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Abstract 

 

A novel sensor using a polymer coated long-period grating (LPG) has 

been proposed for monitoring levels of organic contaminants in air or water 

systems.  The sensor operates by detecting refractive index changes in the 

polymer coating as analytes partition in.  Polymer coatings used must be able to 

reversibly and reproducibly absorb contaminants of interest from the sample and 

have a refractive index just below that of the fiber cladding.   

The synthesis and characterization of several chemically selective 

polysiloxanes is described.  Pre-polymer materials are made through the 

catalyzed condensation of silane monomers.  Different functional groups are 

incorporated either through polymerizing functionalized monomers, or by post-

functionalizing the polymer through a platinum-catalyzed hydrosilylation reaction.  

The pre-polymer materials are crosslinked into elastomeric films using 

titanium(IV) tetraisopropoxide.  The polymer refractive index is controlled through 

altering the ratios of functional groups within the polymer or changing the loading 

levels of titanium.  Four polymers were made, having different functional groups 

and optimized refractive indices for use on the proposed sensor. 

The partition coefficients for the polymers with a variety of solvents are 

calculated and compared.  Each polymer was found to have a slightly different 

chemical selectivity pattern, demonstrating that a set of polymers could be used 

to generate a sensor array.  Partition coefficient data was calculated from the gas 

phase by considering the change in polymer refractive index as the solvents 
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partitioned into the polymer.  The Lorentz-Lorenz equation was used to model 

the relationship between the change in refractive index and the solvent 

concentration within the polymer.   

Finally, polymers were applied to LPGs and used to successfully detect 

various solvents from the gas phase.  This was accomplished by monitoring the 

entire LPG spectrum, and also by considering loss at a single wavelength using 

fiber-loop ring-down spectroscopy. 
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Statement of originality 

 

The present study, to the best of the author’s knowledge, comprises the 

following original work. 

 

1. The development of customized polysiloxane polymers that exhibit both 

differential chemical selectivity and adjustable refractive indices. 

 

2. The calculation of film/air partition coefficients for four polysiloxanes with 

various solvents. 

 

3. The demonstration of the use of a polymer coating on a long-period grating 

(LPG) for detecting gas phase analytes 
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Chapter 1 

 

Introduction 

 

1.1 General Introduction 

 

Stricter environmental controls and demands are being placed on 

industries and governments, creating an increased need for rapid and reliable 

assessment and monitoring of contaminant levels in the environment.1,2  At 

present, the vast majority of solutions available necessitate the constant 

collection of samples from the field and transport back to a lab for analysis.  This 

not only is time consuming and expensive, but it introduces a delay of possibly 

many days between a contamination event occurring and being detected.  

Continuous monitoring is necessary to provide a complete picture of the dynamic 

situation at a site.   

The development of instruments which are portable and designed for use 

in the field would address some of these issues.  While these instruments avoid 

the necessity of transporting samples back to a lab and possible contamination 

from the journey, they still require trained personnel to sample the site, and 

continuous monitoring is not achieved. 

There is a need, then, for a self-contained device that can continuously 

monitor its environment for the presence of contaminants.  One solution for this 

need is sensors technology.  Sensors are growing in application and can be used 
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in not only environmental monitoring, but in the medical field, molecular 

biotechnology and industry.3   

Herein, a sensor system which targets gas phase organic compounds, 

such as volatile organic compounds (VOCs) or chlorinated solvents, is described.  

The Canadian Environmental Protection Act (CEPA, 1999) identifies both VOCs 

and chlorinated solvents, such as trichloroethylene, as toxic substances.4  VOCs 

are of great environmental concern, having been identified as a major contributor 

to smog among other things.5  Trichloroethylene is used as a degreaser or 

solvent in many industrial applications and VOCs are found in many consumer 

products.  The prevalence of these compounds and their impact on human health 

makes it of vital importance to monitor them and limit their exposure to the 

environment.  Ontario workplace standards state the maximum allowable 

concentration of benzene to be 1 ppm in air.6  The Ontario Ministry of the 

Environment restricts the concentrations of xylenes and toluene to 0.2 ppm7 and 

0.5 ppm8 respectively.  Ideally, sensors for these compounds should therefore 

have detection limits in the low ppm or ppb range.   

The system proposed operates by utilizing an optical fiber modified by a 

long-period grating (LPG).9  This grating is sensitive to the refractive index of the 

environment immediately surrounding it and when that environment is altered, 

such as when a contaminant is present, its transmission spectrum shifts.  The 

key to the success of this instrument lies in a polymer coating that surrounds the 

grating.  This polymer coating can selectively absorb compounds of different 

chemical natures from the environment, causing a change in its refractive index, 



3 
 

and a subsequent change in the LPG transmission spectrum (see figure 1.1).  

The polymer coating allows only compounds of interest to be absorbed and 

produce a signal, excluding matrix effects.  It also concentrates the compound, 

allowing for increased sensitivity.   

Most polymers are not selective for a single compound, but rather a range 

of chemically similar compounds.10  One coated LPG is therefore not sufficient 

for species determination.  Combining several coated gratings together into an 

array imparts selectivity into the system.  Each grating would have a different 

polymer coating with selectivity for a different class of compounds.  A given 

compound would produce a characteristic fingerprint response across the array.  

By combining this basic system with multivariate and pattern recognition data  

 

Input spectrum LPG transmission spectrum

Polymer coating

Input spectrum LPG transmission spectrum

Polymer coating

a)

b)

 

 

Figure 1.1 The transmission spectrum of an LPG coated with a polymer (a) shifts 
as analytes partition into the polymer and change its refractive index (b).  
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processing, an intelligent sensor array can be created.11  This sensor would in 

principle be able to differentiate between different chemical species and 

determine their concentrations. 

 

1.2 Optical Fibers 

 

1.2.1 Refractive Index 

Refractive index is a material property of any dielectric material, 

approximately equal to the square root of the real portion of the dielectric 

constant12.  Materials which are more polarizable will have a higher value for the 

refractive index.  The refractive index of a material is wavelength dependent.  In 

the literature, most values are reported at 589 nm, the D-line in the emission 

spectrum of sodium vapour.  The operating wavelength of the proposed sensor is 

1550 nm, so here, refractive index is frequently reported at that wavelength. 

In practical terms, the refractive index determines the speed at which light 

travels through a material and also governs refraction and reflection at an 

interface between two dielectrics.  Refraction and reflection is quantified by 

Snell’s Law: 

 

n1sinθ1 = n2sinθ2        (1) 

 

where n1 and n2 are the refractive indices of the two materials, θ1 is the angles of 

incidence and θ2 is the angle of refraction (see figure 1.2).   
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A critical angle, θc, can be calculated for a given interface between two 

materials.  The critical angle is the incident angle which results in θ2=90o and is 

equal to: 

 

θc = sin-1(n2/n1).          (2) 

 

n1

n2

n1>n2

a)

n1

n2

b)

n1<n2θ1

θ2
θ2

θ1

 

 

Figure 1.2 Light bending at an interface of two dielectrics according to Snell’s 
Law as it travels into a lower refractive index material (a) or a higher refractive 
index material (b). 

 

Angles of incidence lower than the critical angle result in refraction of the 

light into the second material, whereas angles of incidence greater than the 

critical angle result in total internal reflection of the light (see figure 1.3).   
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n1 n1 n1

n2 n2 n2

n1>n2 n1>n2 n1>n2
θcθcθc

a) b) c)

 

 

Figure 1.3 The behavior of incident light at angles less than the critical angle (a), 
at the critical angle (b) and at angles greater than the critical angle (c).  

 

This principle is used in fiber optics, where light travels in the core of the 

fiber through total internal reflection.  The refractive index of the cladding material 

is less than that of the core, and the light travels at an angle which is greater than 

the critical angle, ensuring that the light is reflected and propagated down the 

core (see figure 1.4).  It is the interaction of the incident and reflected light that 

creates the evanescent wave penetrating into the cladding. 

 

core – n1

cladding – n2

θ1

 

 

 

Figure 1.4 Light traveling in a multimode optical fiber by total internal reflection 
where n1>n2 and θ1>θc 
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Optical fibers can be classified as either multimode fibers or single mode 

fibers.  As the name suggests, in a multimode fiber, multiple modes of light are 

propagated in the core.  The principle of total internal reflection described above 

applies well to light travelling in a multimode fiber.   

In a single mode optical fiber, such as the one used in our sensor 

platform, the core has a very narrow diameter (about 8-10 μm) as compared to a 

multimode fiber.  The core can only support one propagating mode.  Light can be 

better visualized as a wave propagating through the fiber as in Figure 1.5.  For a 

fiber with a long period grating, coupling to the cladding occurs when there is a 

phase match between the core propagating mode and a cladding mode.  The 

evanescent wave would be the portion of the waveform travelling outside of the 

cladding.   

 

Core Cladding

 

Figure 1.5 Core propagating mode (red) and a cladding mode (blue) travelling 
through a single mode optical fiber.  The curves for each mode represent the 
variation in light intensity across the fiber. 
 

1.2.2 Sensors based on Optical Fibers 

There are many examples of optical sensor systems using optical fibers 

described in the literature.3  Optical fibers are advantageous because they are 

able to convey light with minimal loss, expense and physical size.  Fiber optic 
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sensors can be categorized as either extrinsic or intrinsic sensors.13  In extrinsic 

sensors, sensing occurs at the terminal end of the optical fiber, with the fiber 

primarily providing a means to transfer light to and from the sensor element.  

Alternatively, for intrinsic sensors, sensing occurs along the length of the fiber.  

Here the optical fiber is used to transfer light from one point to another, but it also 

becomes part of the sensor element itself.  It is this latter conformation that we 

are considering.   

Sensors based on evanescent wave sensing, where light penetrates out 

from the optical fiber into the surrounding environment for a short distance, 

constitute an active area of research.3  In this way it is possible for the light 

transmitted by the fiber to interact with the environment exterior to the fiber.  

