 

incorporate greater concentrations of titanium into the final material. 
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Figure 2-7: Refractive indices of PDMS-zirconium-oxo nanocomposites measured at 635 

nm and 1550 nm.  Error bars represent the standard deviation of three replicate 
measurements on one film. 

 

 Preliminary experiments indicated that increasing the mol percent of titanium 

resulted in a linear increase in refractive indices for the PDMS-titanium-oxo 

nanocomposites (results not shown).  Titanium could be incorporated into PDMS up to 30 

mol % before extensive cracking of the material occurred.  Since the original material was 

prepared in ethanol, which has poor casting properties, the current synthetic strategy needed 

to be modified slightly to facilitate preparation of thin films. The use of different organic 

solvents and dilution factors to prepare thin films of this material was optimized.  The use 

of methanol, ethanol, and dichloromethane for dilution of the polymer was unfavourable 

due to poor spreading of the final material when casting thin films.  We found that diluting 



 65 

y = 0.0038x + 1.4073 
R² = 0.998 

y = 0.0039x + 1.3943 
R² = 0.986 

1.39 

1.41 

1.43 

1.45 

1.47 

1.49 

1.51 

1.53 

0 5 10 15 20 25 30 

R
ef

ra
ct

iv
e 

In
de

x 

mol % Ti  

635 nm 

1550 nm 

the synthesized polymer 5-fold or 10-fold in hexanes yielded the most reproducible thin 

films, which could be used in future optical waveguide and sensing applications.    

 Increasing the mol percent of titanium in PDMS linearly increased the refractive 

indices of the nanocomposite materials both at 635 and 1550 nm (Figure 2-8).  The slopes 

for the linear change in refractive index were nearly identical within error, indicating that 

the effect of titanium in this nanocomposite was independent of the wavelengths measured 

in this study.  The highest refractive indices of these PDMS-titanium-oxo nanocomposites 

were 1.5187 ± 0.0009 and 1.5173 ± 0.0004 at 635 nm and 1550 nm, respectively, for 30 

mol % Ti.  The refractive indices of these PDMS-titanium-oxo nanocomposites are 

significantly greater than the refractive index of PDMS (n = 1.40), making them promising 

high refractive index PDMS materials for optical sensing applications. 

 
 

 

 

 

 

 

 

 
 

 
 

Figure 2-8: Refractive indices of PDMS-titanium-oxo nanocomposites measured at 635 nm 
and 1550 nm.  Error bars represent the standard deviation of three replicate measurements 

on one film.  
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 While the increase in refractive index units per mol percent of metal in PDMS was 

greater for zirconium than titanium, incorporating titanium in PDMS-metal-oxo 

nanocomposites was more favourable as a greater range of titanium concentrations could be 

incorporated.  The ability for zirconium to increase the refractive index more substantially 

than titanium can be related to the Lorentz-Lorenz equation  (Equation 2-1).  From this 

equation, the refractive index of a material increases with increasing polarizability and 

decreasing molar volume. Therefore, the greater ability for zirconium to increase the 

refractive index than titanium may arise from differences in the polarizability and/or the 

molar volume of the metal oxides.  

 It was also noted that the relative increase in refractive index units per mol percent 

of titanium or zirconium was the same at both 635 nm and 1550 nm.  While the refractive 

index of the native polymer differs significantly at 635 nm and 1550 nm, it appears that the 

refractive indices of the titanium and zirconium components were independent of the 

wavelengths measured.  This is consistent with other experimental studies that suggest that 

the wavelength-dependence of refractive index is more significant at wavelengths less than 

600 nm.51 

2.3.2 Synthesis and Refractive Index Characterization of Gold Nanoparticle – 

Polydimethylsiloxane Nanocomposites 

 Another strategy that was used in attempt to increase the refractive index of PDMS 

was the in situ synthesis of nanoparticles directly in the polymer.  Two simple synthetic 

strategies were explored for the in situ formation of gold nanoparticles in PDMS.26, 30  It 

has been well established that PDMS elastomer and curing agent from a Sylgard® 184 
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silicone elastomer kit will reduce gold salt to form gold nanoparticles, which are dispersed 

and stabilized within the cured PDMS matrix.26, 28, 30    

 The surface plasmon resonance of gold nanoparticles is responsible for the 

distinctive absorption profile and bright colour observed for gold nanoparticles.45  The 

surface plasmon resonance of gold nanoparticles, and thus their absorption profile, is 

dependent on their shape and size.  For this reason, visual inspection and absorbance 

spectroscopy can be used to assess the size and dispersion of gold nanoparticles.46, 52  A 

shift to longer maximum absorption wavelengths, known as a red shift, is observed as 

nanoparticles increase in size and become closer together.46  In addition, broadening of the 

absorption band is observed at longer absorption wavelengths with larger gold 

nanoparticles.  Njoki et al. showed that 30 nm gold nanoparticles are dark red in colour 

(absorption maximum at ~520 nm), while 90 nm gold nanoparticles are light pink/fuchsia 

in colour (absorption maximum at ~560 nm).46  Aggregates of gold nanoparticles typically 

show a purple colour.53  This is consistent with the absorption bands of smaller gold 

nanoparticles appearing at shorter wavelengths, while the absorption bands of larger gold 

nanoparticles and aggregates appear at longer wavelengths. 

 Goyal et al. prepared AuNP-PDMS nanocomposites by mixing PDMS, dissolved in 

dichloromethane, with chloroauric acid hydrate (HAuCl4), dissolved in methanol, to form 

gold nanoparticles in the PDMS matrix.26  As the original films prepared using this strategy 

were of a dark purple colour, which is indicative of gold nanoparticle aggregates, we 

modified many of the synthetic parameters in an attempt to vary the optical properties of 

the AuNP-PDMS material.  The volume of dichloromethane used to dissolve PDMS was 

the first parameter investigated; however, the resulting AuNP-PDMS film had a refractive 
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index equivalent to PDMS, and the volume of dichloromethane did not affect the physical 

or optical properties of the film.  For all further syntheses, an equal volume of 

dichloromethane to PDMS was used to dissolve PDMS in order to obtain optimal film 

casting properties while minimizing the use of solvent.   

 The ratio of PDMS elastomer to curing agent used in this synthetic strategy was 

also optimized, as the curing agent is believed to play an important role in reduction of gold 

salt to form gold nanoparticles. AuNP-PDMS films with 0.00014 wt. % HAuCl4 in PDMS 

were prepared using PDMS elastomer and curing agent in 5:1, 10:1, and 20:1 weight ratios.   

These films did not differ in terms of their physical and optical properties, and did not show 

any difference in refractive index at 1550 nm compared to PDMS (n = 1.39 at 1550 nm) 

(Figure 2-9A).  For all further syntheses, the weight ratio of 10:1 for PDMS elastomer to 

curing agent was selected. AuNP-PDMS films prepared with increasing concentrations of 

HAuCl4 using this synthetic strategy did not show any difference in refractive index 

compared to PDMS or each other (Figure 2-9B).   

   
 

 

 

 

 

 

Figure 2-9: Refractive indices at 1550 nm of AuNP-PDMS materials prepared according to 
the synthetic strategy outlined by Goyal et al. (A) AuNP-PDMS materials prepared using 
different weight ratios of PDMS elastomer to curing agent.  (B) AuNP-PDMS materials 

prepared with different concentrations of HAuCl4 in PDMS.  Error bars indicate the 
standard deviation from three replicate measurements on three films. 
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 These AuNP-PDMS nanocomposite films were grayish-purple in colour. As 

previously stated, observing a purple colour can be indicative of aggregates of gold 

nanoparticles.  These aggregates would likely scatter incident light, thereby minimizing the 

utility of AuNP-PDMS nanocomposites in optical sensing applications.  Also, these AuNP-

PDMS materials did not show any difference in refractive index compared to PDMS.  We 

decided to investigate a second synthetic strategy since it is possible that preparing AuNP-

PDMS nanocomposites with smaller gold nanoparticles could still increase the refractive 

index of PDMS. 

 Ryu et al. developed a synthetic strategy to prepare AuNP-PDMS materials by 

mixing crushed chloroauric acid trihydrate directly with PDMS elastomer and curing agent 

(from a Sylgard® 184 silicone elastomer kit) and then sonicating the mixture to form gold 

nanoparticles within the PDMS polymer.30  This synthetic strategy was attractive due its 

simplicity and the ability to form gold nanoparticles that would not scatter light.  Our 

preliminary work with this synthetic strategy, which involved preparing 0 – 0.9 wt.% 

chloroauric acid trihydrate in PDMS, found that these pink-coloured, transparent materials 

were extremely viscous, which made it difficult to prepare thin films.  In addition, these 

AuNP-PDMS films did not show any difference in refractive index compared to PDMS 

(Figure 2-10).  It was hypothesized that the viscosity of PDMS may have also prevented the 

dispersion of the gold nanoparticles in the PDMS matrix.  For this reason, we explored the 

use of several different solvents for casting the AuNP-PDMS material onto a glass 

substrate.  Using materials prepared from 0.2 wt.% chloroauric acid trihydrate in PDMS, 

we explored using no solvent, dichloromethane, hexanes, tert-butanol, and a 3:1 

combination of dichloromethane to methanol to dissolve and cast the final material.  We 
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found that the choice of solvent for film casting significantly changed the colour of the 

material, which is indicative of variations in nanoparticle size (Figure 2-11).  

 

 

 

 

 

 

 

Figure 2-10: Refractive indices at 1550 nm of AuNP-PDMS films prepared using the 
synthetic strategy outlined by Ryu et al.  Error bars indicate the standard deviation from 

three replicate measurements on three films. 
 

 

 

 

 

 

 

 

 

 

Figure 2-11: Photographs of AuNP-PDMS films prepared using the synthetic strategy 
outlined by Ryu et al. and cast using a variety of organic solvents: (A) no solvent, (B) 

hexanes, (C) dichloromethane, (D) tert-butanol, and (E) 3:1 dichloromethane: methanol. 
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 Due to the profound effect that the solvent choice had on the optical properties of 

the AuNP-PDMS material, we chose to further optimize this synthesis by monitoring the 

synthesis of AuNP-PDMS films by absorbance spectroscopy. Recall that the peak 

wavelength in the absorbance spectrum is indicative of the nanoparticle size, with shorter 

peak wavelengths indicating gold nanoparticles smaller in size. 

 AuNP-PDMS materials prepared by sonicating 0.2 wt.% chloroauric acid trihydrate 

in PDMS for 2 hours were dissolved in different organic solvents for casting of AuNP-

PDMS films.  The absorbance spectra of these AuNP-PDMS films cast in different 

solvents, with the exception of those films cast in tert-butanol, show broad absorption 

peaks, which indicate a range of nanoparticle sizes and a lack of material homogeneity 

(Figure 2-12A). In addition, the peak wavelengths of these films also varied significantly 

from film-to-film, as indicated by the large error in the peak wavelength, shown in Table 

2-3, which is also indicative of a lack of material homogeneity.  
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Figure 2-12: Absorbance spectra of AuNP-PDMS films prepared according to the synthetic 
strategy of Ryu et al. under different synthetic conditions.  (A) AuNP-PDMS films 

prepared where the solvent was only used for casting the thin film. (B) AuNP-PDMS films 
prepared where the solvent was used for sonicating the mixture and casting the thin film. 

(C) AuNP-PDMS films prepared in hexanes where the sonication time was optimized. (D) 
AuNP-PDMS films prepared in dichloromethane where the sonication time was optimized. 

(E) AuNP-PDMS films prepared where the volume of hexanes used for sonicating and 
casting was optimized. (F) AuNP-PDMS films prepared where the volume of 

dichloromethane used for sonicating and casting was optimized.  Absorbance spectra are 
the average of three replicate measurements on three films. 
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Table 2-3: Peak wavelengths from the absorbance spectra (Figure 2-12) of AuNP-PDMS 
films prepared by optimization of the Ryu et al. synthetic strategy.   The error of the peak 

wavelength is the standard deviation of three replicate measurements on three films. 

Figure Sample Peak Wavelength (nm) 

Figure 2-12A No solvent 516.69 ± 1.23 

 Hexanes 536.42 ± 8.65 

 DCM 522.54 ± 6.19 

 tert-butanol 538.04 ± 3.30 

 3:1 DCM: methanol 533.66 ± 5.14 

Figure 2-12B Hexanes 535.39 ± 3.20 

 DCM 551.15 ± 2.73 

Figure 2-12C Hexanes - 1 hours 540.56 ± 11.18 

 Hexanes - 2 hours 533.30 ± 12.10 

 Hexanes - 3 hours 525.45 ± 2.51 

 Hexanes - 4 hours 524.52 ± 5.47 

Figure 2-12D DCM - 1 hour 545.07 ± 2.08 

 DCM - 2 hours 544.49 ± 1.40 

 DCM - 3 hours 546.56 ± 2.79 

 DCM - 4 hours 546.45 ± 0.99 

Figure 2-12E 1X Hexanes 532.96 ± 12.19 

 2X Hexanes 527.65 ± 3.66 

 3X Hexanes 534.81 ± 0.20 

Figure 2-12F 1X DCM 558.03 ± 0.59 

 2X DCM 562.37 ± 0.39 

 3X DCM 561.80 ± 0.91 
 

 In an effort to improve material homogeneity, robustness of the synthetic strategy, 

as well as to prepare more size-consistent gold nanoparticles, we modified the synthetic 

strategy such that the AuNP-PDMS films were prepared by sonicating 0.2 wt.% chloroauric 
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acid trihydrate in PDMS directly with different organic solvents for 2 hours before casting 

the AuNP-PDMS film.  While the AuNP-PDMS materials prepared in tert-butanol and 3:1 

dichloromethane: methanol did not harden or cure, we were able to obtain absorbance 

spectra of those films prepared in hexanes and dichloromethane (Figure 2-12B).   The peak 

wavelength of these films had a smaller range than those AuNP-PDMS materials where 

solvent was only used for casting of the final material, as indicated by the smaller error in 

the peak wavelengths (Table 2-3).    

 Njoki et al. established a mathematical relationship between nanoparticle size and 

the peak wavelength from the absorbance spectrum for gold nanoparticles dispersed in 

water.46   Using this relation, the estimated size of the gold nanoparticles in PDMS prepared 

with hexanes is ~57 nm, while the estimated size of the gold nanoparticles in PDMS 

prepared with dichloromethane is ~81 nm.  The broadening of the absorption peak for the 

AuNP-PDMS material cast in dichloromethane, which can be indicative of larger gold 

nanoparticles, supports this calculated increase in nanoparticle size.  The significant 

difference in gold nanoparticle size between the two materials suggests that the difference 

in solvent polarity has a profound effect on the formation of the gold nanoparticles.   

 Based on these results, all further syntheses mixed the crushed chloroauric acid 

trihydrate with PDMS before adding an appropriate volume of hexanes or dichloromethane, 

sonicating the mixture, and casting a film of the material.  We decided to further optimize 

these materials in order to develop a reproducible and robust AuNP-PDMS material that 

could be characterized for refractive index. 