Fiber optic evanescent wave sensors work on the same principles as the better 

established attenuated total reflectance infrared (ATR-IR) spectroscopy.13  The 

evanescent wave is caused by the interaction of the incident and reflected light 

as light is transmitted through a waveguide by total internal reflection.  It decays 

exponentially with increasing distance from the waveguide.  One can define a 

penetration depth (dp) of the evanescent field, which is the distance required for 

the evanescent field to reach 1/e of its original intensity.  It is dependent on the 

wavelength of the light (λ), incident angle (θ) and the refractive indices of both 

waveguide (n1) and environment (n2) (see figure 1.6).   

      (3) 
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θ

n2
n1

n1>n2

dp

 

 

Figure 1.6  Evanescent wave with penetration depth dp, created by light traveling 
with incident angle θ in a medium of refractive index n1 with an external refractive 
index of n2.    
 
 
For sensing applications, a high penetration depth allows for a greater interaction 

with the environment and thus greater sensitivity.14,15  As seen in equation 3, a 

greater penetration depth can be achieved at a given wavelength of light through 

altering the incident angle, or by having an environmental refractive index that is 

similar to the waveguide refractive index.  Krska et al.16 did work with evanescent 

wave sensors, varying the angle at which laser light was directed into a 

multimode optical fiber.  They showed that increasing the angle between the 

laser and the fiber axis caused an increase in sensitivity.  This is due to both an 

increase in the penetration depth of the evanescent field and an increase in the 

number of reflections occurring over the sensing region.  A few years later, 

Tobis’ka et al.17 used bent fibers to increase the sensitivity of evanescent wave 
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measurements.  Bending optical fibers increases the intensity of the evanescent 

field and thus the sensitivity to analytes. 

Sensors used for evanescent field sensing often use a selective polymer 

coating as a cladding material.14-18  The purpose of this layer is two fold.  If the 

polymer thickness is greater than the penetration depth of the evanescent field, it 

will exclude effects from the sample matrix.  In addition, the sensing layer can be 

designed to selectively absorb the analyte of interest and concentrate it from the 

sample solution.   

The analyte is detected as it partitions into the polymer and absorbs light 

from the evanescent field, reducing transmission through the fiber.  Some 

selectivity is imparted into the sensor based on which wavelength of light is 

absorbed.   

A number of groups have worked on evanescent wave sensors operating 

in the mid-infrared (3-25 μm).14,16,17  This wavelength range works well for the 

detection of chlorinated hydrocarbons, which have strong absorption bands in 

this area.  The research groups used polyethylene, polypropylene, or 

polyisobutylene and their combinations as sensitive coatings on multimode silver 

halide optical waveguides to absorb the chlorinated hydrocarbons from water.  

Detection limits were in the part per billion range.   

The near IR can also yield useful information for detecting hydrocarbons 

and aromatics, as the C-H overtones are in this region.  Sensfelder et al.20 

demonstrated the detection of low part per million levels of crude oil and gasoline 
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in water by considering absorption of NIR radiation (1600-1850 nm) in an 

evanescent field sensor.   

One main difficulty with working in the IR range is the need to develop 

both optical fibers and polymer coatings that do not absorb the IR light 

significantly.  Zimmermann et al.15 did work in the near IR range.  They used 

poly(dimethyl siloxane) and poly(methyl phenyl) siloxane polymers.  Some 

absorption bands from the polymer overlapped that of the analyte of interest.  To 

eliminate this interference, they synthesized deuterated analogs of the polymers.   

Another way to avoid interferences from the fiber or coating is to work in 

another part of the spectrum.  Schwotzer et al.21 did work with evanescent wave 

sensing in the ultraviolet.  The polysiloxane and Teflon coatings used did not 

absorb significantly in this wavelength range.  They sensed aromatic and 

polycyclic aromatic compounds, which absorb well in the ultraviolet.  Detection 

limits of about 20 ppm for toluene in water were obtained.  Compounds which do 

not absorb significantly in the ultraviolet would not be able to be detected by this 

system. 

Transmission losses in these evanescent sensors included two sources.  

Some loss was due to absorption of light by analytes, however, as analytes 

partitioned into the polymer coating, a change in coating refractive index (n2) was 

also produced.  This refractive index change altered the numerical aperture of 

the fiber and, as a result, the fiber transmission.  The numerical aperture is 

defined as: 

       (4) 
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A larger numerical aperture will result in higher transmission through the 

fiber.  The change in refractive index also altered the depth of the evanescent 

wave, allowing for more interaction and absorption by the analyte.  Thus 

evanescent wave sensing does not necessarily follow a straightforward Beer’s 

law pattern when monitoring absorption.   

An alternative to using evanescent wave absorption to detect analytes is 

to monitor changes in the transmission spectrum due to refractive index changes 

in the polymer coating.  This eliminates the need for expensive fibers and 

coatings that do not absorb in the spectral region of interest.  In addition, virtually 

any compound which will partition into the polymer can be detected, as refractive 

index is a universal property.  The ability to discriminate between compounds 

based on their absorption wavelength is lost however.   

Chomat et al.18 used an optical fiber with an inverted graded index, 

making it more sensitive to environmental refractive index changes, to detect 

toluene in water.  Their fiber was coated with PDMS and used light at 850 nm, a 

non-absorbing wavelength.  Changes in refractive index caused changes in the 

transmission of the fiber, which was detected.  They reported detection limits in 

the low part per million range.  Other similar work has been done using regular 

coated multimode fibers17,21 
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1.3 Long Period Gratings 

 

Long-period gratings (LPGs) were first reported in the mid 1990s, and 

have been used since in sensor applications for monitoring temperature, strain or 

refractive index.9,22-24  Similar in form to Bragg gratings, they are periodic 

modulations of refractive index within the core of a single mode optical fiber.  

They act to couple light from the core propagating mode into the cladding modes.  

Due to the high loss in the cladding modes, the light is quickly dissipated.  Only 

certain wavelengths are coupled, and this depends on the grating period and the 

effective refractive index of both core and cladding, according to the formula: 

 

λmax = Λ(neff,core – ni
eff,clad)      (5) 

 

Where λmax is the wavelength of the attenuation maximum, Λ is the grating 

period, neff,core is the effective refractive index of the core, a function of both the 

refractive index of the core and cladding material, and ni
eff,clad is the effective 

refractive index of the ith cladding mode, a function of both the refractive index of 

the cladding material and the external environment.  For long period gratings, the 

grating period is typically 100 μm to 1 mm, whereas for Bragg gratings the period 

is much smaller, usually less than 1 μm.  Changes in either the grating period 

(strain) or the effective refractive indices will cause a peak shift in the attenuation 

spectrum of the grating, which can be detected. 
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The above equation (5) generally only holds for the situation in which 

ncore>nclad>neff,external.  In this scenario, certain modes of light propagate through 

both core and cladding by total internal reflection.  In the case where an external 

coating is thicker than the penetration depth of the evanescent field (a few 

micrometers), the condition nclad>nexternal must hold as neff,external = nexternal..  For 

situations where nclad<nexternal, the cladding no longer operates as an effective 

waveguide and all light is lost.  Any high refractive index coatings applied to the 

grating must be very thin and uniform with a lower refractive index surrounding 

so that neff,external  is lower than nclad.  It is possible to do chemical sensing using 

high refractive index coatings, though the thickness requirements make it more 

challenging for some coating materials.25  For this work, only coatings having 

refractive indices below that of the cladding are considered and their thickness is 

greater than that of the penetration depth of the evanescent field. 

The dependence of the attenuated wavelength on the refractive index of 

the environment opens up the possibility of using LPGs as refractive index 

sensors.26  The change in attenuated wavelength with refractive index is non-

linear, with the greatest wavelength change occurring when the coating refractive 

index is near to that of the cladding (see figure 1.7).  There are a few examples 

of using LPGs as chemical sensors in the literature.  Some use the fiber LPG 

without a polymer coating and rely on changes of the bulk refractive index of the 

solution.27-31  Depending on the properties of the particular grating used, changes 

in refractive index in the fifth decimal place can be detected.  Despite this 
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Figure 1.7 Graph showing the peak shift of the LPG attenuation maximum 
with changing external refractive index.   

 

 

apparent sensitivity, significant amounts of an analyte must be present to cause 

this change in refractive index.  For example, Allsop et al.27 used an uncoated 

LPG sensor to detect xylene in paraffin.  A concentration of 400 ppm xylene was 

necessary to produce the minimum detectable change in refractive index of 6 x 

10-5.  The sensor was also completely non specific.   

It is possible to coat an LPG to enhance its sensitivity.  Coating an LPG 

with a polymer, analogous to the evanescent wave sensors described earlier, is 

not common in the literature.  Other non polymer coatings, however, have been 

applied to LPGs to enhance analyte detection.   

DeLisa et al.32 use a selective thin coating of antibodies on a single mode 

LPG to detect an antigen, Human IgG.  They achieved detection limits in the low 

part per million range with this sensor.  Due to their method of signal processing 
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this detection limit cannot be compared to a change in refractive index or peak 

shift.  An LPG coated with a thin antibody modified hydrogel was used by 

Pennington et al.33 to detect the HIV protein p24, as well as atrazine in the low 

ppm range.  In this range, peak shifts of less than 1 nm were obtained.  Keith et 

al.34 coated an LPG with a thin copper sensitive coating containing Cibracron 

Blue.  Using this set up they were able to quantify copper(II) ions down to a 

detection limit of 1.3 mg/L (ppm).  This corresponds to a peak shift of about 0.15 

nm.  Another approach used by Tang et al.35 was to combine LPG technology 

with surface plasmon resonance (SPR).  They coated an LPG with a thin coating 

of colloidal gold particles, modified with a dinitrophenol compound.  The detection 

limit for the anti-dinitrophenol antibody was reported as 9.5 x 10-10 M, or 0.14 

ppm.  They detect the compound by considering changes in LPG spectrum 

transmission intensity. 

Finally, Ishap et al.36 coated an LPG with a thin film.  This film had a 

thickness of less than 100 nm and was not added to specifically detect a given 

compound, but to alter the refractive index sensitivity of the LPG.  The thin high 

refractive index coating altered the ability of the cladding to act as a waveguide 

and, subsequently, the fiber’s refractive index sensitivity.  This allowed for greater 

sensitivity in solution refractive index measurements, particularly for refractive 

indices greater than that of the silica cladding material. 

In addition to being used as refractive index sensors there are several 

applications of LPGs as sensors for temperature37, strain38-39 or as liquid level 

sensors.40  An LPG has also been used as an evanescent wave absorption 
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sensor.41  The addition of the grating into the fiber enhanced the sensitivity of the 

system compared with a regular unaltered fiber by coupling a greater portion of 

waveguided light into the cladding than would occur in a conventional 

evanescent configuration. 

 

1.4 Polymer Coatings for Fiber Optic Sensors 

 

1.4.1 Synthesis of Polymers 

The word polymer comes from the Greek and simply means “many units”.  

Polymers are composed of repeating monomer units, chemically bonded 

together into long chains.  The synthesis of a polymer from monomeric building 

blocks usually falls under one of two basic reaction types: chain or step 

polymerization.42 

In the chain process, there is an initiation step where a reactive species, 

often a free radical, is created.  In propagation steps, the reactive species reacts 

with monomers, each time adding length to the polymer chain.  In this way, high 

molecular weight species are quickly built up.  The chain growth is stopped by a 

termination step, which, depending on the reaction and conditions, can take a 

variety of forms.  Combination and chain transfer are common methods of 

termination (see figure 1.8).  Common polymers such as polystyrene, polymethyl 

methacrylate and polyethylene are formed in this way.   
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Figure 1.8 General reaction scheme for a typical chain polymerization where I is 
an initiator and X can be another polymer chain or species in solution. 

 
 
 
In the step process, difunctional monomers react together to form bonds 

and build a polymer chain (see figure 1.9).  Any two species can react, thus the 

average molecular weight of a step growth polymer tends to grow more slowly 

than that of a chain growth polymer.  The polysiloxanes studied here are formed 

by a step process, as are other commercially important polymers such as 

polyesters, polyurethanes and polyamides (e.g. nylon). 

Polymers can be composed of linear chains, or the addition of a small 

amount of trifunctional groups or special crosslinking materials can combine the 
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linear chains into a branched network.  This increases the structural integrity of 

the formed polymer.  

 

 

R1 XX + R2Y Y

X R1 R2 Y + XY
 

 

Figure 1.9 General reaction scheme for a step polymerization, where R1 and R2 
are difunctional hydrocarbons and X and Y are the segments of the functional 
groups lost in the condensation reaction. 

 

 

1.4.2 Chemical Requirements 

Polymers used as selective coatings for optical sensor applications should 

have a high affinity for the analyte of interest.  This can be quantified by 

calculating the film-solution partition coefficient, Kfs. Similar to the octanol-water 

partition coefficient, Kow, Kfs is equal to the ratio of the concentration of the 

analyte in the film coating to the concentration in the sample solution at 

equilibrium.   

 

        (6) 
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Kfa can also be calculated, which considers the partitioning between the 

film and air for gas-phase samples.  High values for the partition coefficient 

indicate a high affinity for the analyte.  Polymer coatings for sensors should not 

only have a high partition coefficient for a given analyte, but they should be able 

to absorb the analyte reversibly and reproducibly to be used for continuous 

monitoring.   

Common polymers used in the literature for evanescent wave sensing 

include poly(dimethyl siloxane) and its derivatives15,17-18,20-22, acrylosiloxanes 21-

22, or poly(ethylene) and related compounds14,16,19.  These polymers will all 

absorb organic compounds, however, they are not species specific.  They will 

absorb a great number of organic compounds, including ones that may not be of 

interest or may cause interference.  For many applications this is acceptable, 

however for monitoring samples of mixed composition other approaches must be 

taken. 

Multiple polymers, all with different affinities for a suite of compounds, can 

be combined into an array to produce quantitative, chemically specific 

information.  Each compound would have a fingerprint response across the 

array, allowing it to be identified even in a mixture through methods such as 

principal components analysis.43-45   

Kannan et al.46 demonstrated that a combination of PDMS and carbowax 

can be used in an array format to distinguish between different nitroaromatic 

isomers.  This was not possible for any one of the polymers individually.  Penza 

et al.43 used a set of four polymer films and principal components analysis to 



21 
 

analyze mixtures of methanol and 2-propanol with a surface acoustic wave 

(SAW) sensor.  Bourgeois et al.45 used an array of eight conducting polymers to 

monitor the headspace from wastewater by detecting changes in sensor 

resistance. 

As an alternative to developing many polymers having broad preferences 

for one class over another, coatings that are far more specific can be developed.  

This can be done by using antibody coatings32-33 or incorporating specific 

chelating groups into the coating34,47.  These tend to be more expensive routes.  

The development of molecularly imprinted polymers (MIPs) allows for making 

more selective polymers, while still retaining the advantages of being inexpensive 

and relatively easy to synthesize48.  In molecular imprinting, a tightly cross-linked 

polymer is formed in the presence of a template molecule.  The polymer forms 

around the template, which is later removed, creating binding sites of the correct 

shape to accommodate that template molecule49.  These polymers tend to be 

very selective, and have been compared to antibodies for their molecular 

recognition capabilities.50   

MIPs have been used as selective solid phase extraction phases51 or as 

coatings for sensors.  Matsuguchi et al.52 coated poly(methyl methacrylate) 

imprinted with either toluene or p-xylene on a quartz crystal microbalance sensor.  

The polymers showed greater affinity for whichever molecule they were imprinted 

with.  Dickert et al.50 coated a quartz crystal microbalance sensor with a 

molecularly imprinted polymer.  They used polyurethane imprinted with either 

fresh or used motor oil for sensing mixtures of PAHs in water.  MIPs have also 
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been used in biological applications, and are able to distinguish between different 

enantiomers, such as L-Lysine and D-Lysine.53   

While MIPs find effective use in single compound detection, for the more 

general use sensor proposed here, they are less useful.  In addition MIPs do not 

normally have the required physical and optical properties for use in an LPG-

based sensor. 

 

1.4.3 Physical and Optical Requirements  

In addition to having desirable chemical properties, a polymer coating for 

optical sensors should also have certain physical properties.  Depending on the 

application, a coating should be uniform, flexible, robust, optically transparent, 

and inexpensive.  The refractive index of the polymer is also important as it 

greatly affects sensitivity in both evanescent wave and long-period grating 

sensors.  The penetration depth of the evanescent field is dependent on the 

refractive index of the coating in comparison with the fiber core.  Thus a coating 

that has a refractive index similar to that of the core will afford greater interaction 

with the evanescent field.  This is also important for LPG based sensors, where 

the change in attenuation maximum with change in coating refractive index is 

dramatically greater for polymer coatings with refractive indices close to that of 

the fiber cladding.   
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1.4.3.1 Refractive Index of Mixtures 

The refractive index of multiple materials in a homogenous mixture can be 

roughly approximated as a weighted average of the refractive index of the 

various components of the mixture.  There are several mathematical models that 

serve to better approximate the refractive index of mixtures.  Perhaps the most 

well known is the Lorentz-Lorenz relationship54.  Generalized to m components it 

is: 

        (7) 

Where Φi is the volume fraction, ni is the refractive index of pure 

component i and is the refractive index of the mixture of components 1 

through m.  The Lorentz-Lorenz equation assumes isotropic samples, such as 

liquid samples or liquid-like samples, where the mixture has a volume equal to 

the sum of the volumes of the individual components.   

 

1.4.3.2 Polymer Refractive Indices 

The refractive index values of polymeric materials cover a wide range.  

Table 1.1 lists a number of common polymer materials and their respective 

refractive indices.  The requirements of the finished sensor are for a polymer 

coating that, at the usual sodium D-line (589 nm), has a refractive index of just 

below 1.46, the refractive index of the cladding.  Poly dimethyl siloxane (PDMS) 

has a refractive index of about 1.40, which puts it within reach of this range only  
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Polymer Refractive Index 
(589 nm) 

Poly (hexafluoropropylene oxide) 1.3010 

Poly (tetrafluoroethylene) 1.3500 

Poly (dimethyl siloxane) 1.4035 

Poly (methyl octyl siloxane) 1.4450 

Poly (propylene oxide) 1.4570 

Poly (ethylene glycol) 1.4590 

Poly (methyl methacrylate) 1.4893 

Poly (vinyl alcohol) 1.5000 

Polyethylene, low density 1.5100 

Poly (methyl phenyl siloxane) 1.5330 

Poly (vinyl chloride) 1.5390 

Polyethylene, high density 1.5400 

Polycarbonate resin 1.5860 

Polystyrene 1.5894 

Table 1.1 Refractive Indices of common polymer materials at 589 nm  
and 25 oC55 
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after some modification.  Other polymers have refractive indices within the 

correct range but lack the other desirable material properties of PDMS. 

 

1.4.3.3 Refractive Index Modification in Polymers 

The refractive index of polymers can be adjusted by controlling the 

composition of the polymer.  Many examples in the literature explore modification 

of polysiloxane refractive indices, primarily for purposes of optical coupling or 

building optical devices with the polymers56-58.   

Control of refractive index is important when mixing substances together 

for optical components or optical coupling.  Mixing two immiscible materials 

together that have different refractive indices can result in haziness and light 

scattering.  Similarly, using a material for optical coupling that has a refractive 

index significantly different than the components it is coupling together can result 

in optical losses.  Some recent research on SPR looks at using a thin polymer 

layer to couple SPR components together59-60.  Previous work used gels or index 

matching fluids, which, while effective, tended to be messy and contamination 

from the fluids was an issue.  PDMS performed well but due to its different 

refractive index, there were significant optical losses.  This is a situation where 

the advantages of being able to control polymer refractive index are apparent.   

One common way to alter the refractive index of a PDMS based polymer 

is to mix in varying amounts of diphenyl siloxane, or methyl phenyl siloxane.  Gu 

et al.56 report that increasing the mole percent of poly diphenyl siloxane in PDMS 

resulted in a linear increase in the refractive index.  Increasing the amount of 
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diphenyl siloxane from 6.1 mole percent to 27.8 resulted in an increase in 

refractive index from 1.4268 to 1.5028.   