 Another parameter that was optimized in this synthetic strategy was the length of 

time that the AuNP-PDMS material was sonicated with hexanes or dichloromethane before 
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casting of the material to prepare a thin film.  As shown in Figure 2-12C and Figure 2-12D, 

the absorbance spectra of films prepared for different lengths of time in hexanes and 

dichloromethane, respectively, show different absorption profiles.  In the case of those 

films prepared using hexanes, as the length of time for sonication increased, the absorbance 

spectrum became narrower, indicating a smaller size distribution of gold nanoparticles.  In 

addition, the peak wavelengths for these materials show smaller variation when prepared 

with sonication times greater than 3 hours (Table 2-3).   Since hexanes did not immediately 

dissolve PDMS, it is likely that a sufficient amount of time is required to dissolve the 

PDMS and disperse the chloroauric acid trihydrate in order to prepare a reproducible 

material.   Therefore, a sonication time of 3 hours was chosen for all further preparations of 

these materials.  For those films prepared using dichloromethane, the sonication time did 

not profoundly affect the absorption spectrum or peak wavelength, and therefore, did not 

have a profound effect on the size of the nanoparticles (Table 2-3).  This is likely because 

dichloromethane quickly dissolved PDMS and dispersed the chloroauric acid, and therefore 

did not need a significant amount of time to generate the gold nanoparticles within the 

AuNP-PDMS material.  We chose a sonication time of 3 hours for all further syntheses to 

remain consistent with those materials prepared in hexanes. 

 Another parameter optimized in this synthetic strategy was the volume of solvent 

used to prepare the material.  As shown in Figure 2-12E and Figure 2-12F, the absorbance 

spectra of films prepared with different volumes of hexanes and dichloromethane show 

different absorption profiles.  In the case of those films prepared using hexanes, using 

larger volumes of hexanes for the synthesis resulted in a narrower absorption spectrum, 

which is indicative of a smaller size distribution of nanoparticles.  In addition, the peak 
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absorbance wavelength for the AuNP-PDMS material prepared with 3X hexanes shows 

significantly less variation than those materials prepared with smaller volumes of hexanes 

(Table 2-3).  Again, this was likely due to the ability of larger solvent volumes to disperse 

PDMS and chloroauric acid trihydrate more easily. Therefore, this volume of hexanes was 

used for all further syntheses.  For those films prepared using dichloromethane, the volume 

of solvent did not profoundly affect the absorbance peak, and therefore, did not have a 

profound effect on the size of the nanoparticles.  This was supported by the little variation 

in the peak absorbance wavelength at all of the volumes of dichloromethane tested (Table 

2-3). For this reason, an equal volume of dichloromethane to PDMS was selected.  We also 

examined other synthetic parameters, including the ratio of PDMS elastomer to curing 

agent, however, this did not profoundly affect the absorption spectra. 

 The final optimized synthetic strategy involved mixing the crushed chloroauric acid 

trihydrate with PDMS elastomer and curing agent (prepared in 10:1 weight ratio), 

dissolving either in three times the volume of polymer with hexanes or one times the 

volume of polymer with dichloromethane, sonicating for 3 hours, and then casting the 

films.  We determined the refractive indices of PDMS and these optimized AuNP-PDMS 

materials at 635 nm and 1550 nm (Figure 2-13).  In addition, we prepared AuNP-PDMS in 

hexanes with higher initial concentrations of chloroauric acid trihydrate for refractive index 

characterization.  The gold nanoparticles did not increase nor decrease the refractive index 

of PDMS, even when present at higher concentrations.  This suggests that the refractive 

index of these nanoparticles is similar to that of bulk PDMS.  The inability of gold 

nanoparticles to increase the refractive index of PDMS may be attributed to several factors, 

including the size of the gold nanoparticles and the dielectric constant of the PDMS 
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polymer.  Kubo et al. showed that the refractive index of gold nanoparticles (2 nm mean 

diameter) was dependent on both the wavelength of incident light and the dielectric 

constant of the material where the nanoparticles are embedded.54  The refractive index of 

PbS has also been shown to be dependent on nanoparticle size, where PbS nanoparticles 

smaller than 25 nm have refractive indices much less than that of bulk PbS.55  

 

 

 

 

 

 

 

 

 
Figure 2-13: Refractive indices of AuNP-PDMS materials prepared using the optimized 
synthetic strategy at 635 nm and 1550 nm.  Error bars represent the standard deviation of 

three replicate measurements on one film. 
 

2.3.3 Synthesis of Titanium Dioxide Nanoparticle – Polydimethylsiloxane 

Nanocomposites 

 Another strategy that was used in attempt to increase the refractive index of PDMS 

was the incorporation of commercially prepared nanoparticles into the polymer.  

Incorporating pre-made TiO2 nanoparticles into a PDMS matrix is an attractive strategy for 

increasing the refractive index of PDMS due to the high refractive index of TiO2 and its 

relative simplicity.  However, directly incorporating pre-made TiO2 nanoparticles into a 
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PDMS matrix would likely result in aggregation of the nanoparticles due to the difference 

in polarity between the hydrophilic TiO2 nanoparticles and the hydrophobic PDMS 

polymer.6  Incorporating TiO2 nanoparticles that have been surface-modified to improve 

compatibility with non-polar matrices could likely overcome the issue of nanoparticle 

aggregation in the PDMS matrix.  Surface-modified TiO2 nanoparticles are commercially 

available, including the hydrophobic SiO2 and octylsilane-coated TiO2 nanoparticles, from 

SkySpring Nanomaterials Inc. and Evonik Degussa, respectively.    

 In an effort to prepare TiO2 nanoparticle – PDMS nanocomposites, we first 

attempted to disperse the commercial nanoparticles into a variety of polar and non-polar 

solvents, which could later facilitate incorporation into PDMS.   We attempted to prepare 

dispersions of rutile TiO2 nanoparticles (10 – 30 nm diameter), SiO2-coated rutile TiO2 

nanoparticles (20 – 40 nm diameter, described as highly hydrophobic by the manufacturer), 

and octylsilane-coated TiO2 nanoparticles (~45 nm diameter) into a variety of polar and 

non-polar organic solvents (including hexanes, dichloromethane, chloroform, xylenes, 

methanol, and isopropanol).  None of the dispersions prepared by sonicating rutile TiO2 and 

SiO2-coated rutile TiO2 nanoparticles in organic solvent were able to suspend the 

nanoparticles; in fact, almost immediately after sonicating, the nanoparticles settled out of 

solution.  Oleic acid has been used in the literature as a stabilizing agent, allowing 

otherwise agglomerated nanoparticles to form clear and transparent dispersions in organic 

solvent.47, 48 Garnweitner et al. were able to prepare transparent dispersions of ZrO2 

nanoparticles in chloroform by adding oleic acid47, while Koziej et al. were able to prepare 

transparent dispersions of 3-(trimethoxysilyl)propyl methacrylate-modified TiO2 

nanoparticles in xylenes by adding oleic acid.48  We attempted to disperse our TiO2 
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nanoparticles in these and other organic solvents, with oleic acid, but the final dispersions 

remained cloudy and turbid with the nanoparticles settling out of solvent almost 

immediately following sonication. 

 Nanoparticle dispersions prepared by sonicating octylsilane-coated TiO2 

nanoparticles in some organic solvents also resulted in the nanoparticles settling out of the 

solvent, except when the nanoparticles were dispersed in chloroform, xylenes, isopropanol, 

and combinations of dichloromethane and chloroform.  While these dispersions were 

cloudy and turbid, the nanoparticles remained suspended in the solvent for a minimum of 

24 hours. We attempted to prepare transparent dispersions by adding oleic acid as a 

stabilizing agent, however, this was unsuccessful.    

 We attempted to incorporate these octylsilane-coated TiO2 nanoparticles in PDMS 

by mixing the stable nanoparticle dispersion (in xylenes, chloroform, or combinations of 

chloroform and dichloromethane) directly with PDMS.   The resulting films were opaque 

and did not show any change in the refractive index of PDMS at 1550 nm.  In addition, 

suspensions of these materials were passed through a 0.2-µm filter to remove any large 

nanoparticle aggregates.   While the resulting films were clear and transparent, they did not 

change the refractive index of PDMS at 1550 nm.  This is likely because all of the TiO2 

nanoparticles were present in large aggregates that were removed by the filtering process. 

 The inability to incorporate commercial TiO2 nanoparticles into PDMS is likely a 

result of the incompatibility between the hydrophilic TiO2 nanoparticles and the 

hydrophobic PDMS.  TiO2 nanoparticles that had been modified on their surface to increase 

their hydrophobicity could not be incorporated into PDMS without substantial aggregation 

of TiO2 nanoparticles.  In order to successfully prepare TiO2-nanoparticle PDMS 
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nanocomposites, it would be beneficial to explore other surface-modified TiO2 

nanoparticles that are known to be miscible with non-polar organic solvents.  Iijima et al. 

modified the surface of TiO2 nanoparticles with decyltrimethoxysilane to prepare 

transparent dispersions of these nanoparticles in toluene.56  Toluene is also miscible with 

PDMS, and this synthetic route may allow preparation of transparent TiO2 nanoparticle – 

PDMS nanocomposites that may have a high refractive index.  

2.3.4 Synthesis and Refractive Index Characterization of Naphthyl-Functionalized 

Polydimethylsiloxane  

 The incorporation of high refractive index functional groups has been widely 

employed to increase the refractive index of polymers.8  As previously stated, Kohjiya et al. 

incorporated a variety of aromatic groups into poly(methylhydrogen)siloxane to increase 

the refractive index of PDMS via a hydrosilylation reaction.42  This synthetic strategy uses 

trimethylsilyl-terminated PDMS instead of silanol-terminated PDMS, which does not allow 

for the addition of a metal alkoxide to cross-link the final polymer material.  We adapted 

this synthetic strategy to functionalize silanol-terminated PDMS with a naphthalene 

functional group (Figure 2-14) to allow for cross-linking with a metal alkoxide. 

 

 

 

 

 

Figure 2-14: Hydrosilylation reaction of 2-vinylnaphthalene with poly(dimethyl-co-
methylhydrogen)siloxane to prepare poly(dimethyl-co-methylethylnaphthyl)siloxane. 
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 Proton NMR spectroscopy was used to follow the attachment of the naphthyl 

functional group to poly(dimethyl-co-methylhydrogen)siloxane by a hydrosilylation 

reaction to form poly(dimethyl-co-methylethylnaphthyl)siloxane, also known as naphthyl-

functionalized PDMS.  Specifically, the Si-H peak at 4.6 ppm in the 1H-NMR spectrum of 

poly(dimethyl-co-methylhydrogen)siloxane (Figure 2-15A) should disappear when 2-

vinylnaphthalene is added.  The Si-H peak in the 1H-NMR spectrum of poly(dimethyl-co-

methylethylnapthyl)siloxane is absent, indicating that ethylnaphthalene was attached at this 

Si-H position by the hydrosilylation reaction (Figure 2-15B).  Therefore, we can conclude 

that poly(dimethyl-co-methylethylnaphthyl)siloxane was formed in this reaction. 
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Figure 2-15: NMR spectra of poly(dimethyl-co-methylhydrogen)siloxane and 
poly(dimethyl-co-methylethylnaphthyl) showing attachment of the naphthyl functional 

group by monitoring the Si-H peak at 4.6 ppm. (A) NMR spectrum of poly(dimethyl-co-
methylhydrogen)siloxane, showing the Si-H peak at 4.6 ppm.  1H-NMR Analysis: 0.03 

ppm (m, Si-CH3), 4.61 ppm (Si-H), 7.16 ppm (s, CDCl3)  (B) NMR spectrum of 
poly(dimethyl-co-methylethylnapthyl), showing the absence of the Si-H peak at 4.6 ppm. 
1H-NMR Analysis: 0.00 ppm (m, Si-CH3), 0.87 – 2.75 ppm (Si-CH2CH2C10H7), 7.40 ppm 

(m, Si-CH2CH2C10H7). 
 

 The refractive index of poly(dimethyl-co-methylethylnaphthyl)siloxane was 

investigated at both 635 nm and 1550 nm (Figure 2-16).   The refractive index of this 

naphthyl-functionalized PDMS is roughly 0.14 refractive index units greater than PDMS, 

owing to the higher refractive index of the aromatic groups.  Titanium tetraisopropoxide 

was added to poly(dimethyl-co-methylethylnaphthyl)siloxane to cross-link and harden the 

polymer, but to also increase the refractive index of the final material due to the high 

refractive index of titanium.  Titanium alkoxide was added to a final concentration of 2.5 – 
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10 mol % Ti.  Materials prepared with greater than 10 mol % Ti produced opaque and non-

isotropic films, likely resulting from titanium dioxide aggregates that occurred at these 

higher concentrations.  The slopes for the linear change in refractive index were nearly 

identical within error, indicating that the effect of titanium in this nanocomposite was 

independent of the wavelengths measured in this study.   The highest refractive indices of 

PDMS-titanium-oxo nanocomposite were 1.5664 ± 0.0001 and 1.5510 ± 0.0007 at 635 nm 

and 1550 nm, respectively, for 10 mol % Ti.  These high refractive indices are promising 

for use in optical sensing applications.      

 

 

 

 

 

 

 

 

 

 

 

Figure 2-16: Refractive indices of poly(dimethyl-co-methylethylnaphthyl)siloxane with 
different concentrations of titanium measured at 635 nm and 1550 nm.   Error bars 

represent the standard deviation of three replicate measurements on one film. 
 

 While the refractive index of these naphthyl-functionalized PDMS films is 

promising, these materials lack uniformity and do not readily form transparent, thin films of 
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uniform thickness.  The preparation of thin films from these materials required significant 

optimization before they could be suitable for optical sensing applications.  

 The preparation of thin films of these poly(dimethyl-co-

methylethylnaphthyl)siloxane materials with titanium was optimized.  A 60-fold dilution of 

the polymer was found to have the best casting properties for preparation of thin films.   

Films prepared with this material in 0 – 50% (v/v) hexanes in dichloromethane were 

transparent but had poor spreading of the material, resulting in films of non-uniform 

thickness. While films cast in 75 – 100% (v/v) hexanes in dichloromethane had favourable 

casting and film spreading properties, these compositions were incompatible with the 

incorporation of titanium dioxide, even at concentrations as low as 1 mol percent.  Films 

prepared without titanium had adhesive properties (i.e. sticky), which do not facilitate use 

in optical sensing applications.  Therefore, thin films of poly(dimethyl-co-

methylethylnaphthyl)siloxane materials were prepared using a casting solvent of 50% (v/v) 

hexanes in dichloromethane due to its ability to incorporate a titanium alkoxide cross-

linker, despite its semi-optimal casting properties.  Future modification of this casting 

method to allow for preparation of more reproducible films should include investigation 

into other film casting methods, such as spin coating or dip coating. 

 In Section 2.3.1, it was determined that incorporating titanium into PDMS using a 

sol—gel-derived synthesis resulted in an increase of 0.0038 ± 0.0001 refractive index units 

per mol percent titanium or 0.0039 ± 0.0002 refractive index units per mol percent of 

titanium, at 635 nm and 1550 nm, respectively.  In this section, it was determined that 

incorporating titanium into naphthyl-functionalized PDMS resulted in an increase of 0.0020 

± 0.0002 refractive index units per mol percent of titanium or 0.0018 ± 0.0001 refractive 
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index units per mol percent of titanium, at 635 nm and 1550 nm, respectively.  The increase 

in refractive index by adding titanium to poly(dimethyl-co-methylethylnaphthyl)siloxane is 

nearly 50% less than with the PDMS-titanium-oxo-nanocomposites. This could be 

attributed to several factors, including the proportion of titanium in the particles, the size of 

the particles, and differences in the crystallinity of the titanium dioxide in the final 

polymers.  The refractive index of titanium dioxide has been shown to depend on its 

crystalline form.57 

2.4 Conclusions 

 We explored four different methods for preparing tunable and high refractive index 

PDMS including: (a) incorporating high refractive index TiO2 and ZrO2 into PDMS via a 

sol-gel route, (b) incorporating gold nanoparticles into PDMS by an in situ synthesis, (c) 

incorporating commercial TiO2 nanoparticles into PDMS, and (d) incorporating high 

refractive index naphthyl functional groups into the PDMS backbone with a titanium 

alkoxide cross-linker.    