Kohjiha et al.57 demonstrated that other functional groups incorporated 

into the PDMS are capable of changing the refractive index.  They used phenyl, 

napthyl, anthryl and n-perfluorooctyl side groups to linearly alter the polymer 

refractive index in the range from 1.35 to 1.70.  Colomines et al.61 showed a 

linear relationship between refractive index and the weight percent of fluorine 

within a polysiloxane polymer.  Matejec et al.62 synthesized a variety of UV 

curable organically modified siloxane via the sol gel method for use in optical 

sensors.  They demonstrated that changing the composition of the polymer and 

the included functional group altered the refractive index of the resulting polymer.   

The refractive index of PDMS can also be altered by adding metals such 

as titanium.  Nakade et al.58 showed that adding titanium into PDMS caused a 

linear increase in refractive index.  Titanium has a comparatively high refractive 

index, and even small amounts of the compound can increase the polymer 

refractive index substantially.  Compounds such as titanium(IV) tetraisopropoxide 

have the additional advantage of simultaneously crosslinking the polymer. 

Mixing diverse polymer types together can also be used to control 

refractive index.  Okamoto63 showed that the refractive index of polycarbonate 

can be lowered by mixing it with PDMS or PMMA.  The relationship between 

percent PDMS in the polycarbonate and refractive index was also linear.   
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1.5 Polysiloxanes 

 

With these demands in mind, the polymer chosen for initial testing in our 

proposed sensor system was poly(dimethylsiloxane) (PDMS).   

PDMS has a long history of being used in solid phase microextraction 

(SPME) experiments.64-65  The polymer is robust, hydrophobic and transparent.  

In addition, PDMS can reversibly absorb most non polar organic contaminants 

from aqueous or gaseous samples.  It tends to absorb organics from water in 

correlation with the compound’s octanol-water coefficient.66-67  The refractive 

index of PDMS, without modification, is in the region of 1.39-1.41 at 589 nm.   

PDMS has been used in conjunction with fiber optic sensors to extract and 

detect a variety of organic compounds, including aromatics18,21, hydrocarbons17 

and chlorinated compounds.15  As PDMS is not selective in the non polar organic 

compounds it absorbs, other functional groups, such as diphenyl siloxane can be 

incorporated to favour different compounds.  The addition of the phenyl 

functionality is quite common.15,21-22  It has the advantage of increasing the 

polymer’s affinity to aromatics, as well as increasing the polymer refractive index, 

which in many cases results in an increase in sensitivity.  The phenyl group is not 

limited to improving absorption of aromatics.  Zimmermann et al.15 evaluated 

PDMS and poly methyl phenyl siloxane for absorbing contaminants.  They found 

that the addition of the phenyl group improved absorption of trichloroethylene 

(TCE).   
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Other functional groups can also be used.  Matejec et al.62 incorporate a 

thiol functionality into PDMS to make the polymer coating sensitive to CO2 and 

SO2 gases.  Abdelghani et al.68 investigated the performance of fluorosiloxane 

polymers coated on an SPR fiber sensor.  They found that the fluorosiloxane 

mixed in a 50:50 ratio with PDMS was best at absorbing various chlorinated and 

aromatic solvents.  Haug et al.69 coated cyano, methyl and chlorooctadecyl 

polysiloxanes onto sensors to evaluate their response to various VOCs.  They 

found that there was a different response among the films used.  Finally, Ronot 

et al.70 showed that the chemical selectivity of polysiloxanes to water, ethanol, 

acetone, dichloromethane and toluene could be adjusted through the addition of 

amino, vinyl or glycidoxypropyl groups.   

In this work, in addition to poly(dimethyl siloxane), we synthesized 

poly(diphenyl siloxane), poly(methyl octyl siloxane), poly (3-cyanopropyl methyl 

siloxane) and poly (3,3,3-trifluoropropyl methyl siloxane) as test polymers for our 

system.  These functional groups are well known and readily available because 

of their usage in capillary gas liquid chromatography where they serve as 

stationary phases in specialized columns.  The performance of these modified 

siloxane films in LPG sensors is described, in terms of chemical selectivity and 

refractive index range.  The test polymers were evaluated with a number of 

VOCs and a chlorinated compound of environmental interest.  The compounds 

were chosen to cover a range of polarities and functional groups to explore the 

effectiveness of the sensor with compounds of different chemical classes.   
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Chapter 2 

 

Synthesis of Polysiloxanes 

 
2.1 Introduction 

 

2.1.1 Polysiloxane Synthesis 

Poly(dimethyl siloxane) (PDMS) (figure 2.1a) is a well known polymer 

material which finds many applications, from lubricants, to technical equipment 

parts, to solid-phase microextraction (SPME) materials, to bathtub sealants.  It 

was first synthesized in the early 1940s by Eugene Rochow and William Gilliam1.  

Since then it has undergone much work and refinement and is commercially 

available in a variety of forms.   

PDMS has a number of properties that make it desirable for use as a 

sensitive coating in sensor applications.  Most importantly, it is a hydrophobic 

polymer and as such, absorbs a great number of hydrophobic compounds.  It is 

well known as an SPME material and tends to absorb compounds in close 

correlation with their hydrophobicity2-5.  It is also capable of absorbing these 

compounds in a completely reversible manner, making the coating reusable over 

a long period of time.  The polymer is relatively inexpensive, durable, 

biocompatible and resistant to fouling6.  For these reasons, the polymer was an 

excellent starting place for exploring polymer coatings for our proposed sensor 

platform.   
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Figure 2.1  Structures of polymers – a) poly dimethyl siloxane; b) poly diphenyl 
siloxane; c) poly (3,3,3-trifluoropropyl)methyl siloxane; d) poly (3-
cyanopropyl)methyl siloxane; e) poly methyloctyl siloxane; f) poly (2-
cyclohexylethyl)methyl siloxane 
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Many research groups working with fiber optic based sensors use PDMS 

or one of its derivatives as a sensitive coating.  Of these, some will use a 

commercially available material to coat their fibers7, or use optical fibers that 

come premade with a silicone polymer cladding8-10.  Commercially available 

options are attractive as the polymer is consistent between experiments, gives 

excellent film quality and is less time consuming than synthesizing a polymer 

from monomers.  However, altering the chemical selectivity or refractive index of 

the polymer through chemical modification is not as easy with a commercial 

polymer as with a custom synthesized polymer.   

Synthesizing polysiloxanes from monomers greatly increases the practical 

range in polymer composition.  Polysiloxanes can be synthesized through a two-

step synthetic scheme.  In the first step, monomers are condensed to form a pre-

polymer, consisting of straight chain oligomers with approximately 8-30 repeat 

units.  In the second step, the pre-polymer material is crosslinked to form an 

elastomer.   

Pre-polymer materials can be easily synthesized using dichloro or dialkoxy 

substituted silane monomers.  Either an acid or base catalyzed synthesis method 

can potentially be extended to a number of different silane monomers to create 

distinct polysiloxanes.  Average molecular weights over 1000 amu and a low 

percentage of cyclic material are desirable for creating polymers that can later be 

crosslinked into elastomeric products.  A glacial acetic acid catalyzed method 

was demonstrated in a previous report11 to give these desired properties.  Highly 

concentrated bases are also known to produce high molecular weight siloxanes 
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with limited cyclic material12.  Crosslinking of the pre-polymer materials can be 

accomplished through the addition of small amounts of tri or tetrachloro 

monomers, or with the addition of a crosslinking compound such as titanium(IV) 

tetraisopropoxide13,14.   

This synthetic approach allows for the incorporation of a wide variety of 

functional groups in place of the standard methyl group.  Polysiloxanes created 

this way include poly methyl octyl siloxane (PMOS), poly diphenyl siloxane 

(PDPS), poly (3,3,3-trifluoropropyl)methyl siloxane (PFMS) and poly (3-

cyanopropyl)methyl siloxane (PCMS) (see figure 2.1).  These functionalized 

polymers are fairly well known in gas chromatography where these substituted 

polysiloxanes make up many of the specialized liquid phases for coating GC 

capillary columns.  All of the monomers for these compounds are relatively 

inexpensive and simple to obtain.   

To expand beyond these well known functional groups is more difficult.  

Many functional groups that may be desirable to explore are simply not available 

as a dichloro or dialkoxy substituted silane.  Thus, to further extend the number 

of siloxanes, other synthetic methods must be considered.  One promising 

method is the use of platinum catalysts to catalyze the hydrosilylation of vinyl 

terminated molecules to a hydrosiloxane.  Conceivably, any vinyl terminated 

compound can be incorporated into the siloxane backbone using this method.  

This method was first explored by Speier15 in the late 1950s.  He used 

hexachloroplatinic acid, now frequently referred to as Speier’s catalyst, to couple 

simple alkenes to hydrosilanes.  The addition of other functional groups to 
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hydrosilanes is somewhat more complicated as competing side reactions reduce 

the yield of product.  This is particularly evident when trying to add a chlorinated 

alkene to a hydrosilane16, as the chlorine can be exchanged for a hydrogen, or 

react with the hydrosilane in place of the vinyl group.  Other platinum catalysts 

have been developed which are active even in the presence of other functional 

groups.  For example, bis(dialkylsulfido) platinum(II) salts have been shown to 

work well for the addition of acetate and amide containing alkenes17.  

In this thesis, the preparation of polysiloxanes with cyclohexyl, chloro and 

amino substitutions was attempted using a hexachloro platinic acid catalyzed 

hydrosilylation reaction.   

 

2.1.2 Characterization of Polymer Materials 

When polymers have very high molecular weight, conventional methods of 

analysis are not necessarily effective for determining chemical structure or 

molecular weight.  A polymer sample does not have a single molecular weight 

but a distribution of molecular weights depending on the number of monomeric 

units combined, or the degree of polymerization.  Many analytical methods for 

polymers focus on determining the average molecular weight and polydispersity 

of the polymer.   

Average molecular weight is usually calculated in one of two ways, the 

weight average Mw, or the number average Mn: 

 

        (1) 
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        (2) 

 

where mi is the mass and Ni is the number of polymer molecules having that 

mass.   

The weight average molecular weight will always be equal to or higher 

than the number average molecular weight.  The polydispersity of a polymer 

sample, defined as the ratio of the weight average to the number average 

molecular weight, will therefore range in value from one and up.  Samples with a 

large distribution of chain lengths will have a larger polydispersity.   

Classical methods like osmometry or end group titrations can be used to 

determine number average molecular weights.  Other methods such as light 

scattering or sedimentation can be used to calculate the weight average 

molecular weight.  More modern methods of polymer analysis include size 

exclusion chromatography or NMR spectroscopy.   

Mass spectrometry can give an actual molecular mass value for 

compounds, making it a perfect candidate for determining the average molecular 

weights of polymers.  In particular, the advent of matrix assisted laser desorption 

ionization time of flight (MALDI-TOF) mass spectrometry has opened up the 

possibility of analyzing large molecules, like polymers, without fragmentation.  

MALDI-TOF-MS is an excellent method for roughly characterizing the distribution 

of molecular weights in the polymer and for structure confirmation, based on the 

molecular weight of the repeat group18.  It is not as effective at obtaining an 

accurate value for the average molecular weight of the polymer.  This is because 
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mass bias creates a molecular weight which is artificially low as it is more difficult 

to ionize high molecular weight polymer chains18.  Careful control of instrument 

conditions can minimize this to some extent. 

 

2.1.3 Refractive Index modification in polymers for optical 

applications 

The refractive index of polymer materials can be fine-tuned by controlling 

the composition of the polymer during synthesis, as described in section 1.4.3.3.  

This allows the polymer coatings to be used in optical applications where 

refractive index must be controlled, such as in sensor applications, where having 

a specific refractive index enhances sensitivity.  The technology also has 

potential application in building siloxane based optical devices, such as gratings.   

For eventual use on an LPG based sensor, polymers having a refractive 

index just below that of the fiber cladding, about 1.425 at 1550nm, were 

synthesized. 

 

2.2 Experimental 

 

2.2.1 Synthesis 

All of the polysiloxanes used were synthesized from their individual 

monomers in a two-step process.  The first step was condensation of the 

monomers, through either an acid or base catalyzed condensation reaction, to 

produce a “pre-polymer” liquid consisting of linear polymer chains ranging from 
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about 8 to 20 or more repeat units.  Some cyclic oligomers may have been 

produced as an impurity.  The second step was cross-linking the pre-polymer 

material using a tetra-functional crosslinker to produce a siloxane elastomer.  

Monomers used were dichlorodimethyl silane (Aldrich, Milwaukee, WI), 

diethoxydiphenyl silane (Aldrich), (3-cyanopropyl)methyldichloro silane (Alfa 

Aesar, Ward Hill, MA), (3,3,3-trifluoropropyl)methyldichloro silane (Alfa Aesar) 

and dichloromethyloctyl silane (Aldrich).   

 

Poly (dimethyl siloxane) prepolymer 

In the first polymerization step, poly(dimethyl siloxane) (PDMS) was 

formed using both acid and base catalysis.  In the acid catalyzed method, 

adapted from Zimmermann et al.11  9.63 mL of dichlorodimethyl silane (80 mmol) 

was dripped into a solution containing 3.80 mL of methanol and 4.58 mL (80 

mmol) of glacial acetic acid over about 10 minutes.  The solution was stirred for 

an hour under reflux (60oC), and then heated to drive off volatile impurities.  In 

the base catalyzed method, 5 g of dichlorodimethyl silane (38.7 mmol) was 

stirred at 0oC while 1 mL of 14 M NaOH was added dropwise over an hour.  After 

an additional hour of stirring, 3 mL of methylene chloride and 8 mL of water were 

added.  The organic layer was washed several times with dilute base and water 

until a neutral pH was reached.  Solvent from the organic layer was evaporated 

to leave behind the PDMS material.   

MALDI TOF MS Analysis: Polymer repeat unit = 74 m/z (-Si(CH3)2O-) 
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Poly (diphenyl siloxane) prepolymer 

Poly(diphenyl siloxane) (PDPS) was created in either a 1:9 or 1:4 mole 

ratio with PDMS.  Synthesis of the PDPS was also done using both acid and 

base catalysis using similar procedures to the PDMS polymerization. 

1H NMR Analysis: 0.05 ppm (Si-CH3); 7.20 and 7.50ppm (Si-C6H5) 

 

Poly (methyloctyl siloxane) prepolymer 

Poly (methyloctyl siloxane) (PMOS) was made with the base catalyzed 

method only.  Acid catalysis did not result in sufficiently high molecular weight 

material.   

MALDI TOF MS Analysis: Polymer repeat unit = 172 m/z (-Si(CH3)(C8H17)O-) 

 

Poly (3,3,3-trifluoropropyl) methyl siloxane prepolymer 

Poly ((3,3,3-trifluoropropyl)methyl siloxane) (PFMS) was made both as a 

pure polymer and in a 1:4 mole ratio with PMOS.  Base catalysis was used as 

high molecular weights were not obtained with the acid method.   

MALDI TOF MS Analysis: Polymer repeat unit = 156 m/z 

(-Si(CH3)(CH2CH2CF3)O-) 

 

Poly ((3-cyanopropyl) methyl siloxane) prepolymer 

Poly ((3-cyanopropyl) methyl siloxane) (PCMS) was made with a modified 

acid catalyzed procedure.  Initial attempts to polymerize the monomer in acid 

resulted in side reactions that either crosslinked the pre-polymer, or reacted 
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away the nitrile group to produce other functional groups (according to MALDI-

TOF-MS analysis after polymerization).  Due to the apparent reactivity of the 

nitrile group, more gentle reaction conditions were necessary.  1.58 mL (10 

mmol) of (3-cyanopropyl)methyldichloro silane was slowly added over 10 minutes 

into 0.48 mL of methanol, 0.19 mL (5 mmol) of formic acid and 1.00 mL of 

methylene chloride.  The reaction was kept at 0 oC.  As soon as the monomer 

addition was complete, the reaction mixture was bubbled with nitrogen.  1 mL 

aliquots of methylene chloride were added periodically to keep the reaction 

mixture viscosity low while the remaining acids and impurities were driven off.   

MALDI TOF MS Analysis: Polymer repeat unit = 127m/z (-Si(CH3)(C3H6CN)O-) 

 

Poly ((3-cyclohexylpropyl)methyl siloxane) prepolymer 

Poly ((3-cyclohexylpropyl)methyl siloxane) (PCHMS) was formed using 

two steps.  In the first step, poly (methyl siloxane)-co-poly (dimethyl siloxane) 

(50/50 mole %) was synthesized using acid catalysis.   

1H NMR Analysis: 0.05 ppm (Si-CH3); 4.6 ppm (Si-H) 

In the second step, allyl cyclohexane was added to the co-polymer via 

hydrosilylation with hexachloroplatinic acid.  For the hydrosilylation procedure, 

0.60 g (0.0045 mol) of the product polymer from the first step was combined with 

0.772 g allylcyclohexane (10% mole excess), 7.2 mL chloroform and 0.3 mg of 

hexachloroplatinic acid.  The flask was equipped with a condenser and stir bar 

and placed in a water bath set to 80 oC.  The reaction was left at 80 oC for three 
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hours, then left to cool.  The resulting product was washed with water to remove 

impurities and remaining catalyst and dried under nitrogen to remove the solvent.   

1H NMR Analysis: 0.05 ppm (Si-CH3); 0.4 ppm (Si-CH2CH2-); 0.8 ppm (Si-

CH2CH2CH2-); 1.25 ppm (Si-CH2CH2CH2C6H11); 1.1 and 1.6 ppm (Si-

CH2CH2CH2C6H11) 

 

2.2.2 Characterization 

The structures of the pre-polymer materials were confirmed by either 

MALDI-TOF-MS or 1H NMR.  MALDI-TOF-MS spectra were collected on a 

Voyager DE STR instrument.  Samples were mixed with a 2,5-dihydroxybenzoic 

acid matrix.  1H NMR spectra were collected on a 400 MHz Avance-400 NMR, in 

CDCl3 solvent. 

In the second polymerization step, the siloxane pre-polymers were mixed 

in various combinations to obtain the desired ratios of functional groups.  They 

were then diluted in a 1:20 volume ratio with hexanes, or methylene chloride for 

the PCMS, and Titanium (IV) tetraisopropoxide (Aldrich) was added in various 

amounts to crosslink the polymer.  The titanium(IV) tetraisopropoxide was added 

as a 10% (v/v) solution in hexanes, as it is reactive in air and in consideration of 

the small volumes required.  Small borosilicate glass slides (~1”x 0.5”) (Fisher, 

Ottawa, ON) were made by breaking clean microscope slides into six portions.  

These were set in a 1M solution of KOH to etch for ten minutes, rinsed with 

deionized water, followed by rinsing in ethanol and then left to air dry.  100 μL 
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aliquots of the polymer solution were deposited onto the upper surface of the 

slides, and the polymers were left to cure for 24 hours.  

Refractive indices of the various polymer films were measured on a 

custom-built refractometer as described in section 3.2. 

 

2.3 Results and Discussion 

 

The goal of this work was to be able to make several chemically distinct 

polymer films that have different affinities for various proposed analytes.  Other 

constraints placed on the polymer include the need for it to be optically 

transparent, uniform, physically coated onto an optical fiber, and most 

importantly, have a refractive index close to 1.455 (or 1.425 at 1550nm).  PDMS 

was chosen as an ideal starting material, as it satisfies almost all of the material 

properties except refractive index, which is around 1.40 but can be modified by a 

changing the polymer composition.   

 

2.3.1 Modifying commercially available PDMS materials 

The ideal system, in terms of simplicity, would be to use commercially 

available PDMS as a base and add various functional groups which would be 

incorporated into the polymer network during curing.  We considered two 

commercial candidates.   