 Using a sol-gel route, PDMS-zirconium-oxo and PDMS-titanium-oxo 

nanocomposites were prepared according to Julian et al.18  The incorporation of both 

zirconium and titanium into PDMS produced a linear increase in refractive index at both 

635 nm and 1550 nm.  The refractive indices of PDMS-zirconium-oxo nanocomposites 

ranged from 1.4023 ± 0.0002 to 1.4745 ± 0.0002 and 1.3942 ± 0.0007 to 1.4581 ± 0.0007 

for 0 – 15 mol % Zr at 635 nm and 1550 nm, respectively.  The refractive indices of 

PDMS-titanium-oxo nanocomposites ranged from 1.4054 ± 0.0004 to 1.5187 ± 0.0009 and 

1.3962 ± 0.0004 to 1.5173 ± 0.0004 for 0 – 30 mol % Ti at 635 nm and 1550 nm 

respectively.  Both of these materials have tunable and high refractive indices that are 
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suitable for use in optical sensing applications.  In addition, the physical properties of the 

PDMS-titanium-oxo nanocomposites were optimized for preparation of thin films for these 

applications.  

 While the in situ synthesis of gold nanoparticles in PDMS produced materials with 

very colourful optical properties, the refractive index of these materials was equivalent to 

bare PDMS.  This indicates that gold nanoparticles have a refractive index comparable to 

PDMS.  In addition, incorporating surface-modified TiO2 nanoparticles prepared ex situ 

into PDMS was also unsuccessful at increasing the refractive index of PDMS, likely due to 

aggregation of the nanoparticles.   

 Naphthyl-functionalized PDMS was also prepared using a hydrosilylation reaction 

adapted from Kohjiya et al.42  We also incorporated the use of a titanium alkoxide to cross-

link the polymer and by consequence, increase the refractive index.  While this synthetic 

strategy was slightly more laborious than the other synthetic strategies investigated, it was 

capable of producing much higher refractive indices, owing to the high refractive index of 

aromatic functional groups.  The incorporation of titanium into naphthyl-functionalized 

PDMS produced a linear increase in refractive index at both 635 nm and 1550 nm. The 

refractive indices of poly(dimethyl-co-methylethylnaphthyl)siloxane ranged from 1.5475 ± 

0.0013 to 1.5664 ± 0.0001 and 1.5340 ± 0.0010 to 1.5510 ± 0.0007 for 0 – 10 mol % Ti at 

635 nm and 1550 nm respectively.  These materials have tunable refractive indices that are 

suitable for use in optical sensing applications.  In addition, the physical properties of the 

titanium and naphthyl-functionalized PDMS nanocomposites were further optimized for 

preparation of thin films for these applications. 
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Chapter 3                                                                                                   

Sensing of Volatile Organic Compounds Using Tunable Refractive Index 

Polydimethylsiloxane Materials on a Refractometer  

 

3.1 Introduction 

3.1.1 Sensing of Volatile Organic Compounds in Air 

 It is important to monitor for the presence of volatile organic compounds (VOCs) in 

air, since these compounds can contribute to air pollution1 and can cause many adverse 

health effects arising from both acute and chronic inhalation.2   The ability to monitor the 

air quality for the presence of harmful VOCs is important for maintaining the health and 

wellbeing of Canadians.  Indeed, the Ontario Ministry of Labour has established a 

comprehensive list of maximum VOC concentrations in air for Ontario workplaces.3 

 Current sensing strategies (reviewed in Chapter 1) can be limited by their lack of 

specificity, high cost, inability to be used for analysis directly on-site, and requirement for 

operation by individuals with extensive training.  We have established the importance of 

monitoring the presence of VOCs in air using inexpensive, easy-to-use, rapid, and portable 

methods that still have high sensitivity and specificity.  We have chosen to focus on the 

development of chemical sensors with label-free detection methods that rely on the inherent 

refractive index of analytes to satisfy these detection requirements. 
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3.1.2 Solid-Phase Microextraction Sensing Platforms for Detection of Volatile 

Organic Compounds 

 Solid-phase microextraction (SPME) occurs when an analyte partitions from the 

sample matrix into a solid phase, which is typically a polymer.4  Polydimethylsiloxane 

(PDMS) has been used as a platform for SPME in some chemical sensors with label-free 

detection methods due to the ability to extract a hydrophobic analyte from the sample 

matrix with partial selectivity. For example, PDMS polymers can be used as the cladding in 

long-period gratings to extract and detect VOCs in air.5, 6  It has been suggested that the 

partial selectivity of a PDMS polymer for different VOCs can be tuned by changing the 

polymer composition.7   

 Monitoring the change in refractive index when a VOC analyte partitions into 

PDMS via SPME has been used for some chemical sensing applications. For example, the 

change in refractive index and thickness of thin PDMS films following absorption of VOCs 

has been monitored using ellipsometry.8, 9 Here, both the refractive index and thickness of a 

PDMS film increased linearly with increasing concentrations of VOC.  The magnitude of 

the change in refractive index of a PDMS film following absorption of VOCs was shown to 

be related to the difference between the refractive index of the polymer and the refractive 

index of the analyte, as well as to the affinity of the analyte for the polymer film.8   

 Recently, Chen et al. have shown that a refractometer can be used to monitor 

changes in refractive index and thickness that arise from absorption of VOC analytes into 

thin PDMS films.10  We described this refractometer in depth in Chapter 2 (Section 2.2.5).   

When using thin polymer films, the reflection of incident light from the film-air and glass-

film boundaries generated an interference pattern that was captured by the detector (Figure 
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3-1).10  Using a double-beam interference model, the refractive index and thickness of the 

film were extracted from the phase of the interference pattern using a series of 

mathematical equations.  The images acquired from the refractometer in this work were 

analyzed using this method.  Briefly, the average cross sectional light intensity of an image 

was plotted by pixel column.  Then, a Fourier transform was used to convert this plot from 

the spatial domain to the frequency domain.  From this plot, the center peak, which was 

caused by non-periodic noise in the interferogram, and the negative portion, which was 

symmetrical to the positive portion, were removed.  The inverse Fourier transform was then 

performed on the positive portion to convert back to the spatial domain.  The phase was 

then extracted from the processed data using an arctan function of the real and imaginary 

parts.  This was subsequently fitted with a parabolic function to determine the refractive 

index and thickness of the film.  The minimum detectable change in refractive index using 

this method is 1 x 10-4 refractive index units.  For this analysis, the films must range in 

thickness from 3 – 150 µm in order to ensure a sufficient number of fringes can be resolved 

in the interference pattern.  Other limitations of this method include the angular resolution 

of the lenses in the refractometer and the pixel resolution of the detector.  The ability to 

inexpensively follow changes in refractive index and thickness in real-time, with high 

precision, is an advantage of this sensing platform. 
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Interface Interference Pattern 

  

 

 

 

 

 

 

 

 

 
Figure 3-1: Interference pattern obtained for a thin PDMS film using a refractometer at 

1550 nm. 
 

3.1.3 Research Objectives 

 Using tunable refractive index PDMS films with an inexpensive refractometer could 

permit the detection, identification, and quantitation of several different VOCs in air 

simultaneously.   In Chapter 2, the preparation of a variety of PDMS materials with tunable 

refractive indices was discussed. Since tunable PDMS materials vary in both composition 

and refractive index, we may be able to achieve partial selectivity for different VOCs using 

these materials. We can envision a sensor composed of an array of recognition elements 

prepared from tunable refractive index PDMS materials, which could allow for 

differentiation and identification of VOCs of varying refractive indices in air.   

 To demonstrate the sensitivity and partial selectivity of tunable refractive index 

PDMS materials towards VOCs in air, we measured the change in refractive index and 

thickness of selected PDMS films to a low refractive index VOC, cyclohexane (n = 

1.4141), and a high refractive index VOC, m-xylene (n = 1.4802), using a refractometer at 
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1550 nm.  It should be noted that all refractive indices are reported at 1550 nm in this 

Chapter. 

3.2 Materials and Methods 

3.2.1 Preparation of Thin Tunable Refractive Index Polydimethylsiloxane Films  

 Several tunable refractive index PDMS materials were investigated for their 

response to volatile organic compounds (VOCs), including four PDMS-titanium-oxo 

nanocomposites prepared with 5, 10, 15, and 20 mol % titanium, and a naphthyl-

functionalized PDMS material prepared with 2.5 mol % titanium.  Thin films (thickness of 

10 – 20 µm) of these materials were prepared as described in Sections 2.2.1 and 2.2.4, 

respectively, and deposited onto 2.5 cm x 2.5 cm NSF-11 glass slides (n = 1.78 at 589 nm, 

Volume Precision Glass, Santa Rosa, CA).  To facilitate sensing of VOCs, a cylindrical 

glass tube was attached and sealed to each film using PDMS prepared from a Sylgard® 184 

silicone elastomer kit (Figure 3-2).  

 

 

 

Figure 3-2: Cylindrical glass tube attached to the surface of a thin film to facilitate sensing 
of volatile organic compounds. 

 

3.2.2 Measurement of Film Refractive Index and Thickness 

 A refractometer can be used to measure the refractive index of thin polymer films, 

as described in Chapter 2.   Here, the refractive index and thickness of thin films was also 

determined using thin film interference patterns. Chen et al. have described how to extract 
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the refractive index and thickness from these interference patterns.10  We applied this 

methodology to determine the refractive index and thickness of thin PDMS films exposed 

to VOCs. 

 A detailed explanation of the refractometer has been described by Chen et al.10 and 

was also described in Chapter 2 (Section 2.2.5).  Prior to measurement, the surface of the 

prism was spotted with a refractive index matching solution (Cargille Labs, n = 1.7250 at 

589 nm) before placing the film-coated substrate on the prism surface.  Calibration of the 

measurement region of this refractometer was performed by measuring the interface 

position for solutions of known refractive index, including DMSO/water solutions (60 – 90 

% (v/v), n = 1.4040 – 1.4507) and cinnamaldehyde/water solutions (75 – 95 % (v/v), n = 

1.5256 – 1.5671), depending on the desired refractive index measurement range.  This 

calibration generated a linear relationship between the interface position and refractive 

index that could be used to predict the refractive index for unknown materials (Figure 3-3). 

 

 

 

 

 

 

 

 

Figure 3-3: Example of a calibration curve for the refractometer at 1550 nm obtained using 
DMSO/water solutions of known refractive index. 
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3.2.3 Volatile Organic Compound Sensing Experiments 

 The change in refractive index and thickness for a variety of tunable refractive 

index PDMS materials when exposed to m-xylene (n = 1.4802) and cyclohexane (n = 

1.4141) was evaluated.  m-Xylene (≥99.0%) was purchased from Sigma Aldrich (Oakville, 

ON) and used as received.  Cyclohexane (≥99.0%) was purchased from Caledon 

Laboratories (Georgetown, ON) and used as received. 

 To investigate the change in refractive index and thickness for these films when 

exposed to VOCs, the polymer film was exposed to known concentrations of solvent 

vapour using a metered flow mixer (Figure 3-4).  Briefly, N2 was bubbled through m-

xylene or cyclohexane solvent in a glass wash bottle to produce saturated solvent vapour.  

Then, a metered flow mixer was used to add N2 to the saturated solvent vapour to generate 

the desired concentration of solvent vapour.  

 

 

 

 

 
 

 
 

 
Figure 3-4: Schematic of a refractometer with a solvent vapour delivery apparatus.  

 

 Residual water and/or contaminants trapped in the film were purged by passing 

compressed N2 over the surface of the film for 30 minutes while acquiring images every 

minute.  The film was then exposed to either 10, 20, or 30% saturated solvent vapour for 15 
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minutes while acquiring images every 15 seconds. Following exposure to the solvent 

vapour, the sample was purged for 10 minutes with N2 while acquiring images every 15 

seconds.  For each concentration of solvent vapour tested, the measurement was performed 

in triplicate.  Images of the interface and interference pattern captured at these specific time 

intervals were used to monitor changes in the film’s refractive index and thickness. 

3.2.4 Calculating the Change in Refractive Index and Thickness After Exposure of 

Thin Polydimethylsiloxane Films to Volatile Organic Compounds 

 Prior to calculating the refractive index and thickness from the interference patterns, 

we first calculated the refractive index of selected PDMS films when exposed to different 

solvent vapour concentrations by measuring the interface position as described in Chapter 2 

(Section 2.2.5).   

 The refractive index and thickness were then extracted from the interference 

patterns for every image acquired as described by Chen et al.10  By extracting the phase 

from the interference pattern using several mathematical functions, and fitting the extracted 

phase with a parabolic function, the refractive index and thickness of the polymer film was 

determined.  It was noted that different image regions could be used for phase fitting, and 

these would yield different refractive index and thickness results. The final choice of phase 

fitting region was made based on matching the change in refractive index for the selected 

PDMS films when exposed to different solvent vapour concentrations with the changes in 

refractive index calculated from the interface position method described above.    
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3.3  Results and Discussion 

3.3.1 Development of a Refractive Index and Thickness Sensor for Detection of 

Volatile Organic Compounds in Air 

 The development of a chemical sensor capable of detecting several VOCs in air 

simultaneously would require an array of partially specific recognition elements with the 

ability to differentiate between analytes.  Developing a chemical sensor based on 

monitoring the refractive index of VOCs is a promising strategy for their detection as all 

VOCs have an inherent refractive index, and frequently the values for particular VOCs that 

might be present together in a sample are different.  

 Since VOCs will partition into PDMS due to SPME, using an array of recognition 

elements composed of tunable refractive index PDMS materials with varying chemical 

composition could facilitate the ability to differentiate between analytes.  Monitoring the 

change in refractive index and thickness of these tunable PDMS materials caused by the 

presence of VOCs could serve as the detection platform.  We used a refractometer to 

monitor changes in refractive index and thickness of a PDMS film that arose from 

partitioning of VOCs into the polymer as described by Chen et al.10 

 The sensitivity of such a refractive index sensor is directly correlated to the 

difference in magnitude between the refractive index of the analyte being detected and the 

refractive index of the PDMS film, as well as the partition coefficient for that analyte and 

the film.  For example, detection of cyclohexane (n = 1.4141) is likely better suited to 

higher refractive index PDMS materials (e.g. refractive indices > 1.42) while detection of 

m-xylene (n = 1.4802) is likely better suited to lower refractive index PDMS materials (e.g. 
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refractive indices < 1.47).  Greater differences in the magnitude between the refractive 

index of the analyte and the refractive index of the PDMS film should generate more 

dramatic changes in the refractive index as the analyte partitions into the PDMS film.  

 The ability to prepare tunable refractive index PDMS materials has been discussed 

in Chapter 2.   Specifically, PDMS-titanium-oxo nanocomposites prepared with 0 – 30 mol 

% titanium yielded refractive indices of 1.3962 ± 0.0004 to 1.5173 ± 0.0004 at 1550 nm.   