Dow Corning Aquarium Grade PDMS Sealant cures in approximately 24 

hours upon exposure to air using a condensation reaction.  Acetate end groups 
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are hydrolyzed by water in the air to produce acetic acid and a silanol group.  

The silanol can condense with another acetate end group, with loss of acetic 

acid, or with another silanol end group, with loss of water.  Tri- and tetra-

functional crosslinkers are also included.  In this way the polymer cures into a 

tough elastomer.  The polymer can be dissolved in organic solvents prior to 

curing and cast in thin layers.  We attempted to add diphenyl siloxane groups to 

this polymer by adding in diethoxy diphenyl silane (DDPS) prior to curing. We 

never obtained incorporation of the functional group throughout the polymer.  The 

finished rubber tended to be greasy on the outside, suggesting that the 

unincorporated diphenyl silane slowly separated out.  Addition of 3-aminopropyl 

triethoxy silane (APTES) was somewhat more successful, but the cured rubber 

became opaque and sticky. 

A second commercially available polymer, Sylgard 184, also available 

from Dow Corning, was tested.  This polymer cures differently and is supplied as 

a two component preparation.  Hydrosilanes are coupled with vinyl substituted 

silanes via a platinum catalyst, making ethylene bridges which crosslink the 

polymer.  Addition of either APTES or DDPS resulted in the polymer not curing.  

Since the mechanism of curing in the Sylgard 184 polymer is significantly 

different from that of the Aquarium Sealant, an allyl amine additive was tried.  

Having its own vinyl group, allyl amine could take advantage of the 

hydrosilylation mechanism of curing, adding itself directly onto the polymer 

backbone.  This also did not meet with success.  The catalyst of the Sylgard 184 

appears to be interrupted by the addition of the allyl amine.  This was further 
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confirmed when later experiments adding allyl amine to poly (methyl siloxane) 

with hexachloroplatinic acid resulted in no product.  The amine likely complexes 

with the catalyst, halting its activity.  The addition of other functional groups with 

vinyl end groups was not attempted at this time, but it is possible that other allyl 

compounds may work better for direct addition to Sylgard 184. 

 

2.3.2 Polysiloxane synthesis from monomers 

With commercial polymers not performing as desired, the decision was 

made to synthesize the polymers from monomers.  With this approach, more 

even incorporation of functional groups along the polysiloxane chain would be 

anticipated.  Superior control of the composition and properties of the resulting 

polymer would also be expected.   

PDMS oligomers can be made through a two step process using dichloro 

dimethyl silane.  The first step involves a reaction with water, where the 

substitution of the chlorine with an –OH group takes place.  The resulting silanol 

is then free to condense with another silanol, or to react with a chlorine end 

group, in either case producing a siloxane linkage (see figure 2.2).   
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Figure 2.2 Reaction scheme for the condensation of silane monomers 

 

The molecular weight and form of the pre-polymer that is produced during 

this reaction depends largely on the conditions of the reaction.  Since the desired 

product for the sensor system is a rubbery elastomer, high molecular weight, 

linear polymer that can be later crosslinked is desirable.  Cyclic material, where 

the head and tail of a polymer chain condense together, is undesirable, as the 

material will not crosslink into the polymer network.  Concentrated reaction 

solutions reduce the amount of cyclic material as the forming polymer is more 

likely to encounter and condense with another monomer or oligomer than with 

itself12.   
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The reactions were done with either base or acid catalysis.  In the base 

catalyzed procedure concentrated sodium hydroxide was used.  The use of other 

basic catalysts such as amines, potassium hydroxide, or less concentrated 

sodium hydroxide was explored.  Amines did not produce a product, 

concentrated potassium hydroxide gave an equivalent product to that of the 

sodium hydroxide, and the less concentrated sodium hydroxide resulted in lower 

molecular weight material.  Though the use of concentrated sodium hydroxide is 

not ideal, and requires tedious washing steps to remove salts generated in the 

reaction, it remained the best of the basic options.  Some cyclic material was 

present in the base catalyzed products as determined by MALDI-TOF-MS.  

Cyclic material can be identified from the mass spectrum since the molecular 

weight does not include a contribution from the end groups. 

Acid catalysis tends to give a product which is lower in molecular weight 

than the base catalyzed reaction, unless conditions are carefully controlled12.  

Zimmermann et al.11 demonstrated that the use of glacial acetic acid in methanol 

gave a high molecular weight product with limited cyclic material.  The method is 

attractive as all of the reagents and byproducts are volatile and can be removed 

through heating or purging with nitrogen.  This avoids the type of washing step 

used in the base procedure and increases the yield of the reaction.   

Using the acid catalyzed procedure resulted in excellent products for 

PDMS and PDPS.  From MALDI-TOF-MS analysis, the PDMS had a similar 

molecular weight distribution to that obtained from the base catalyzed method, 

but was free of cyclic material.  Acid catalysis failed to produce polymers of 
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sufficiently high molecular weight for both the PFMS and PMOS polymers.  For 

the PMOS polymers, acid catalysis gave a polymer with between 4 and 11 repeat 

units, whereas base catalysis resulted in a polymer with 7 to 25 repeat units.  

The lower molecular weight means that a larger amount of titanium crosslinker is 

needed for the polymer to form a solid elastomer.  Low molecular weights 

obtained by polymerizing the fluorinated materials with acid could be explained 

through interference by electronegative substituents.  It is unknown why PMOS 

did not polymerize well in acid as, electronically, it is similar to the PDMS, which 

polymerized well in acid.  The steric inhibition by the octyl group may play a role.   

The PCMS pre-polymer required a modified procedure as the extreme 

conditions of either acid or base catalyzed procedures caused the cyanide group 

to react.  Formic acid in methanol was used.  The formic acid, though a stronger 

acid than acetic acid, is considerably more volatile allowing for fast removal.  

Compared to the original acetic acid synthesis, the reaction was done at 0 oC 

with a lower mole ratio of the formic acid, and the reaction time was shortened.  

In this way it was possible to preserve the cyanide group and form a polymer of 

reasonable molecular weight (8-17 repeat units as determined by MALDI-TOF-

MS).   

Generally, all of the pre-polymers formed by either catalysis method 

resulted in a somewhat viscous mixture of straight chain polymers.  The chains 

were all silanol terminated, though the acid catalyzed procedure gave some 

methoxy terminated product, as determined by MALDI-TOF-MS.  This did not 

affect curing steps further on.  Some cyclic material was present as well, with 
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less in the acid catalyzed product, though the small amount did not seem to 

affect further crosslinking steps or the quality of the polymer.   

Crosslinking of this pre-polymer mixture to create the final elastomer was 

originally carried out by adding small amounts of trichloromethyl silane to the 

straight chain pre-polymer.  This method was variable in its success so a more 

reliable method was developed.  In the final method, crosslinking was 

accomplished through the addition of titanium(IV) tetraisopropoxide (see figure 

2.3).  The titanium is tetrafunctional, and forms a tightly crosslinked polymer.  It 

also carries the added advantage of increasing the refractive index of the film.  

Generally, the titanium compound was not used in concentrations above 2 mole 

percent.  Above this level, the film became brittle.  In addition, drift in refractive 

index over time occured, likely a result of having more Ti-OH groups than 

polymer end groups after crosslinking.  These left over Ti-OH groups were 

reactive and, over time, they may have reacted with one another, or with the 

glass surface, changing the morphology of the polymer.   

The functional groups used were chosen to create a variety of polymers 

that would target different analyte classes.  PDMS is known to absorb non polar 

compounds.  The diphenyl group presumably would preferably absorb aromatic 

compounds, the fluorinated group, halogenated compounds, and the cyano 

group would have a higher affinity for more polar compounds.  A 3-aminopropyl 

substituted silane was also prepared to target more polar analytes, however 

polymers incorporating this functional group were found to be highly unstable 

over time.   
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Figure 2.3 Reaction scheme for crosslinking the polymer materials with 
Titanium(IV) tetraisopropoxide 

 

 

Although the chemical sensitivity for poly (methyloctyl siloxane) would be 

expected to be similar to PDMS, this polymer was very important for controlling 

refractive index.  PDMS has a starting refractive index of about 1.39.  To raise it 

to the optimal refractive index of 1.425 (at 1550 nm) required a huge amount of 

titanium crosslinker, resulting in a brittle film.  Incorporation of other high 

refractive index functional groups can increase the polymer refractive index, but 
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generally would also change the selectivity of the polymer.  Poly (methyloctyl 

siloxane) has a starting refractive index of approximately 1.44 at 1550 nm, and 

would be expected to be chemically similar to PDMS in terms of non-polarity.  As 

a result, it is more useful for the non polar compounds. 

While disubstituted dichloro silanes were successfully used in several 

polymers with a variety of polarities and chemical affinities, the number of 

commercially available monomers of this type is limited.  As a result, another 

synthetic scheme that opened up more possibilities was explored.  Using a 

platinum catalyst, vinyl terminated compounds were coupled onto a polymer 

backbone with hydrosiloxane groups in it (see figure 2.4).  Though this procedure 

did contain an extra synthetic step, as the polymer backbone must first be 

constructed and then functionalized, it did have many attractions.  Firstly, one 

large batch of the polymer backbone could be made and used for multiple 

functional groups.  This reduced variability between batches in terms of 

molecular weight and level of impurities.  In addition, more sensitive functional  
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Figure 2.4 Reaction scheme for hydrosilylation with a platinum catalyst 
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groups that can potentially react in the acidic or basic conditions of the initial 

polymerization method are spared that step.  Instead they must survive the high 

temperature (about 80 oC), but pH neutral, hydrosilylation reaction.  Multiple 

functional groups could also be incorporated evenly into the same polymer 

backbone, enhancing the homogeneity of co-polymers.  Finally, as already 

mentioned, this procedure opens up a large number of functional groups that 

would be otherwise inaccessible.  Conceivably, any compound with a vinyl 

group-terminated tether attached to it could be incorporated.  This could include 

molecules such as PAHs, pesticides, or other contaminants of interest, 

potentially even metal chelating agents.  In actuality, the choice of vinyl 

terminated compound is somewhat limited by the reactivity of the catalyst with 

the desired functional group and by steric considerations. 