In addition, poly(dimethyl-co-methylethylnaphthyl)siloxane, also known as naphthyl-

PDMS, prepared with 0 – 10 mol % Ti yielded refractive indices of 1.5340 ± 0.0010 to 

1.5510 ± 0.0007 at 1550 nm.  We explored the ability to use some of these tunable 

refractive index PDMS materials as partially selective recognition elements for different 

VOC analytes in a refractive index sensor. 

3.3.2 Volatile Organic Compound Sensing Experiments  

 The changes in refractive index and thickness of several different PDMS films were 

monitored following exposure to VOCs using a refractometer operating at 1550 nm.  Thin 

films prepared from four PDMS-titanium-oxo nanocomposite materials with 5, 10, 15, and 

20 mol % titanium (n = 1.4111, 1.4362, 1.4494, and 1.4784) and one naphthyl-

functionalized PDMS material with 2.5 mol % titanium (n = 1.5372) were evaluated for 

their response to cyclohexane (n = 1.4141) and m-xylene (n = 1.4802).  These films were 

exposed to 10, 20, and 30% saturated solvent vapour for 15 minutes before purging the film 

with nitrogen for 10 minutes. 

 The change in refractive index of a PDMS-titanium-oxo nanocomposite film with 5 

mol % titanium when exposed to m-xylene vapour concentrations is shown in Figure 3-5.  
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Here, the change in refractive index calculated from the interference pattern method, as 

well as the change in refractive index calculated from the interface position method, is 

shown.  Overall, the refractive index values for a PDMS film, when exposed to different 

concentrations of m-xylene vapour, calculated using the two different methods are 

equivalent within error.  To simplify data presentation, and to be consistent with the 

thickness calculations, further refractive index results presented are only those calculated 

using the interference patterns as described by Chen et al.10     

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 3-5: Change in refractive index of a PDMS-titanium-oxo nanocomposite with 5 mol 
% Ti when exposed to m-xylene vapour, calculated using the interference pattern and the 
interface position.  Arrows indicate the introduction of m-xylene vapour or N2 to the film.  
Plot is the average of three replicate measurements of the response of the polymer film to 

three different concentrations of m-xylene vapour. 
 

 The exposure of increasing concentrations of m-xylene vapour to this PDMS film 

generated greater changes in the refractive index.  Since the refractive index of this PDMS 



104 

 

film was 1.4111, partitioning of the higher refractive index m-xylene into the polymer 

produced an increase in its refractive index.  These changes in refractive index were 

reversible.  While partitioning of the analyte into the film reached analyte distribution 

equilibrium at lower concentrations of m-xylene vapour, analyte distribution equilibrium 

was not reached at higher concentrations.  A fixed 15 minute exposure time was used for 

film measurements, and this produced an approximately linear change in refractive index 

over the range of concentrations studied (see Section 3.3.3).  Any deviations of the 

measurement from linearity were within the error of the measurement.  The error from not 

reaching equilibrium was small compared to the refractive index change and the error 

between the replicate measurements.  Similar trends were observed for this film with 

cyclohexane vapour (data not shown).      

 Further optimization of the length of sampling time should be done to maximize the 

linear dynamic range.  However, since the lowest concentration of solvent vapour tested 

can easily achieve equilibrium in 15 minutes, the refractive index response is expected to 

remain linear at low concentrations and near the limit of detection. 

 The change in thickness of this PDMS-titanium-oxo nanocomposite film with 5 mol 

% titanium when exposed to m-xylene vapour is shown in Figure 3-6.  Similar to the 

refractive index response, the exposure of increasing concentrations of m-xylene vapour to 

the PDMS film generated greater changes in thickness, associated with swelling of the 

polymer.  These changes in thickness were also reversible.  Similar trends for this film were 

observed with cyclohexane vapour (data not shown). 
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Figure 3-6: Change in thickness of a PDMS-titanium-oxo nanocomposite with 5 mol % Ti 
when exposed to m-xylene vapour.  Arrows indicate the introduction of m-xylene vapour or 

N2 to the film.  Plot is the average of three replicate measurements of the response of the 
polymer film to three different concentrations of m-xylene vapour.   

 

3.3.3 Change in Refractive Index and Thickness After Exposure of Thin 

Polydimethylsiloxane Films to Volatile Organic Compounds 

 The change in refractive index and thickness for the four PDMS-titanium-oxo 

nanocomposites and one naphthyl-functionalized PDMS films when exposed to different 

concentrations of m-xylene vapour for 15 minutes is shown in Figure 3-7 and Figure 3-8.  

Both the change in refractive index and change in thickness were linear over the 

concentrations of m-xylene vapour studied.   Again, any deviations of the measurement 

from linearity were within the error of the measurement. 
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Figure 3-7: Change in refractive index for PDMS-titanium-oxo nanocomposites (Ti-PDMS) 

and naphthyl-functionalized PDMS (NAP-PDMS) films when exposed to different 
concentrations of m-xylene vapour.  Error bars indicate the standard deviation of three 

replicate measurements. 
 

 
 

 
 

 
 

 
 

 
 

 

Figure 3-8: Change in thickness for PDMS-titanium-oxo nanocomposites (Ti-PDMS) and 
naphthyl-functionalized PDMS (NAP-PDMS) films when exposed to different 

concentrations of m-xylene vapour.  Error bars indicate the standard deviation of three 
replicate measurements. 
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 The refractive index for PDMS-titanium-oxo nanocomposite films increased with 

the concentration of m-xylene vapour because the refractive index of these films was less 

than the refractive index of m-xylene.  For the naphthyl-functionalized PDMS with 2.5 mol 

% Ti, the refractive index decreased with increasing concentrations of m-xylene vapour 

because the refractive index of this film was greater than the refractive index of m-xylene.    

 The change in refractive index and thickness for the same five films when exposed 

to different concentrations of cyclohexane vapour is shown in Figure 3-9 and Figure 3-10.  

These show the change in refractive index and thickness of the polymer film after 15 

minutes of exposure, and confirm that the changes were linear over the concentrations of 

cyclohexane vapour studied.  Again, any deviations of the measurement from linearity were 

within the error of the measurement. 

 

 

 

 

 

 

 

 

 
 

Figure 3-9: Change in refractive index for PDMS-titanium-oxo nanocomposites (Ti-PDMS) 
and naphthyl-functionalized PDMS (NAP-PDMS) films when exposed to different 

concentrations of cyclohexane vapour.  Error bars indicate the standard deviation of three 
replicate measurements. 
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Figure 3-10: Change in thickness for PDMS-titanium-oxo nanocomposites (Ti-PDMS) and 
naphthyl-functionalized PDMS (NAP-PDMS) films when exposed to different 

concentrations of cyclohexane vapour.  Error bars indicate the standard deviation of three 
replicate measurements. 

 

 For the PDMS-titanium-oxo nanocomposites with 5 mol % Ti, the refractive index 

increased with increasing concentrations of cyclohexane vapour because in this case, the 

refractive index of cyclohexane was greater than the refractive index of the polymer film.   

The refractive index for all the other films decreased with increasing concentrations of 

cyclohexane vapour because the refractive index of cyclohexane was lower than the 

refractive index of all these films.  

 The error bars for the change in refractive index and thickness responses were 

generally greater at higher concentrations of m-xylene and cyclohexane vapour, which can 

be attributed to the partitioning of analyte into the film not having reached equilibrium.  

This error could be minimized by using longer exposure intervals (greater than 15 minutes) 

to allow the partitioning of analyte into the film to be closer to equilibrium. 
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 The slopes of the refractive index response to m-xylene and cyclohexane vapour for 

all films studied are reported in Table 3-1.  The absolute magnitude of the slope is 

indicative of the sensitivity of the polymer to the VOCs.  For the PDMS-titanium-oxo 

nanocomposites, the refractive index response for m-xylene decreased with increasing Ti 

concentration in the film.  This decline in response can be attributed to a decrease in the 

difference between the refractive index of the polymer and the analyte.  For the PDMS-

titanium-oxo nanocomposites, the refractive index response for cyclohexane increased with 

increasing Ti concentration in the film.   This incline in response can be attributed to an 

increase in the difference between the refractive index of the polymer and the analyte.  
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Table 3-1: Data from the linear fit for the change in refractive index with concentration of m-xylene or cyclohexane vapour using 
PDMS-titanium-oxo nanocomposites (Ti-PDMS) and naphthyl-functionalized PDMS (NAP-PDMS) films. 

Solvent 5% Ti 
PDMS 

10% Ti 
PDMS 

15% Ti 
PDMS 

20% Ti 
PDMS 

2.5% Ti 
NAP-PDMS 

m-Xylene      

Slope ± Error (x10-7) 6.92 ± 1.18 4.13 ± 0.29 3.29 ± 0.35 2.79 ± 0.15 -12.0 ± 0.4 

Y-Intercept ± Error (x10-4) -1.23 ± 1.74 -0.33 ± 0.44 0.01 ± 0.51 0.06 ± 0.21 3.12 ± 0.66 

R2 0.945 0.990 0.978 0.995 0.997 

Cyclohexane      

Slope ± Error (x10-7) 0.56 ± 0.04 -0.69 ± 0.08 -0.55 ± 0.08 -1.90 ± 0.17 -2.49 ± 0.03 

Y-Intercept ± Error (x10-4) 0.38 ± 0.73 -0.73 ± 1.55 -1.10 ± 1.43 2.41 ± 3.30 0.04 ± 0.53 

R2 0.991 0.973 0.964 0.983 1.00 
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 The naphthyl-functionalized PDMS with 2.5 mol % Ti (n = 1.5372) had the greatest 

sensitivity for m-xylene vapour (n = 1.4802).  Based on differences between film and 

analyte refractive index alone, one would predict that the refractive index response would 

be greatest for the PDMS-titanium-oxo nanocomposite film with 5 mol % Ti (n = 1.4111), 

where the refractive index difference is greatest. Since this is not the case, this suggests that 

m-xylene has greater affinity (larger partition coefficient) for the naphthyl-functionalized 

PDMS than the PDMS-titanium-oxo nanocomposites.   

 The magnitude of the refractive index response for cyclohexane (n = 1.4141) was 

greatest for naphthyl-functionalized PDMS with 2.5 mol % Ti (n = 1.5372), which is 

consistent with this pair having the largest refractive index difference. Similarly, the 

refractive index response for cyclohexane was lowest for PDMS-titanium-oxo 

nanocomposites prepared with 5 – 15 mol % Ti, where there are smaller differences 

between the refractive index of the polymer and the analyte.   

 The slopes for the change in film thickness to m-xylene and cyclohexane solvent 

vapour for all films studied are reported in Table 3-2.  The magnitude of the change in 

polymer thickness for m-xylene was greatest for the PDMS-metal-oxo nanocomposite with 

5 mol % Ti and naphthyl-functionalized PDMS with 2.5 mol % Ti.  The magnitude of the 

change in polymer thickness for cyclohexane was greatest for the PDMS-metal-oxo 

nanocomposite with 5 mol % Ti.  The greater thickness response for films with the lowest 

concentrations of titanium may be linked to the lesser extent of cross-linking and greater 

swelling ability for these films.   It was noted that the thickness response for the 10, 15, and 

20 mol % titanium films was roughly equivalent within error.  This suggests that the extent 
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of cross-linking for these films was not significantly different in spite of the different 

amounts of titanium present. 
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Table 3-2: Data from the linear fit for the change in thickness with concentration of m-xylene or cyclohexane vapour using PDMS-
titanium-oxo nanocomposites (Ti-PDMS) and naphthyl-functionalized PDMS (NAP-PDMS) films. 

Solvent 5% Ti 
PDMS 

10% Ti 
PDMS 

15% Ti 
PDMS 

20% Ti 
PDMS 

2.5% Ti 
NAP-PDMS 

m-Xylene      

Slope ± Error (x10-4) 26.8 ± 4.2 8.69 ± 0.92 10.0 ± 1.6 11.8 ± 1.2 21.6 ± 1.4 

Y-Intercept ± Error  -0.45 ± 0.62 -0.07 ± 0.14 -0.05 ± 0.23 -0.11 ± 0.17 1.23 ± 0.20 

R2 0.954 0.978 0.953 0.981 0.992 

Cyclohexane      

Slope ± Error (x10-4) 6.11 ± 0.19 2.55 ± 0.11 3.21 ± 0.02 2.58 ± 0.44 2.91 ± 0.39 

Y-Intercept ± Error  -0.30 ± 0.35 -0.11 ± 0.21 -0.01 ± 0.03 0.65 ± 0.84 -0.20 ± 0.82 

R2 0.998 0.996 1.00 0.944 0.985 
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3.3.4 Detection Limits of Volatile Organic Compounds Using Tunable Refractive 

Index Polydimethylsiloxane Materials  

 To evaluate the ability to use these tunable refractive index PDMS materials in 

optical sensors for the detection of VOCs, the minimum detectable concentrations (limit of 

detection, LOD) of m-xylene and cyclohexane were determined.  The LOD (xLOD) was 

determined by: 

 Equation 3-1    

where tα,k-1 is the Student’s t-distribution value for the 1 – α confidence interval and k 

replicate measurements, sy is the standard deviation of the measured signal response for an 

analyte concentration near the estimated LOD, and r is the slope of the measured signal 

response.11   

 The LODs (at a 99% confidence interval) for m-xylene and cyclohexane using the 

various PDMS films are shown in Table 3-3.   For m-xylene, a LOD of 81 ppm was 

obtained using the PDMS-titanium-oxo nanocomposites with 5 mol % Ti.  The large 

difference between the refractive index of the polymer film and the refractive index of the 

analyte allows for greater sensitivity to refractive index changes in the film.  The LODs 

obtained using the other PDMS-titanium-oxo nanocomposites and naphthyl-functionalized 

PDMS ranged from ~600 to ~1000 ppm.  Some of these poorer detection limits arise from 

the large standard deviation in the measured signal at low analyte concentrations, which is 

likely due to heterogeneities in the PDMS film.  For cyclohexane, a LOD of 4940 ppm was 

obtained using the PDMS-titanium-oxo nanocomposite with 10 mol % Ti.  Since the 

difference in refractive index of this polymer film and the refractive index of the solvent 

xLOD =
tα,k−1 ⋅ sy

r
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was relatively small, the better minimum LOD achieved using this film can be attributed to 

the smaller error in the measured refractive index response.  Again, the large error 

associated with the measured signal at low concentrations of cyclohexane contributed to 

poor detection limits for these films. 

Table 3-3: Detection limits for m-xylene or cyclohexane vapour using PDMS-titanium-oxo 
nanocomposites (Ti-PDMS) and naphthyl-functionalized PDMS films (NAP-PDMS). 

Solvent 5% Ti 
PDMS 

10% Ti 
PDMS 

15% Ti 
PDMS 

20% Ti 
PDMS 

2.5% Ti 
NAP-PDMS 

m-Xylene 81 ppm 658 ppm 572 ppm 623 ppm 972 ppm 

Cyclohexane 7450 ppm 4940 ppm 12400 ppm 11300 ppm 6520 ppm 
 

 The time-weighted average maximum exposure limits in Ontario workplaces for m-

xylene and cyclohexane are both set at 100 ppm.3  The PDMS-titanium-oxo nanocomposite 

with 5 mol % Ti is suitable for the detection of m-xylene at the workplace exposure limit, 

while the LOD for cyclohexane must be improved to meet the requirements of this 

application. To improve the minimum detectable concentration of cyclohexane, it would be 

worthwhile to investigate whether other materials have greater affinity for cyclohexane. 

3.3.5 Partition Coefficients for Volatile Organic Compounds with Tunable 

Refractive Index Polydimethylsiloxane Films 

 In addition to considering the difference between the refractive index of the polymer 

and the refractive index of the solvent vapour, characterizing the response of these films to 

different VOCs must also consider the affinity of a VOC for the polymer film.  The film-air 

partition coefficient (Kfa) can be used to evaluate the affinity of a particular VOC for a 

polymer film.   The film-air partition coefficient is defined as the ratio of the concentration 
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of analyte in the polymer film to the concentration of analyte in the air, at equilibrium 

(Equation 3-2).12  

 Equation 3-2    

Our approach to calculating the film-air partition coefficients for PDMS films with VOC 

analytes has already been described in the Ph.D. thesis of a previous student in our group.13  

This approach will be reviewed here. 

 As the analyte partitioned into the polymer film, its refractive index and thickness 

increased linearly with increasing analyte concentrations, suggesting that the polymer 

swells freely with absorption of the analyte.  In this case, it can be assumed that the analyte 

and polymer behave as a binary liquid mixture. The Lorentz-Lorenz equation for binary 

liquid mixtures also follows an approximately linear relationship: 

 Equation 3-3    

where n is the refractive index of the polymer film after partitioning of the analyte into the 

film has reached equilibrium, Φ1 and Φ2 are the volume fractions of the polymer and the 

analyte in the film, respectively, and n1 and n2 are the refractive indices of the pure polymer 

film and pure analyte, respectively.14  The Lorentz-Lorenz equation has been used to 

predict the refractive index of a binary liquid mixture with strong correlation to 

experimentally observed refractive indices.14   

 It was assumed that the PDMS polymer and solvent vapour behaved as liquids, 

which allowed us to use the Lorentz-Lorenz equation to determine the volume fraction of 

analyte in the polymer film.  For this calculation, we used the refractive index values for 

K fa =
[analyte] film
[analyte]air

n2 −1
n2 + 2

= φ1
n1
2 −1

n1
2 + 2

+φ2
n2
2 −1

n2
2 + 2
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[analyte] film = φ2 ⋅ρ

those polymer films exposed to 10% saturated solvent vapour, which has shown to reach a 

distribution equilibrium in the 15 minute time sampling interval.  The concentration of 

analyte in the film was then calculated using Equation 3-4:  

 Equation 3-4   

where Φ2 is the volume fraction of the analyte in the polymer film and ρ is the density of 

the analyte.13   The concentration of analyte in the air was calculated using partial pressures 

in combination with the ideal gas law.  The film-air partition coefficient was then 

calculated using Equation 3-2. 

 This calculation of film-air partition coefficients makes several assumptions.  First, 

the Lorentz-Lorenz equation assumes that both the polymer and analyte behave like liquids.   

Furthermore, the molar volume of the analyte in the film was assumed to be equivalent to 

the molar volume of the analyte as a liquid.  In addition, we assumed that the change in 

thickness of the polymer film due to the presence of analyte did not have a significant effect 

on the molar volume or polarizability of the polymer material itself.  We acknowledge that 

these assumptions may not be ideal for our system, but should allow for comparison of the 

relative affinities of the VOC analytes for the different PDMS films investigated. 

 The film-air partition coefficients calculated for the PDMS-titanium-oxo 

nanocomposites and naphthyl-functionalized PDMS with m-xylene and cyclohexane are 

listed in Table 3-4.  The film-air partition coefficients for the PDMS-titanium-oxo 

nanocomposite materials with m-xylene increased as the concentration of titanium in the 

polymer increased, while the film-air partition coefficients for cyclohexane decreased as the 

concentration of titanium in the polymer increased. 
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Table 3-4: Film-air partition coefficients for PDMS-titanium-oxo nanocomposites (Ti-
PDMS) and naphthyl-functionalized PDMS (NAP-PDMS) with m-xylene or cyclohexane 

vapour.  The error indicates the standard deviation of three calculations from three replicate 
measurements. 

Solvent 5% Ti 
PDMS 

10% Ti 
 PDMS 

15% Ti 
PDMS 

20% Ti 
PDMS 

2.5% Ti 
NAP-PDMS 

m-Xylene 932 ± 26 1320 ± 192 1803 ± 186 10100 ± 1003 2880 ± 803 

Cyclohexane 934 ± 58 839 ± 51 481 ± 62 416 ± 105 433 ± 40 
 

 From these partition coefficients, we can predict that m-xylene has greatest affinity 

towards the PDMS-titanium-oxo nanocomposite with 20 mol % Ti.   However, this is 

inconsistent with the observed change in refractive index and thickness of the polymer film 

following absorption of the VOC.  Following exposure to m-xylene, the PDMS-titanium-

oxo nanocomposite with 5 mol % Ti and the naphthyl-functionalized PDMS with 2.5 mol 

% Ti showed the greatest change in thickness, as well as the greatest change in refractive 

index.  Accompanying this large change in refractive index and thickness, we would predict 

that greater concentrations of m-xylene are partitioning into these PDMS films compared to 

the other films and therefore, a greater partition coefficient would be observed.  Since this 

was not observed, this suggests that one of the assumptions made during the calculation of 

the film-air partition coefficients may be incorrect.  It is plausible that the swelling of the 

polymer following exposure to m-xylene changes its molar volume and/or polarizability, 

which would invalidate our approach to calculating the film-air partition coefficients.  

Future work should involve developing a more detailed model for linking partition 

coefficients to both polymer swelling and refractive index changes, using fewer 

assumptions, in order to better calculate film-air partition coefficients.  
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 The film-air partition coefficients for the PDMS-titanium-oxo nanocomposite 

materials with cyclohexane show the opposite trend to m-xylene. From these partition 

coefficients, we can predict that cyclohexane has greatest affinity towards the PDMS-

titanium-oxo nanocomposite with 5 mol % Ti.   This is consistent with the greatest change 

in thickness, following exposure to cyclohexane, being observed for the PDMS-titanium-

oxo nanocomposite with 5 mol % Ti.  This trend may be attributed to slight differences in 

the hydrophobicity of the polymer.  When greater amounts of titanium are incorporated into 

the PDMS-titanium-oxo nanocomposite, it is likely that more hydrophilic regions are 

formed within the polymer, which would be less favourable for the partitioning of 

hydrophobic cyclohexane into the film.  

 The film-air partition coefficient of the naphthyl-functionalized PDMS is 

significantly greater for m-xylene than for cyclohexane, which is consistent with the greater 

change in refractive index and thickness of the naphthyl-functionalized PDMS film when 

exposed to m-xylene.  The greater affinity of the naphthyl-functionalized PDMS film for m-

xylene is likely due to favourable interactions between the aromatic functionalities in the 

analyte and the polymer film. 

3.4 Conclusions 

 We explored the absorption of m-xylene and cyclohexane vapour into a variety of 

tunable refractive index PDMS materials by monitoring the change in refractive index and 

thickness using a refractometer at 1550 nm.  Generally, larger differences between the 

refractive index of the PDMS film and the refractive index of an analyte resulted in a 

greater change in the refractive index of the polymer film.  For example, monitoring the 
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changes in film refractive index due to absorption of m-xylene (n = 1.4802) was best 

accomplished using a PDMS-titanium-oxo nanocomposite with 5 mol % Ti (n = 1.4112) or 

a naphthyl-functionalized PDMS material with 2.5 mol % Ti (n = 1.5372), while 

monitoring changes in film refractive index due to absorption of cyclohexane (n = 1.4141) 

was best accomplished using a naphthyl-functionalized PDMS material with 2.5 mol % Ti 

(n = 1.5372).  By using an array of several tunable refractive index PDMS films, we could 

potentially differentiate between VOCs.  The LOD of m-xylene using the PDMS-titanium-

oxo nanocomposite with 5 mol % Ti was 81 ppm, while the LOD of cyclohexane using this 

naphthyl-functionalized PDMS with 2.5 mol % Ti was 6520 ppm. While the detection of 

m-xylene using this PDMS-titanium-oxo nanocomposite film meets current detection 

requirements for the time-weighted average exposure limit from the Ontario Ministry of 

Labour, the LOD for cyclohexane must be further improved before this film would be 

suitable for sensing applications. 

 When monitoring the changes in thickness of PDMS films following absorption of 

m-xylene and cyclohexane, we found that the greatest changes in thickness were observed 

for those materials with the smallest amount of titanium incorporated into the polymer.  

Since titanium alkoxide was added to the PDMS materials to cross-link the material, this 

was consistent with lesser cross-linking of the polymer material resulting in a greater 

swelling ability of the film.  However, when greater concentrations of titanium are 

incorporated into the PDMS materials (e.g. 10 – 20 mol % Ti), the swelling ability of the 

film remained similar, which indicated that the extent of polymer cross-linking was similar 

for these materials despite the different concentrations of Ti. 
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 The film-air partition coefficients were also determined, using the Lorentz-Lorenz 

equation for binary liquid mixtures, to measure the affinity of the VOC analytes for the 

PDMS films investigated.  Interestingly, the film-air partition coefficients for m-xylene 

were greater with increasing concentrations of titanium in the PDMS-titanium-oxo 

nanocomposites, while the film-air partition coefficients for cyclohexane were greater with 

decreasing concentrations of titanium in the PDMS-titanium-oxo nanocomposites.  While 

the film-air partition coefficients for cyclohexane agreed with the change in refractive index 

and thickness following absorption of cyclohexane into these PDMS polymers, the film-air 

partition coefficients for m-xylene were inconsistent with the change in refractive index and 

thickness following absorption of m-xylene into these PDMS polymers.   The naphthyl-

functionalized PDMS films have greater affinity for m-xylene than cyclohexane, which is 

likely linked to the favourable interactions between the aromatic functionalities in the 

polymer and analyte. 

 These results have important implications for optical sensing applications.  Using 

tunable refractive index PDMS materials, we can detect different VOCs based on the 

changes in refractive index of a PDMS film with partial selectivity.  We can envision a 

sensor composed of an array of tunable refractive index PDMS materials, which could be 

used in combination to differentiate and identify VOCs, as an ideal sensing platform for 

VOC in indoor air.  The ability to develop such a sensor that could then be installed in any 

building and monitored continuously with low cost and little expertise would have many 

positive implications for human health. 
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Chapter 4                                                                                           

Development of a Waveguide Sensor with Input Grating Couplers for 

Detection of Changes in Refractive Index 

 

4.1 Introduction 

4.1.1 Planar Waveguide Sensors with Input Grating Couplers 

 Planar waveguides with input grating couplers are promising chemical sensors since 

they can effectively monitor changes in the refractive index at the grating surface, also 

known as the cladding, due to adsorption or binding of analytes, changes in bulk refractive 

index, or from movement of an analyte into or out of a porous waveguide core at the 

grating coupling region.1  These changes in the refractive index of the cladding will alter 

the effective refractive index, which can be monitored using the grating coupler equation: 

 Equation 4-1   neff = nair sinθ +
l ⋅λ
Λ

 

where neff is the effective refractive index, nair is the refractive index of air, θ is the angle of 

incident light, l is the diffraction order, λ is the wavelength of light, and Λ is the grating 

periodicity.1  By monitoring the resonance wavelength or the resonance angle of the 

grating, changes in the effective refractive index can be evaluated. 

 Using a wavelength-interrogated approach to monitor the shift in peak resonance 

wavelength, as opposed to using bulky instrumentation to monitor the resonance angle, has 

shown to be advantageous for developing inexpensive and portable sensor systems.   
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Indeed, monitoring the shift in peak resonance wavelength in planar waveguide sensors 

using a wavelength-interrogated approach has shown to effectively measure changes in 

refractive index of the cladding.2-4  In these sensors, wavelength interrogation is 

accomplished using a tunable laser source, which can be expensive and requires matching 

the system to the laser tuning range. 

 While the wavelength-interrogated sensing approach is promising, one limitation of 

these planar waveguide sensors is that the core of the waveguide must be prepared using a 

high refractive index material, like tantalum pentoxide (n = 2.13)2 or silicon oxynitride (n = 

1.8).5  Unfortunately, fabricating planar waveguides using these high refractive index 

materials is both labour-intensive and expensive, which does not facilitate high-throughput 

and commercial fabrication of these sensors. 

4.1.2 Research Objectives 

 The development of a portable commercial sensing platform based on waveguides 

with grating couplers is currently limited by two factors: the bulky instrumentation required 

to control or vary the angle of light incident on the grating to monitor changes in effective 

refractive index, as well as the expensive and laborious preparation of the high refractive 

index materials.    

 We plan to overcome these two limitations by (1) developing a portable and 

inexpensive wavelength-interrogated sensing instrument capable of using a white light 

source and (2) developing a simple and inexpensive waveguide sensor with an input grating 

coupler using a high refractive index PDMS-titanium-oxo nanocomposite polymer.  
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 White light can be coupled into the waveguide using an input grating, with the 

exiting light collected at the edge of the waveguide into an optical fiber connected to an 

Ocean Optics S2000 Temperature Regulated Miniature Fiber Optic Spectrometer.  Changes 

in the refractive index of the cladding will produce a change in the effective refractive 

index.  When the incident light is maintained at a fixed angle on the grating, this will cause 

a shift in the peak resonance wavelength.  The proposed wavelength-interrogated grating 

coupler sensing platform is shown in Figure 4-1. 

 

 

 

 

 
Figure 4-1: Proposed wavelength-interrogated grating coupler sensor. 

 

 To prepare planar waveguides with high refractive index materials, we could use the 

simple and inexpensive synthetic route for preparation of PDMS-titanium-oxo 

nanocomposites that was discussed in Chapter 2.  These sensors could be prepared by 

selecting those PDMS materials with higher refractive indices than quartz (n = 1.46 at 589 

nm) for use as the waveguide core material, with addition of an input grating using a simple 

embossing method.  We will evaluate the ability of these planar waveguide sensors with 

input grating couplers to detect volatile organic compounds (VOCs), including m-xylene 

and cyclohexane.  It should be noted that all refractive indices are reported at 589 nm, 

unless otherwise noted. 
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4.2 Materials and Methods 

4.2.1 Preparation of Planar Waveguides with Input Grating Couplers 

 Commercial polyester linear diffraction gratings (1000 lines/mm, 76.2 µm thick, n = 

1.64 – 1.67) were purchased from Edmund Optics (Barrington, NJ).   Soda-lime-silica glass 

slides (n = 1.52) were purchased from Fisher Scientific (Markham, ON).  Quartz glass 

slides (n = 1.46) were purchased from Technical Glass Products (Painesville Township, 

OH).  Sylgard® 184 silicone elastomer kit was purchased from Dow Corning (Midland, 

MI).    

 To prepare a planar waveguide using a polyester linear diffraction grating, the 

diffraction grating (n = 1.64 – 1.67) was sealed to a soda-lime-silica glass microscope slide 

(n = 1.51) using PDMS from a Sylgard® 184 silicone elastomer kit (prepared from a 10:1 

weight ratio of PDMS elastomer to curing agent).  Here, the soda-lime-silica glass slide was 

the substrate and the polyester linear diffraction grating was the waveguide core.  A 

cylindrical glass tube was sealed to the surface of the diffraction grating to facilitate 

measurements with both aqueous and gaseous samples. 