The platinum coupling reaction was first explored using allyl cyclohexane 

and hexachloroplatinic acid.  While less useful from the perspective of developing 

another polymer with potentially different chemical selectivity than the others, the 

allyl cyclohexane provided us with a compound free of reactive groups or 

electron withdrawing substituents to test the procedure and refine the reaction 

conditions.  The addition of allyl cyclohexane to the poly methyl siloxane 

backbone was accomplished with a conversion of nearly 100%.  The reaction 

was monitored by 1H NMR, where the disappearance of the Si-H peak indicated 

completion of the reaction (see figure 2.5).   

A similar reaction with 3,4-dichlorobutene was also attempted, however a 

useful product was never formed.  After the reaction, the polymer became  
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Figure 2.5 Reaction progress in hydrosilylation is monitored by 1H NMR through 
the disappearance of the Si-H peak at 4.6 ppm.  a) Original starting material, 50 
mole percent poly (methyl siloxane) with 50 mole percent PDMS (0.05 ppm (Si-
CH3); 4.6 ppm (Si-H)). b) Final product after allyl cyclohexane has been added 
0.05 ppm (Si-CH3); 0.4 ppm (Si-CH2CH2-); 0.8 ppm (Si-CH2CH2CH2-); 1.25 ppm 
(Si-CH2CH2CH2C6H11); 1.1 and 1.6 ppm (Si-CH2CH2CH2C6H11; 7.1 ppm solvent).   
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crosslinked into a glassy solid.  Competing side reactions with the chlorine were 

most likely the cause.  It has been shown that hydrogen substitution by the 

chlorine competes strongly with hydrosilylation in these types of reactions and 

that numerous alternate products can be formed16.   

Allyl amine was also used as a test compound.  It failed to react at all, 

leaving the starting materials unchanged.  The amine group may react to bind the 

catalyst.   

Hexachloroplatinic acid generally does not work well with allyl compounds 

containing functional groups such as esters or amides.  For these compounds, 

alternative catalysts, such as bis-diethylsulfide platinum(II) salts, have been 

shown to be more effective.17 

 

2.3.3 Polymer Analysis 

Pre-polymer materials can be analyzed by standard NMR methods.  1H 

NMR can be used to determine impurity levels, and the ratio of functional groups 

in co-polymers.  Figure 2.6 shows a typical spectrum for a PDPS pre-polymer 

material, made of 20 mole percent diphenyl siloxane and 80 mole percent 

dimethyl siloxane.  The ratios of the integration for the aromatic hydrogen peaks 

(26.14 divided by ten protons per diphenyl siloxane group) and the methyl 

hydrogen peaks (68.85 divided by six protons per dimethyl siloxane group) 

demonstrate that the polymer produced contained 18.6 mole percent PDPS, very 

close to the target 20 mole percent.   
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Figure 2.6 1H NMR spectrum of 20 mole percent PDPS with 80 mole percent 
PDMS.  The actual mole percent of PDPS is 18.6% based on the peak 
integration. (7.1 ppm and 7.6 ppm (Si-C6H5); 0 ppm (Si-CH3)) 

 

 

MALDI-TOF-MS can be used to determine the approximate molecular 

weight of the polymer and its polydispersity.  Figure 2.7 gives a typical spectrum 

for PDMS.  Spectra for other pre-polymer materials can be found in Appendix A.  

Each peak in the spectrum is separated by 74 m/z, the mass of one  

repeat unit in PDMS.  The amount of cyclic material can also be determined from 

the mass spectrum.  MALDI-TOF does carry the limitation of only being useful for 
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pure polymers.  Co-polymers generate a spectrum which is simply too 

complicated to interpret, due to the many possible molecular weights resulting 

from the various combinations of repeat groups.   

 

 

 

a)  

 
b) 

 
 
Figure 2.7 MALDI-TOF-MS spectrum (a), with detail (b), of PDMS synthesized 
with acid catalysis.  Peak clusters are separated by 74m/z, the molecular weight 
of one PDMS repeat unit.   
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2.3.4 Effect of Composition on Refractive Index 

Titanium crosslinked polysiloxane derivatives can be adjusted in 

composition to fine-tune the refractive index value to a specific level.  All of the 

refractive index values reported are at 1550nm.  This is because 1550nm, a 

common telecommunications wavelength, is expected to be the wavelength used 

in the finished sensor.  The variation in refractive index was accomplished either 

through the adjustment of the amount of titanium (Figure 2.8) or the proportions 

of the incorporated functional groups (Figure 2.9).  The resulting refractive index 

is linear with respect to mole percent of the changing component.  This result is 

consistent with other examples in the literature14,19-21, where the refractive index 

of a co-polymer changes linearly with mole percent composition. 

The slopes of the six graphs in Figure 2.8 might be expected to be quite 

similar, as in each case the same compound, titanium, is being added.  While 

some of the slopes are similar, some large differences can be seen.  To 

understand this it must be noted that titanium serves a dual purpose of both 

modifying refractive index and cross-linking the polymer.  The process of cross-

linking may alter the density, and subsequently the refractive index, of the 

polymer material.  Depending on the molecular weight and properties of each 

pre-polymer, different cross-linking and density of polymer films may result. 

The linear change in refractive index with composition indicates that a 

Lorenz-Lorentz type of relationship is being followed.  This allows us to 

approximately predict the refractive index of a new co-polymer based on the 

refractive index of its various components.  Linear plots like those found in  
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Figure 2.8 Variation in the refractive index as the mol% of titanium is varied 
between 2 and 6% for a) PDMS with 5 mol% PDPS, b) PDMS, c) PMOS with 15 
mol% PFMS, d) PDMS with 60 mol% PMOS, e) PFMS, f) PDMS with 35mol% 
PCMS and 30 mole% PMOS.  Error bars give the standard deviation in the 
refractive index between samples, with three replicates per data point.   
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Figure 2.9 Variation in the refractive index of polymers, all having 2mol% 
Titanium, where the composition is altered.  a) PDMS with variable PDPS, b) 
PMOS with variable PFMS, c) PDMS with variable PMOS and d) PDMS with 
variable PCMS, 30% PMOS.  Error bars give the standard deviation in the 
refractive index between samples, with three replicates per data point.   
 
 
figures 2.8 and 2.9 can also serve as “calibration” curves, to determine the 

necessary composition of a polymer to achieve a desired refractive index.   

Fluorinated materials tend to have refractive indices that are lower than 

analogous non fluorinated materials22.  For some applications, it is desirous to 

have a very low refractive index material that still has the mechanical properties 

and benefits of a compound like PDMS.  Pure poly((3,3,3-trifluoropropyl)methyl 

siloxane) was synthesized and crosslinked with small amounts of titanium.  

Refractive index values in the range of 1.36 were obtained. 
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Similarly, for many applications, high refractive index materials are 

required.  Phenyl substituted siloxanes tend to have much higher refractive 

indices than their aliphatic counterparts.  Addition of only 3 mole % diphenyl 

siloxane into PDMS increased the refractive index from 1.39 to 1.41.   

 

2.3.5 Refractive Index Matched Films for Sensor Application 

For the overall sensor project, polymers having a refractive index of 

approximately 1.425 (at 1550nm) were desired.  At this refractive index, just 

slightly lower than that of the fiber cladding, the sensitivity of the long-period 

grating to refractive index change is maximized.  Using the refractive index data 

generated, appropriate functional group and titanium levels can be easily 

adjusted so that a polymer of the desired refractive index can be obtained.  In 

total, four chemically distinct polymer films with refractive indices in the correct 

range were made (see Table 2.1). 

The PDPS film contained only 8.5 mole percent of the diphenyl siloxane 

because of the high refractive index of the diphenyl material.  Lower refractive 

index PDMS was mixed with it, and only 0.5% titanium was used to keep the 

refractive index low and allow for as much diphenyl siloxane to be added as 

possible.  One alternative to increase the loading levels of diphenyl within the 

polymer was to combine it with the fluorinated siloxane, as the low refractive 

index of the fluorinated materials counteracts the high refractive index of the 

diphenyl.  In this way, loading levels of 25-30 mole percent diphenyl were 
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Polymer Composition (mole %) Refractive Index (1550nm) 

PDPS 

8.5% diphenyl 

91% dimethyl 

0.5% titanium 

1.4235 +/- 0.0002 

PMOS 

75% methyl octyl 

24% dimethyl 

1% titanium 

1.4245 +/- 0.0002 

PFMS 

10% trifluoropropyl methyl 

88% methyl octyl 

2% titanium 

1.4260 +/- 0.0002 

PCMS 

35% cyanopropyl methyl 

30% methyl octyl 

33% dimethyl 

2% titanium 

1.4250 +/- 0.0002 

Table 2.1 Composition and refractive indices of the four polymers used for 
sensor applications.  Error represents the instrumental error from the 
refractometer. 

 

obtained.  This kind of film was not used in subsequent testing however, as the 

combination of the two functional groups would make it difficult to determine if 

effects seen were due to the diphenyl or fluorinated portion of the polymer, or 

both.   

The refractive index data for PDMS combined with titanium showed that it 

would be inappropriate for use on an LPG as its refractive index is too low.  
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Approximately 40 mole percent titanium would be required to bring it up into the 

right range.  Instead, PMOS was used.  PMOS has a nonpolar, hydrocarbon 

functionality, similar to the PDMS, but a higher starting refractive index.  75 mole 

percent PMOS combined with PDMS and 2 mole percent titanium gave an 

excellent quality film with a refractive index in the 1.43 range for use on the 

sensor.   

Fluorinated materials have lower refractive indices, so only small amounts 

were added to the PFMS polymer to maintain the desired refractive index.  The 2 

mole percent titanium is the highest level that can be added while still 

maintaining the film quality over an extended period of time.  Higher levels of 

titanium tended to result in film instability. 