 To prepare a planar waveguide using a PDMS-titanium-oxo nanocomposite with 25 

mol % Ti (n = 1.5040 at 635 nm), we prepared a thin film of the polymer on a quartz slide 

(n = 1.46).  The material was prepared as described in Chapter 2 (Section 2.2.1).  To 

imprint a grating in the PDMS film, a polyester linear diffraction grating was placed face 

down into the material and left to age for 1 week.  After 1 week, the polyester grating was 

peeled off the surface, leaving an imprint of the grating on the PDMS film.  Here, the 

quartz glass slide was the substrate and the PDMS-titanium-oxo nanocomposite was the 
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waveguide core.  A cylindrical glass tube was sealed to the surface of the grating, using 

PDMS prepared from a Sylgard® 184 silicone elastomer kit, to facilitate measurements 

with both aqueous and gaseous samples.  

4.2.2 Evaluation of Planar Waveguides as Refractive Index Sensors 

 Planar waveguides prepared from both a polyester diffraction grating and a PDMS-

titanium-oxo nanocomposite grating were evaluated for their sensitivity to changes in 

refractive index of the cladding using the optical set up shown in Figure 4-2.  Briefly, white 

light from a xenon arc lamp (Sciencetech 9030, London, ON) was coupled into the 

waveguide via an input grating coupler using a fiber optic cable at specific incidence angle 

(distance of ~ 2 cm).  The fiber optic cable was fitted with a SubMiniature version A 

(SMA) connector and a collimating lens.  For measurements using the polyester linear 

diffraction grating, the angle of incident light to the substrate was approximately 30°, while 

for measurements using the PDMS-titanium-oxo nanocomposite grating, the angle of 

incident light to the substrate was approximately 42°.  Light exiting the waveguide was 

captured at the edge of the waveguide using a fiber optic cable connected to an Ocean 

Optics S2000 Temperature Regulated Miniature Fiber Optic Spectrometer (Dunedin, FL).  

The intensity of the captured light was monitored using Ocean Optics Spectra Suite 

software.  The background intensity (i.e. ambient light) was subtracted for all 

measurements.  The peak wavelength from the resulting spectrum was then obtained by 

fitting the data with a Lorentzian function (Equation 4-2) using Microsoft Excel Solver:  

 Equation 4-2   y = a ⋅ 1

1+ ( x − x0
dx

)2
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where a is the peak height, x is the wavelength, x0  is the peak resonance wavelength, and 

dx is the half width of the peak at half maximum height.  From here, the shift in peak 

resonance wavelength, which results from changing the refractive index of the cladding, 

was monitored.   All experiments were performed in triplicate.     

 

 

 

 

 
Figure 4-2: Schematic of the optical setup used for measuring the resonance wavelength of 

planar waveguide sensors with input grating couplers. 
 

 To evaluate the sensitivity of both a polyester diffraction grating and a PDMS-

titanium-oxo nanocomposite grating to changes in refractive index of the cladding, aqueous 

solutions of 0 – 50% (v/v) DMSO (n = 1.3307 – 1.4119 at 635 nm) were spotted in the 

cylindrical glass tube to cover the entire grating surface.  The shift in peak wavelength was 

monitored and each experiment was performed in triplicate. 

 Due to the superior sensitivity of the polyester diffraction grating from earlier 

experiments, the effect of varying the initial resonance wavelength (480 nm, 510 nm, 540 

nm, 570 nm, and 620 nm) on the sensitivity of the polyester diffraction grating to changes 

in refractive index of the cladding was also evaluated.  The initial resonant wavelength was 

varied by mechanically changing the angle of incident light on the substrate.  Aqueous 

solutions of 0 – 50% (v/v) DMSO were spotted in the cylindrical glass tube to cover the 
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entire grating surface, and the shift in peak resonance wavelength was monitored.  Each 

experiment was performed in triplicate.  

 To determine the minimum detectable change in refractive index of the cladding 

using the polyester diffraction grating, the response of the grating to aqueous solutions of 0 

– 20% (v/v) DMSO (n = 1.3307 – 1.3608 at 635 nm) was measured at an initial resonance 

wavelength of 510 nm.  The shift in peak resonance wavelength was monitored and each 

experiment was performed in triplicate.  The minimum detectable change (MDC) in 

refractive index was calculated according to the following equation:  

 Equation 4-3   MDC =
tα,k−1 ⋅ sy

r
 

where tα,k-1 is the Student’s t-distribution value for the 1 – α confidence interval and k 

replicate measurements, sy is the standard deviation of the measured shift in refractive 

index at an analyte concentration close to the estimated limit of detection, and r is the slope 

of the signal response.6  This equation was also used to determine the MDC in refractive 

index for the PDMS-titanium-oxo nanocomposite grating. 

4.2.3 Evaluation of Planar Waveguides for Detection of Volatile Organic 

Compounds 

 Planar waveguides prepared from both a polyester diffraction grating and a PDMS-

titanium-oxo nanocomposite grating were evaluated for their ability to detect changes in the 

refractive index of the cladding due to m-xylene and cyclohexane vapour. m-Xylene 

(≥99.0%) was purchased from Sigma Aldrich (Oakville, ON) and used as received. 

Cyclohexane (≥99.0%) was purchased from Caledon Laboratories (Georgetown, ON) and 

used as received. 
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 The delivery of solvent vapour to the grating surface was achieved using an 

apparatus shown in Figure 4-3, which is similar to the gas sensing apparatus detailed in 

Chapter 3.  Briefly, N2 was bubbled through m-xylene or cyclohexane solvent in a glass 

wash bottle to produce saturated solvent vapour.  Then, a metered flow mixer was used to 

add N2 to the saturated solvent vapour to generate the desired concentration of solvent 

vapour. 

 

 

 

 

 

 

 

Figure 4-3: Apparatus for delivering solvent vapour to the grating coupler surface. 
 

 Before investigating the response of the waveguide grating to solvent vapour, any 

residual water or contaminants trapped in the waveguide grating were purged by passing 

compressed N2 over its surface for ~12 minutes while acquiring spectra every minute.  The 

waveguide grating was then exposed to different concentrations of saturated solvent vapour 

for ~18 minutes while acquiring spectra every minute. Following exposure to the solvent 

vapour, the waveguide grating was purged for ~12 minutes with N2 while acquiring spectra 

every minute.  The shift in peak resonance wavelength was monitored at each time interval 

by fitting the data to a Lorentzian function.   For each concentration of solvent vapour 

tested, the measurement was performed in triplicate.  
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 The minimum detectable concentration (limit of detection, LOD) of solvent vapour 

for these sensors was calculated according to the following equation:  

 Equation 4-4    

where tα,k-1 is the Student’s t-distribution value for the 1 – α confidence interval and k 

replicate measurements, sy is the standard deviation of the measured signal response at an 

analyte concentration near the estimated LOD, and r is the slope of the signal response.6 

4.2.4 Preparation of Polydimethylsiloxane-Coated Polyester Waveguides 

 Planar waveguides with polyester diffraction gratings were prepared as described in 

Section 4.2.1 and then coated with two different PDMS polymers.   For one PDMS coating, 

PDMS was prepared from a Sylgard® 184 silicone elastomer kit by combining PDMS 

elastomer and curing agent in a 10:1 weight ratio.  This material was diluted 5-fold in 

hexanes before casting on the surface of the polyester linear diffraction grating.  For 

another PDMS coating, a PDMS-titanium-oxo nanocomposite with 5 mol % Ti was 

prepared as described in Chapter 2 (Section 2.2.1).   This material was cast on the surface 

of the polyester diffraction grating.  Both PDMS-coated polyester diffraction grating 

waveguides were left to age for a minimum of 2 days. 

4.2.5 Evaluation of Polydimethylsiloxane-Coated Polyester Waveguides as 

Refractive Index Sensors 

 To evaluate the effect of a PDMS coating on the polyester diffraction grating 

surface, we first obtained the spectrum of a polyester diffraction grating with water on the 

grating surface using the optical set up described in Section 4.2.2.  Then, we obtained the 

xLOD =
tα,k−1 ⋅ sy

r
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spectrum of a PDMS-coated (from Sylgard® 184) polyester diffraction grating.  The shift 

in peak resonance wavelength was measured. 

 The sensitivity of this PDMS-coated grating to changes in refractive index of the 

cladding was evaluated by spotting aqueous solutions of 0 – 50% (v/v) DMSO (n = 1.3306 

– 1.4119 at 635 nm) into the cylindrical glass tube to cover the grating surface.   The shift 

in peak resonance wavelength was monitored and each experiment was performed in 

triplicate.   

4.2.6 Evaluation of Polydimethylsiloxane-Coated Polyester Waveguides for 

Detection of Volatile Organic Compounds 

 Planar polyester linear diffraction gratings that were coated with PDMS (from 

Sylgard® 184) and PDMS-titanium-oxo nanocomposite with 5 mol % Ti were evaluated 

for their ability to detect changes in the refractive index of the cladding due to m-xylene 

solvent vapour, according to the methods outlined in Section 4.2.3. 

4.3 Results and Discussion 

4.3.1 Development of Planar Waveguides with Input Grating Couplers 

 Waveguide grating couplers are emerging as promising sensing platforms for 

monitoring changes in the refractive index of the cladding.  Light coupled into the 

waveguide core will propagate within the core due to total internal reflection, generating an 

evanescent wave that can be used to probe changes in refractive index of the cladding.  

 When the refractive index of the cladding changes, this produces a change in the 

effective refractive index of the waveguide. From the grating coupler equation (Equation 
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4-1), changes in the effective refractive index will produce a shift in the peak resonance 

wavelength.  Monitoring the shift in peak resonance wavelength is known as the 

wavelength-interrogated approach, and can be accomplished by using either a broadband 

light source with a spectrometer detector or a tunable light source with a broadband 

detector.  

 A prototype of a waveguide grating coupler instrument was developed using a white 

light source with a miniature fiber optic spectrometer (Figure 4-4).  While the current 

broadband light source is bulky, this instrument could theoretically be developed with a 

miniaturized or portable white light source (e.g. white light-emitting diode).  The minimal 

use of optical components in this device could allow for the development of an instrument 

that could be contained within a portable box to facilitate analysis directly on site.    

 

 

 

 

 

 

 

Figure 4-4: Photo of the current waveguide grating coupler instrument.  
 

 

4.3.2 Evaluation of Planar Waveguides as Refractive Index Sensors 

 For a planar polyester linear diffraction grating waveguide, the spectra obtained 

after spotting aqueous DMSO solutions of increasing refractive index (n = 1.3307 – 1.4119 
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at 635 nm) on the grating surface show a significant shift to longer peak resonance 

wavelengths (Figure 4-5).  The magnitude of the shift in peak resonance wavelength is 

shown in Figure 4-6.  This indicates that this polyester diffraction grating waveguide is 

sensitive to changes in refractive index of the cladding. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5: Spectra obtained for aqueous solutions of differing refractive indices on a 
polyester diffraction grating waveguide surface. 
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Figure 4-6: Shift in the peak resonance wavelength observed for changes in refractive index 
of the cladding using a polyester diffraction grating waveguide.  Error bars indicate the 

standard deviation of three replicate measurements. 
 

 We tested the response of the polyester linear diffraction grating at five initial 

resonance wavelengths by varying the angle of incident light.  With the current optical 

setup, it does not appear that the initial resonance wavelength had a significant effect on the 

waveguide sensitivity for the range of wavelengths studied (Figure 4-7).  When a more 

refined optical instrument is developed, with a more stable light source and a higher 

resolution detector, the sensitivity of the waveguide may indeed be affected by the initial 

resonance wavelength.  However, for the current device, we chose to use an initial 

resonance wavelength of ~ 510 nm for further experiments. 
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Figure 4-7: Shift in the peak resonance wavelength observed for changes in refractive index 
of the cladding using a polyester diffraction grating waveguide at different initial resonance 

wavelengths.  Error bars indicate the standard deviation of three replicate measurements. 
 

 To determine the minimum change in refractive index of the cladding that could be 

detected using the polyester diffraction grating waveguide, we investigated the shift in peak 

resonance wavelength for eight aqueous DMSO solutions (n = 1.3307 – 1.3608 at 589 nm) 

(Figure 4-8). The minimum change in refractive index that could be detected with a 

polyester diffraction grating waveguide was 0.0035 refractive index units (99% confidence 

interval). 

 

 

 

 



138 

 

y = 553.98x + 0.68 
R² = 0.985 

-2 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 

S
hi

ft
 in

 P
ea

k 
W

av
el

en
gt

h 
(n

m
) 

Change in Refractive Index of Cladding (RIU) 

 

 

 

 

 

 

 

 

 
 

 
Figure 4-8:  Minimum detectable change in refractive index of the cladding using a 

polyester diffraction grating waveguide.  Error bars indicate the standard deviation of three 
replicate measurements. 

 

 We also investigated the shift in peak resonance wavelength for a planar waveguide 

with an input grating coupler prepared from PDMS-titanium-oxo nanocomposite with 25 

mol % Ti to changes in the refractive index of the cladding.  The response to DMSO 

solutions of increasing refractive index (n = 1.3307 – 1.4119 at 635 nm) is shown in Figure 

4-9.  The minimum detectable change in refractive index using the PDMS-titanium-oxo 

nanocomposite grating was 0.0224 refractive index units (99% confidence interval).  This 

PDMS grating did not produce as large a shift in peak resonance wavelength as the 

polyester diffraction grating.  In addition, the error bars for the shift in peak wavelength are 

much greater.  This increase in error may be attributed to heterogeneities in the PDMS-



139 

 

y = 102.05x - 0.77 
R² = 0.877 

-2 

0 

2 

4 

6 

8 

10 

0 0.02 0.04 0.06 0.08 0.1 

S
hi

ft
 in

 P
ea

k 
W

av
el

en
gt

h 
(n

m
) 

Change in Refractive Index of Cladding (RIU) 

titanium-oxo nanocomposite, which would be more significant than the commercial 

polyester material. 

  

 

 

 

 

 

 

 

 

 

Figure 4-9: Shift in the peak resonance wavelength observed for changes in the refractive 
index of the cladding using a planar PDMS-titanium-oxo nanocomposite grating waveguide 

(with 25 mol % Ti).  Error bars indicate the standard deviation of three replicate 
measurements.  

 

 The sensitivity of planar waveguides has been found to be greater with larger 

differences between the refractive index of the waveguide core and the substrate.7  For a 

polyester diffraction grating waveguides (n = 1.64 – 1.67) on a soda-lime-silica glass 

substrate (n = 1.52), the difference between the refractive index of the core and substrate 

was much greater than for a PDMS-titanium-oxo nanocomposite waveguide (n = 1.5040 at 

635 nm) on a quartz substrate (n = 1.46).  Since the polyester diffraction grating waveguide 

is capable of detecting smaller changes in refractive index (0.0035 refractive index units at 

a 99% confidence interval) than the PDMS-titanium-oxo nanocomposite grating waveguide 
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(0.0224 refractive index units at a 99% confidence interval), the difference in sensitivity of 

these two waveguides may be due to these differences between the refractive index of the 

waveguide core and substrate.    

 While the sensitivity of these planar waveguides with input grating couplers is not 

as great as other optical sensors that detect changes in refractive index, such as the 

refractometer described in Chapter 3, many of the instrument parts in our device are simple 

and inexpensive.  In designing a portable device, we must determine an optimal tradeoff 

between the sensitivity and portability of the sensing system.  The sensitivity of this 

waveguide grating coupler instrument could be improved by obtaining a light source with 

greater stability as well as a higher resolution detector.    

4.3.3 Evaluation of Planar Waveguides for Detection of Volatile Organic 

Compounds 

 We first investigated the response of a polyester diffraction grating waveguide to m-

xylene and cyclohexane vapour.  The shift in peak resonance wavelength for increasing 

concentrations of m-xylene and cyclohexane vapour is shown in Figure 4-10 and Figure 

4-11, respectively.  The peak resonance wavelength shifted linearly to longer resonance 

wavelengths with increasing concentrations of both m-xylene and cyclohexane, with greater 

sensitivity observed for m-xylene.  The LODs of m-xylene and cyclohexane were 1170 ppm 

(99% confidence interval) and 80000 ppm (99% confidence interval), respectively. 
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Figure 4-10: Shift in the peak resonance wavelength observed for a polyester diffraction 
grating waveguide following exposure to different concentrations of m-xylene vapour.  

Error bars indicate the standard deviation of three replicate measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11: Shift in the peak resonance wavelength for a polyester diffraction grating 
waveguide following exposure to different concentrations of cyclohexane vapour.  Error 

bars indicate the standard deviation of three replicate measurements. 
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 The proposed mechanism for detecting gaseous analytes using this polyester 

diffraction grating waveguide is by monitoring the adsorption of analyte onto the grating 

surface, which will produce a change in refractive index that can be monitored by a shift in 

the peak resonance wavelength.  The response of this waveguide to changes in refractive 

index was expected to be greater for those analytes that could more effectively change the 

refractive index of air (n = 1.0003).  Those analytes with higher refractive indices, such as 

m-xylene (n = 1.497), should cause a larger change in the refractive index of the cladding 

(and thus, peak resonance wavelength), compared to analytes with lower refractive indices, 

such as cyclohexane (n = 1.426).  This proposed mechanism is consistent with the observed 

shift in peak resonance wavelength, which was greater for m-xylene than for cyclohexane.  

It should be noted that the response of the polyester diffraction grating waveguide appears 

to be reaching saturation at the higher concentrations of m-xylene, and therefore the linear 

regression used concentrations only up to ~5000 ppm. 

 Next, we investigated the response of a PDMS-titanium-oxo nanocomposite (with 5 

mol % Ti) grating waveguide to m-xylene and cyclohexane vapour.  The swelling of the 

polymer grating due to absorption of VOCs is expected to be minimal, and therefore should 

likely not affect the grating periodicity.  The shift in peak resonance wavelength for 

increasing concentrations of m-xylene and cyclohexane vapour is shown in Figure 4-12 and 

Figure 4-13, respectively.  The peak resonance wavelength shifted linearly to shorter 

resonance wavelengths with increasing concentrations of both m-xylene and cyclohexane, 

with greater sensitivity observed for m-xylene.  The LODs of m-xylene and cyclohexane 

were 1980 ppm (99% confidence interval) and 18000 ppm (99% confidence interval), 

respectively.  
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Figure 4-12: Shift in the peak resonance wavelength for a PDMS-titanium-oxo 
nanocomposite grating waveguide following exposure to different concentrations of m-

xylene vapour.  Error bars indicate the standard deviation of three replicate measurements. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-13: Shift in the peak resonance wavelength observed for a PDMS-titanium-oxo 
nanocomposite grating waveguide following exposure to different concentrations of 

cyclohexane vapour.  Error bars indicate the standard deviation of three replicate 
measurements. 
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 The proposed mechanism for detecting gaseous analytes using this PDMS-titanium-

oxo nanocomposite grating waveguide is by monitoring the absorption of analyte into the 

polymer core/grating at the grating coupler region, which will produce a change in 

refractive index that can be monitored by a shift in peak resonance wavelength.  Since the 

shift in peak resonance wavelength now corresponds to the change in the refractive index of 

the grating coupler region (n = 1.5040 at 635 nm), those analytes that partition into the 

polymer, and produce changes in its refractive index, can be monitored.  The ability for an 

analyte to partition into the grating coupling region and change the refractive index is 

dependent on the affinity of the analyte for the film (partition coefficient) as well as the 

magnitude of the refractive index difference between the analyte and the polymer film.  We 

found that the PDMS-titanium-oxo nanocomposite waveguide was slightly more sensitive 

to m-xylene (n = 1.497), which has a similar refractive index to the polymer, than to 

cyclohexane (n = 1.426), which has a refractive index further from the polymer.  This slight 

increase in sensitivity to m-xylene is likely due to the greater affinity (partition coefficient) 

of m-xylene for PDMS than cyclohexane, which is consistent with our observations in 

Chapter 3. 

 We measured the shift in peak resonance wavelength for increasing concentrations 

of m-xylene vapour at multiple spots on the PDMS-titanium-oxo nanocomposite grating 

(Figure 4-14). This figure shows that the shift in peak resonance wavelength for increasing 

concentrations of m-xylene deviated from linearity and was less reproducible than when the 

response was measured at a single spot (Figure 4-12).  This variation in signal can be 

attributed to an artifact of the current waveguide grating fabrication method, which 

involves embossing the grating pattern from the polyester diffraction grating into the 
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PDMS-titanium-oxo nanocomposite.  This method likely does not leave an entirely uniform 

grating surface, which contributes to the irreproducibility in the measured signal.  Future 

work should involve investigating a more robust and reproducible method for preparing 

PDMS-titanium-oxo nanocomposite gratings in order to improve the overall reproducibility 

of the waveguide response. 

  

 

 

 

 

 

 

 

 

Figure 4-14: Shift in the peak resonance wavelength measured at different positions on the 
surface of a PDMS-titanium-oxo nanocomposite waveguide grating following exposure to 
different concentrations of m-xylene vapour.  Error bars indicate the standard deviation of 

three replicate measurements. 
 

 

 The detection mechanism of the polyester diffraction grating (n = 1.64 – 1.67) 

involves monitoring changes in the peak resonance wavelength following the adsorption of 

analyte onto the grating surface.  The peak resonance wavelength was expected to shift to 

longer wavelengths as the refractive index at the grating surface increased from air (n = 

1.0003), with the larger shifts observed for analytes with higher refractive indices.  This 

was confirmed by the response of this waveguide to m-xylene and cyclohexane, which 
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showed that the peak resonance wavelength shifted to longer wavelengths for the higher 

refractive index m-xylene (n = 1.497) than the lower refractive index cyclohexane (n = 

1.426).  The detection mechanism of the PDMS-titanium-oxo nanocomposite grating (n = 

1.5040 at 635 nm) involves monitoring changes in the peak resonance wavelength 

following the absorption of analyte into the grating coupler region.  The direction of the 

shift in peak resonance wavelength was expected be dependent on the refractive index of 

the analyte relative to the polymer, however, the magnitude of this shift is likely dependent 

on both the difference between the refractive index of the polymer and analyte, as well as 

the affinity of the analyte for the polymer film.  Although the refractive index of m-xylene 

(n = 1.497) was very close to the refractive index of the polymer (n = 1.5040 at 635 nm), 

the shift in peak resonance wavelength was larger for m-xylene than for cyclohexane (n = 

1.426), likely due to the greater affinity of m-xylene for PDMS. 

 Since the refractive index of the PDMS-titanium-oxo nanocomposite was very 

similar to m-xylene, the polyester diffraction grating waveguide was expected to be more 

sensitive to m-xylene solvent vapour.  The LOD for m-xylene was 1170 ppm (99% 

confidence interval) using the polyester diffraction grating and 1980 ppm (99% confidence 

interval) using the PDMS-titanium-oxo nanocomposite diffraction grating.  However, it is 

plausible that the LOD of the PDMS-titanium-oxo nanocomposite diffraction grating could 

be improved by using a PDMS material that has a much larger refractive index compared to 

m-xylene. On the other hand, since the refractive index of the PDMS-titanium-oxo 

nanocomposite was much larger than the refractive index of cyclohexane, the PDMS-

titanium-oxo nanocomposite was expected to be more sensitive to cyclohexane vapour than 

the polyester diffraction grating due to the ability to concentrate the analyte at the grating 
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surface by SPME.  The LOD for cyclohexane was approximately 80000 ppm (99% 

confidence interval) using the polyester diffraction grating and 18000 ppm (99% 

confidence interval) using the PDMS-titanium-oxo nanocomposite diffraction grating.  It 

should be noted that these LODs are poorer than with the refractometer measurements of 

PDMS-titanium-oxo nanocomposite films exposed to m-xylene described in Chapter 3, 

which can be attributed to the lower refractive index resolution of this sensing system.  

However, the ability for PDMS-titanium-oxo nanocomposite waveguides to extract the 

analyte from the sample matrix by SPME is very promising for sensor applications. 

4.3.4 Evaluation of Polydimethylsiloxane-Coated Waveguides as Refractive Index 

Sensors 

 A hybrid device can be made by coating PDMS on the polyester waveguide surface.  

This will change the refractive index of the cladding and is expected to change the peak 

resonance wavelength, and may have lower dependence on the quality of the PDMS film. 

Further, analytes that partition into the PDMS layer will change its refractive index, which 

will produce a shift in the peak resonance wavelength.  Compounds that do not partition 

into PDMS, and remain at the surface of the PDMS layer, should not produce a shift in the 

peak resonance wavelength, assuming that the evanescent field, which typically penetrates 

a few hundred nanometers into the cladding8, does not penetrate completely through the 

PDMS coating, which is estimated to be approximately 1 – 10 µm thick.  

 The spectrum of a polyester diffraction grating waveguide covered with water and 

the spectrum of the same waveguide covered with PDMS is shown in Figure 4-15.  .  The 

shift in peak wavelength following coating of the polyester diffraction grating with PDMS 
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was 38.64 nm.  Using the linear relationship derived for the shift in peak wavelength 

response per shift in refractive index of the cladding at an incident wavelength of 510 nm in 

Figure 4-6, the estimated refractive index at 635 nm of the PDMS coating is 1.4045.  This 

is consistent with the actual refractive index of a PDMS film at 635 nm, which is 1.4081 ± 

0.0003.  

 

 

 

 

 

 

 

 

Figure 4-15: Spectra for a polyester diffraction grating waveguide with water at the surface 
and a polyester diffraction grating waveguide with PDMS at the surface. 

 

 The PDMS-coated polyester diffraction grating waveguide is only expected to have 

a strong response to analytes that partition into the PDMS so that they can change the 

refractive index value close to the polyester grating surface (within the evanescent field 

depth).  To illustrate this, the response to applying water-DMSO solutions (n = 1.3307 – 

1.4119) to the surface of the PDMS, where these polar solutions are not expected to 

penetrate the PDMS material, was determined.  The response of the polyester diffraction 

grating with and without a PDMS coating to changes in the refractive index of the cladding 

is shown in Figure 4-16.  Here, the sensitivity was significantly weaker for the PDMS-
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coated polyester diffraction waveguide than the polyester diffraction grating waveguide.  

This confirms the expectation that the evanescent field does not penetrate approximately 1 

– 10 µm through to the PDMS-air surface.  In addition, the aqueous solutions do not 

partition into the hydrophobic PDMS layer to change the refractive index of the PDMS 

polymer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-16: Shift in the peak resonance wavelength observed for changes in the refractive 
index of the cladding using a polyester diffraction grating waveguide and PDMS-coated 

polyester diffraction grating waveguide.  Error bars indicate the standard deviation of three 
replicate measurements. 

 

4.3.5 Evaluation of Polydimethylsiloxane-Coated Planar Waveguides for Detection 

of Volatile Organic Compounds 

 The ability for two PDMS-coated polyester diffraction grating waveguides, one 

coated with Sylgard® 184 PDMS and one coated with a PDMS-titanium-oxo 
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nanocomposite with 5 mol % Ti, to detect changes in the refractive index of the cladding 

due to m-xylene vapour was also evaluated, as shown in Figure 4-17 and Figure 4-18.  

VOCs will partition into the PDMS polymer, thereby changing its refractive index 

including at the polyester diffraction grating surface.  The results confirm that m-xylene 

was able to partition into the polymer, altering its refractive index and thickness, which 

could be detected by evanescent wave sensing with the polyester diffraction grating 

waveguide.  The sensitivity of these sensors, however, was no greater than for the polyester 

diffraction grating on its own.  However, it is possible that these sensors may have greater 

dynamic range than the polyester diffraction grating, which appeared to reach saturation at 

higher concentrations of m-xylene. 

 

 

 

 

 

 

 

 

 
 

 
Figure 4-17: Shift in the peak resonance wavelength for a PDMS-coated (Sylgard® 184) 
polyester diffraction grating waveguide following exposure to different concentrations of 

m-xylene vapour.  Error bars indicate the standard deviation of three replicate 
measurements. 
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Figure 4-18: Shift in the peak resonance wavelength for a PDMS-titanium-oxo 
nanocomposite-coated polyester diffraction grating waveguide following exposure to 

different concentrations of m-xylene vapour.  Error bars indicate the standard deviation of 
three replicate measurements. 

 

 Despite their differing refractive indices, the sensitivity of the PDMS-coated 

(Sylgard® 184, n  = 1.4081 at 635 nm) and PDMS-titanium-oxo nanocomposite-coated (n 

= 1.4254 at 635 nm) polyester diffraction grating waveguides to m-xylene is the same 

within error.  It was predicted that the change in refractive index of the polymer following 

absorption of m-xylene (n = 1.497) would be greater for the PDMS-coated waveguide due 

to the greater refractive index difference.  This suggests that there may be a difference in 

the affinity (or partition coefficient) of m-xylene for the two different PDMS materials.  

The error bars were significantly greater for the response of the PDMS-titanium-oxo 

nanocomposite-coated polyester waveguide, which is likely due to heterogeneities in the 

composition of the polymer.  The LODs for m-xylene was 2040 ppm (99% confidence 
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interval) using the PDMS-coated (Sylgard® 184) polyester diffraction grating and 8800 

ppm (99% confidence interval) using the PDMS-titanium-oxo nanocomposite-coated 

polyester diffraction grating.  The poor LOD for the PDMS-titanium-oxo nanocomposite-

coated grating is mainly a result of the large error in the shift in peak resonance 

wavelength.   

4.4 Conclusions 

 Two prototypes of planar waveguides with input grating couplers were prepared 

from a commercial polyester diffraction grating on a soda-lime-silica glass substrate and a 

PDMS-titanium-oxo nanocomposite grating with 25 mol % Ti on a quartz substrate.  In 

addition, we developed an instrument prototype that could be used with these planar 

waveguide sensors to monitor changes in refractive index of the cladding.  Specifically, 

broadband light from a xenon arc lamp was coupled into the waveguide by an input grating 

at a specific incident angle, with light exiting the waveguide detected at the edge of the 

waveguide using a fiber optic cable connected to an Ocean Optics S2000 Temperature 

Regulated Miniature Fiber Optic Spectrometer.  We used a wavelength-interrogated 

approach to probe changes in the effective refractive index caused by changes in the 

refractive index of the cladding.  Specifically, we monitored the change in the peak 

resonance wavelength using an input grating coupler. 

 Initial proof-of-concept experiments with both planar waveguide prototypes showed 

that increasing the refractive index of the cladding using aqueous DMSO solutions caused 

the peak resonance wavelength to shift to longer wavelengths.  The minimum detectable 

change in refractive index of the cladding for the polyester diffraction grating waveguide 
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and the PDMS-titanium-oxo grating waveguide was 0.0035 refractive index units and 

0.0224 refractive index units (99% confidence interval), respectively.  

 The ability for both planar waveguide prototypes to detect the presence of two 

different VOCs, m-xylene and cyclohexane, was also evaluated.   These sensors were both 

able to detect m-xylene and cyclohexane vapour.  Using the polyester diffraction grating 

waveguide, as the composition of air increased in refractive index due to greater 

concentrations of solvent vapour, the peak resonance wavelength shifted to longer 

wavelengths.  This waveguide was more sensitive for the higher refractive index m-xylene 

than for the lower refractive index cyclohexane.  Using the PDMS-titanium-oxo 

nanocomposite grating waveguide, as the analyte was absorbed into the polymer grating, 

the peak resonance wavelength shifted to shorter wavelengths.  The sensitivity of this 

waveguide was found to be dependent on both the difference in refractive index between 

the analyte and the polymer, as well as the affinity (partition coefficient) of the analyte for 

the polymer.  We also monitored the sensing ability of PDMS-coated polyester diffraction 

grating waveguides to m-xylene vapour, however, the sensing ability of these sensors was 

not improved when compared to uncoated polyester diffraction grating waveguides. 

 This initial investigation into the development of planar waveguides with input 

grating couplers using an inexpensive and easy-to-prepare polymer material with a 

wavelength-interrogated sensing approach shows promise for future sensing applications.  

Work in this area should continue to emphasize on preparing planar waveguides with input 

grating couplers using other high refractive index PDMS materials, and on acquiring the 

necessary optical components to create a portable and higher resolution waveguide grating 

coupler instrument. 
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Chapter 5                                                                                              

Conclusions and Future Perspectives 

 

5.1 Conclusions 

5.1.1 General Conclusions 

 Here we developed chemical sensors using PDMS as a partially selective analyte 

receptor with two simple and inexpensive label-free detection methods.  To do this, a 

variety of tunable and high refractive index PDMS materials were developed using simple 

and inexpensive synthetic strategies.  These tunable refractive index PDMS materials, 

which vary in their chemical composition, provided the ability to differentiate between 

VOC analytes, based on monitoring the change in refractive index of a polymer following 

absorption of the VOC into the polymer.   Using a refractometer at 1550 nm, the change in 

refractive index and thickness of a polymer film upon exposure to two VOCs was 

monitored.  In addition, it was also demonstrated that a simple and inexpensive evanescent 

field-based sensor using planar waveguides with input grating couplers, prepared from high 

refractive index PMDS materials, could be used to monitor changes in refractive index due 

to the presence of VOCs in air.    

 Overall, it has been demonstrated that tunable and high refractive index PDMS 

materials can be used for partially selective extraction of VOCs from a gaseous sample 

matrix.  When coupled with simple and inexpensive detection methods, using an array of 
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tunable PDMS materials could allow for partially selective monitoring and differentiation 

of VOCs in air.      

5.1.2 Tunable Refractive Index Polydimethylsiloxane Films 

 To prepare tunable and high refractive index PDMS materials, several synthetic 

strategies were explored.  We have summarized our attempts to prepare tunable and high 

refractive index PDMS materials here: 

(1) Thin films of PDMS-zirconium-oxo nanocomposites were prepared by adapting a 

synthetic strategy developed by Julian et al.1 with 0 – 15 mol % zirconium to yield 

refractive indices ranging from 1.4023 ± 0.0002 to 1.4745 ± 0.0002 and 1.3942 ± 

0.0007 to 1.4581 ± 0.0007 at 635 nm and 1550 nm, respectively.  Incorporating 

zirconium at concentrations greater than 15 mol % resulted in a brittle and cracked 

polymer, likely due to dehydration stress.  

(2) Thin films of PDMS-titanium-oxo nanocomposites were prepared by adapting a 

synthetic strategy developed by Julian et al.1 with 0 – 30 mol % titanium to yield 

refractive indices ranging from 1.4054 ± 0.0004 to 1.5187 ± 0.0009 and 1.3962 ± 

0.0004 to 1.5173 ± 0.0004 at 635 nm and 1550 nm, respectively.   Incorporating 

titanium at concentrations greater than 30 mol % resulted in a brittle and cracked 

polymer, similar to the zirconium case. 

(3) The incorporation of increasing amounts of titanium and zirconium into PDMS for 

the PDMS-metal-oxo nanocomposites produced a linear increase in refractive index 

at both 635 nm and 1550 nm.  The increase in refractive index per mol percent 

zirconium was greater than per mol percent titanium, which can be attributed to 
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differences in the polarizability and/or molar volume of these inorganic 

components. 

(4) Incorporating gold nanoparticles into PDMS via an in situ synthesis involving 

reduction of chloroauric acid by PDMS elastomer and curing agent from a 

Sylgard® 184 silicone elastomer kit did not increase nor decrease the refractive 

index of PDMS.   

(5) Incorporating commercial titanium dioxide nanoparticles with hydrophobic SiO2 

and octylsilane coatings into PDMS to increase the refractive index was 

unsuccessful due to the inability to prepare transparent dispersions of these 

nanoparticles in PDMS-compatible solvents. 

(6) Thin films of naphthyl-functionalized PDMS, also known as poly(dimethyl-co-

methylethylnaphthyl)siloxane, were prepared by adapting a synthetic strategy from 

Kohjiya et al.2 with 0 – 10 mol % titanium to yield refractive indices ranging from 

1.5475 ± 0.0013 to 1.5664 ± 0.0001 and 1.5340 ± 0.0010 to 1.5510 ± 0.0007 at 635 

nm and 1550 nm, respectively.  Incorporating titanium at concentrations greater 

than 10 mol % resulted in significant opacity of the polymer, likely due to 

aggregation of the titanium dioxide. 

5.1.3 Detection of Volatile Organic Compounds by Changes in Refractive Index  

 The ability to use thin films prepared from selected PDMS-titanium-oxo 

nanocomposites (e.g. 5 – 20 mol % titanium) and naphthyl-functionalized PDMS (e.g. 2.5 

mol % titanium) with varying refractive indices for sensing of VOCs was demonstrated.    

Specifically, the change in refractive index and thickness following absorption of two 
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VOCs, m-xylene and cyclohexane, into thin polymer films was followed using a 

refractometer at 1550 nm as described by Chen et al.3  We have summarized these results 

here:  

(1) The change in refractive index increased linearly with increasing concentrations of 

VOC, which is consistent with absorption of VOC into the polymer.  We also found 

that the magnitude of the change in refractive index, and therefore sensitivity, was 

directly related to the difference between the refractive index of the polymer and the 

refractive index of the VOC analyte. Detection of cyclohexane (n = 1.4141) was 

best accomplished using naphthyl-functionalized PDMS with 2.5 mol % Ti (n  = 

1.5372), while detection of m-xylene (n = 1.4802) was best accomplished using a 

PDMS-titanium-oxo nanocomposite with 5 mol % Ti (n = 1.4111) or naphthyl-

functionalized PDMS with 2.5 mol % Ti (n  = 1.5372).  Sensitivity to m-xylene was 

greater than cyclohexane for all films, indicating that the film/air partition 

coefficient is greater for m-xylene. 

(2) The change in thickness due to polymer swelling increased linearly with increasing 

concentrations of VOC, also consistent with absorption of VOC into the polymer.  

The magnitude of the change in thickness was found to be greatest for those PDMS 

films with the lowest concentrations of metal alkoxide cross-linker, which was 

consistent with a lesser degree of cross-linking resulting in a greater ability for the 

polymer to swell.  

(3) Film-air partition coefficients calculated for thin films of PDMS-titanium-oxo 

nanocomposites with 5 – 20 mol % Ti and naphthyl-functionalized PDMS with 2.5 
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mol % Ti exposed to m-xylene and cyclohexane vapour revealed some interesting 

trends.  The film-air partition coefficient for m-xylene increased with increasing 

mole percent titanium in the PDMS-titanium-oxo nanocomposites, which suggests 

that m-xylene has a greater affinity for PDMS with slightly more hydrophilic 

character.  However, this was not consistent with the observed change in refractive 

index and thickness for PDMS-titanium-oxo nanocomposites.  The film-air partition 

coefficient for cyclohexane decreased with decreasing mole percent titanium, which 

suggests that cyclohexane has a greater affinity for PDMS with slightly more 

hydrophobic character.  This was consistent with the observed changes in refractive 

index and thickness for PDMS-titanium-oxo nanocomposites.  The film-air partition 

coefficients for the naphthyl-functionalized PDMS showed that this polymer has 

greater affinity for m-xylene than for cyclohexane, which could be attributed to 

favourable interactions between the aromatic functionalities of the polymer and 

solvent vapour. 

5.1.4 Waveguide-Based Sensors Using Modified Siloxanes 

 The ability to use high refractive index PDMS materials in planar waveguides with 

input grating couplers was also demonstrated.  Current sensing applications using planar 

waveguides with input grating couplers typically rely on bulky and expensive mechanical 

methods to monitor changes in refractive index of the cladding. A planar waveguide 

requires that the refractive index of the core is higher than the refractive index of the 

surrounding substrate and cladding.  Unfortunately, the core of many planar waveguides is 

prepared from materials that are expensive and difficult to manufacture in a high-
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throughput scale.  To overcome these limitations, we focused on using high refractive index 

PDMS materials as the waveguide core material for the preparation of inexpensive planar 

waveguides with input grating couplers. We have summarized our work on developing a 

simple and inexpensive PDMS waveguide sensing platform based on a wavelength-

interrogated approach to monitor changes in refractive index of the cladding here:  

(1) A simple wavelength-interrogated sensing platform for planar waveguides with 

input grating couplers was developed.  Briefly, white light was coupled into the 

waveguide at a fixed incident angle by an input grating coupler.  Light propagated 

within the waveguide core due to total internal reflection, with light exiting the 

waveguide captured at the edge by an optical fiber connected to an Ocean Optics 

S2000 Temperature Regulated Miniature Fiber Optic Spectrometer.   Changes in the 

refractive index of the cladding caused changes in the effective refractive index, 

which resulted in a shift in the peak resonance wavelength of the grating.  The use 

of a broadband light source allowed for this shift in peak resonance wavelength to 

be monitored. 

(2) Planar waveguides with input grating couplers were prepared using a commercial 

polyester diffraction grating (n = 1.64 – 1.67) on a soda-lime-silica glass slide (n = 

1.52) and a PDMS-titanium-oxo nanocomposite with 25 mol % Ti grating (n = 

1.5040) on a quartz glass slide (n = 1.46).  By increasing the refractive index at the 

grating surface by spotting aqueous solutions of increasing DMSO concentration, we 

found that the peak resonance wavelength shifted to longer wavelengths for both 

waveguides.  The minimum detectable shift in refractive index using the polyester 
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diffraction grating and the PDMS-titanium-oxo nanocomposite grating was 0.0035 

refractive index units (99% confidence interval) and 0.0224 refractive index units 

(99% confidence interval), respectively.  The greater sensitivity for the polyester 

diffraction grating may be due to the greater contrast between the refractive index of 

the waveguide core and the refractive index of the substrate, as well as the more 

reproducible waveguide grating structure.    

(3) Using a wavelength-interrogated sensing approach for planar waveguides with input 

grating couplers, we investigated the response of a polyester diffraction grating and 

the PDMS-titanium-oxo nanocomposite grating to m-xylene and cyclohexane vapour.  

For this grating, changes in the refractive index due to the adsorption of analytes on 

the grating surface caused a shift in the peak resonance wavelength to longer 

wavelengths. This waveguide was more sensitive to the higher refractive index m-

xylene than the lower refractive index cyclohexane.  For the PDMS-titanium-oxo 

nanocomposite grating, changes in the refractive index due to absorption of analytes 

into the polymer grating caused a shift in the peak resonance wavelength.  The 

sensitivity of this waveguide to solvent vapour was dependent on the difference in 

refractive index of the analyte and the polymer, as well as the affinity of the analyte 

for the polymer.  This waveguide was more sensitive to m-xylene than cyclohexane, 

despite the former analyte having a refractive index quite similar to the polymer 

grating, which can be attributed to PDMS having a higher affinity for m-xylene than 

cyclohexane.  This PDMS waveguide was able to extract analytes from the gaseous 

phase with partial selectivity.  While this current waveguide sensing approach was 
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less sensitive to changes in refractive index following absorption of VOCs into 

PDMS than the refractometer approach, this device could be easily miniaturized to 

develop a compact device for portable and real-time analyte monitoring. 

5.2 Future Perspectives 

 A variety of tunable and high refractive index PDMS materials were developed and 

shown to have applications in optical sensing of VOCs.  In general, future work should 

focus on (a) the development of a larger array of tunable and high refractive index materials 

in order to have a larger selection of polymers to choose from when designing a chemical 

sensor, (b) gathering more information about the ability of different tunable and high 

refractive index materials to detect a range of VOCs in air, and (c) developing a portable 

version of the waveguide grating coupler instrument and extending this sensing technology 

to a variety of analytes.  A summary of the proposed future work is described here:  

(1) The inability to incorporate high refractive index titanium dioxide nanoparticles 

into PDMS was attributed to incompatibilities between the hydrophilic 

nanoparticles with the hydrophobic solvent.  To facilitate the dispersion of titanium 

dioxide nanoparticles into PDMS, decyltrimethoxysilane-coated titanium dioxide 

nanoparticles could be prepared, as they have been shown to disperse into toluene.4   

The ability to incorporate titanium dioxide nanoparticles into PDMS may provide 

additional tunable and high refractive index materials for sensing applications.  

(2) To prepare a larger array of tunable and high refractive index materials for sensing 

applications, it would be beneficial to further explore the incorporation of high 
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refractive index functional groups, like phenyl and anthracyl, into the PDMS 

backbone, with the addition of a metal alkoxide to cross-link the final material.  

(3) To further illustrate the ability to use thin films of these tunable refractive index 

materials as sensing platforms for VOCs, it would be beneficial to examine the 

change in refractive index and thickness for a larger variety of PDMS films and 

greater number of VOCs on a refractometer at 1550 nm.  This would provide a 

larger selection of materials to choose from when creating an array of polymer 

recognition elements for detection of VOCs. 

(4) To improve the sensitivity of the current wavelength-interrogated sensing platform 

for planar waveguides with input grating couplers, it would be beneficial to develop 

an instrument prototype with a light source of greater stability and a higher 

resolution detector.  This may allow us to monitor changes in refractive index with 

similar resolution to the current refractometer. 

(5) Another strategy to improve the sensitivity of the current wavelength-interrogated 

sensing platform for planar waveguides with input grating couplers would be to 

prepare waveguide gratings with other higher refractive index PDMS polymers.  A 

comparison of the sensitivity of these different polymers to changes in refractive 

index in the cladding would be beneficial. 

(6) It would also be beneficial to test the ability to use PDMS-titanium-oxo waveguide 

gratings for the detection of VOCs in aqueous solutions.  The ability for PDMS to 

concentrate the analyte from aqueous solutions may provide additional sensitivity. 
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(7) To further extend the potential sensing applications of these PDMS-titanium-oxo 

waveguide gratings, it would be beneficial to expand the current sensing platform to 

a biosensing platform.  Specifically, this technology could be developed for 

immunoassays.  Proof-of-concept experiments could monitor the binding of anti-

immunoglobulin G (IgG) to surface-immobilized IgG.  IgG could be immobilized 

onto the waveguide grating surface using the dextran-based polymer OptoDex®.5  

If successful, this planar waveguide biosensor with input grating couplers could be 

developed for the detection of biologically relevant analytes, including small 

molecules, biotoxins, and bacteria. 
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