Poly ((3-cyanopropyl)methyl siloxane) had a starting refractive index 

similar to that of the poly (methyloctyl siloxane).  Based on this, it was assumed 

that it too should be able to be combined with about 25 mole percent PDMS to 

form a good film in the proper refractive index range.  Unfortunately, the quality of 

the film produced from high loading levels of the cyanopropyl group was poor.  At 

high levels the film tended to be inhomogeneous, making determination of 

refractive index difficult.  When the amount was reduced to 35 mole percent, the 

film had good homogeneity.   
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2.4 Conclusions 

 

Acid or base catalysis can be used to create polysiloxanes from 

monomeric materials.  By controlling the reaction conditions, polymers having 

higher molecular weights and limited cyclic material were synthesized and later 

crosslinked into elastomers using titanium(IV) tetraisopropoxide.  The use of 

platinum catalysts to add vinyl substituted groups to a siloxane backbone was 

shown to be useful to extend the number of chemically distinct siloxanes.  In 

total, six polysiloxanes were synthesized and characterized.   

Polysiloxane polymers can be combined together to form a variety of 

chemically distinct films.  The resulting refractive index of the film depended on 

the ratio of the various functional groups included in the film, following a Lorentz-

Lorenz relationship.  The change in refractive index with change in mole percent 

of a given functional group was linear.  In addition, titanium was added as a 

crosslinker to the films.  It also raised the refractive index in a linear fashion with 

increasing mole percent titanium.  It is possible, using this information, to 

generate a polysiloxane film having a very specific refractive index.  For optical 

sensor applications, where the sensitivity of a sensing layer is dependent on the 

refractive index, this is clearly useful. This also could find use in developing 

optically transparent materials or for using polymers to optically couple two 

components together.   
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Chapter 3 

 

Partitioning between Polymer films and Target Analytes 

 

3.1 Introduction 

 

The refractive index of a polymer film can be related to the overall film 

composition.  In chapter 2, this relationship was used to relate measured 

refractive index to the composition of polymers made from various mixtures of 

monomer and cross-linking groups.  In this chapter, a similar approach will be 

used to relate refractive index to the composition of polymers that have absorbed 

various amounts of analyte molecules. 

The use of polymer films as sensitive coatings for LPGs requires that a 

polymer absorb analytes and experience a detectable change in refractive index 

upon absorption.  Monitoring a polymer film’s refractive index response in the 

presence of analyte allows for determination of the suitability of the film for use in 

a final sensor platform.  Response assessment can be separated into response 

kinetics and equilibrium response magnitude.  Reversibility and repeatability can 

also be assessed.  When response and repeatability is confirmed, then the 

response magnitude at equilibrium can be used in the calculation of a partition 

coefficient.   

 

 



75 
 

3.1.1 Determination of Partition Coefficients 

Determination of a partition coefficient is an important step in evaluating 

the affinity of a polymer film for one substance over another.  There are a variety 

of methods for discovering the value of the partition coefficient.  Brown et al.1 

determined the partition coeffiecients of PAHs in PDMS by extracting films with 

ethanol once they have reached equilibrium in a test solution.  The concentration 

of analyte in the test solution was also independently measured and the ratio of 

concentration in the film and solution yielded the partition coefficient.  This 

method is less effective for very volatile test compounds as they begin to partition 

out of the film into the air almost immediately following removal from the sample.  

Determination of concentration has to be done in-situ.   

In this chapter, we use change in polymer refractive index as an indicator 

of concentration of analyte within the film.  This approach is not without 

precedent.  Abdelghani et al.2 determined the change in refractive index resulting 

from gas phase analyte absorption into a polymer using an SPR sensor.  They 

used this change in refractive index to calculate the partition coefficients.   

Spaeth et al.3 further confirmed the link between polymer refractive index 

and analyte concentration.  They show in later work4 that as PDMS absorbed 

volatile organic compounds, it swelled, causing its volume to increase linearly 

with concentration of analyte.  This indicated that PDMS can be approximated as 

a liquid like phase and relationships like the Lorentz-Lorenz equation are valid 

and can be used to determine concentration. 
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3.1.2 Measurement of Refractive Index 

Methods for determining refractive index are usually based on either the 

determination of the critical angle5-6 or on interferometry7-8.  The common Abbe-

type refractometer operates by determining the angle of refraction or total internal 

reflection when light travels from the sample into a prism of known refractive 

index.  Solid samples such as polymers can also be analyzed on an Abbe 

refractometer, provided sufficient optical contact can be made between the 

polymer and the prisms5.  The refractive index of solid samples can also be 

determined by ellipsometry, provided that the sample thickness uniform.9 

Ellipsometery was not used in this work because films were not normally uniform 

in thickness, and an ellipsometer at 1550 nm was not available.  In addition, 

building an analyte exposure system onto an available commercial ellipsometer 

was not feasible.    

In this work, refractive index was measured using an in-house built  

Prism

Polymer film

CCD camera –
to computer

Mirror
Laser

Lenses

 

Figure 3.1 Schematic of the refractometer used to determine the refractive index 
of polymer films 
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refractometer which determines the critical angle to measure refractive index 

(Figure 3.1).  As described by Zhang10 a sample is mounted on a prism surface 

and light from a 1550nm laser is directed into the prism and to the sample at a 

variety of angles.  Those angles that result in total internal reflection travel to a 

CCD detector, creating a lighted area.  Those angles that are refracted travel 

through the polymer and are lost, resulting in a dark area on the detector (see 

figure 3.2).  The position of the interface between the light and dark regions on 

the detector indicates the critical angle for that sample.  Changes in refractive  

 

 

 

Figure 3.2 CCD camera output from the refractometer showing the interface for 
a PDMS polymer.  Refractive index increases linearly as the interface moves to 
the right. 
 

Interface
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index will shift the location of this interface in a linear fashion, which can be 

calibrated using solutions of known refractive index. 

The refractive index of a material is wavelength and temperature 

dependent.  Refractive index is generally reported as the refractive index at       

25 oC and 589 nm, which is the emission of the d-line of sodium.  For the 

instrument described above, refractive index values were measured at 1550 nm. 

 

3.2 Experimental 
 

The compositions of the polymer films used in these experiments are 

given in Table 2.1.  Their synthesis is described in Chapter 2.  Refractive indices 

of the polymer films were measured on a custom built refractometer (figure 3.1) 

designed for handling solid film samples10.  All of the refractive index data was 

recorded at 1550 nm, as opposed to the standard sodium d-line (589 nm), using 

a LPS-1550-FC laser diode (Thorlabs, Newton, NJ).  The refractometer was 

calibrated using known solutions of DMSO and water, with refractive indices at 

1550 nm calculated to be 1.4666 and 1.315, respectively.  Measurement of the 

critical angle interface location and calculation of the refractive index was done 

using refractometry image analysis software, modified for this application.  A 

sample of the CCD image showing the interface for a PDMS film is given in figure 

3.2.  The glass slides containing the films were mounted onto the prism of the 

refractometer, film side up, using 1.7250 refractive index matching fluid.   

The polymer films were brought into contact with samples of gaseous 

solvents of interest, and the change in film refractive index was monitored.  A 
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nitrogen stream was bubbled through pure solvent and then combined with pure 

nitrogen in a mixing flowmeter to create samples of varying concentration.  The 

gas sample was conducted through a gas cell mounted on the refractometer 

which contained the polymer coating (see figure 3.3).  Gas concentrations in the 

gas cell were confirmed by gas chromatography (GC), though literature values 

for saturated solvent vapour were used in calculations.  GC experiments were 

conducted on a Varian CP- 3380 GC (Varian Inc., Palo Alto, CA) with an FID 

detector.  Samples were drawn from the outlet of the mixing flowmeter using a 1 

mL gastight syringe and manually injected into the GC.  Calibration was done 

using gas samples of known concentration.  All analyses were done isothermally 

(30 oC) with a run time of 4 minutes, on a Restek MXT-5 column (0.28 mm ID, 20 

m length).  Figure 3.4 shows representative GC data for xylenes.  The calculated 

concentration of saturated xylenes was 11670 ppm by GC, which correlates well 

to the literature value of 11000 ppm.  As seen in Figure 3.4, the vapour 

concentration can be accurately diluted through mixing within the flowmeter.  The 

total flow rate was maintained at about 88 cm3/min for all experiments.   
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Figure 3.3 Schematic of gas sampling apparatus 
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Figure 3.4 Concentration of xylenes, in ppm, as determined by GC analysis, for 
various percentages of saturated xylenes vapour produced by mixing with 
nitrogen in a mixing flowmeter.  Error bars represent the standard deviation over 
three experiments. 
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In order to determine the response kinetics, the polymer film refractive 

index was recorded at regular intervals until no further change in refractive index 

occurred.  The magnitude of refractive index change at equilibrium was 

determined and used to calculate partition coefficients.  All experiments were 

done in triplicate, and where multiple vapour concentrations were used, the 

testing sequence was randomized. 

 

3.3 Results and Discussion 

 

 3.3.1 Refractive Index Changes with Absorption of Analytes 

For the ultimate sensor application of this project it is desirable to have a 

set of polymers, all with a specific refractive index and also with different affinities 

for analytes or classes of analytes.  To explore the response and selectivity of 

the various polysiloxanes, four films were chosen, all having a starting refractive 

index around 1.425 (Table 2.1).  The four films were exposed to vapours from 

eight different solvents (see Figure 3.5).  Various flow ratios of saturated solvent 

vapour and pure nitrogen were mixed to create different concentrations from 5% 

to 50% of saturation.  The resulting change in film refractive index was 

monitored.   

The response times until equilibrium were typically two to three minutes 

(see Figure 3.6).  Upon removal of the analyte and exposing the film to pure 

nitrogen the original refractive index was recovered in under five minutes.  All of 
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the responses were completely reversible and reproducible over a period of 

several months.   

The magnitude of the refractive index change at equilibrium is linearly 

related to the concentration of the analyte in the gas phase.  Figure 3.7 shows  

the linear change in refractive index from a PDPS film exposed to increasing 

concentrations of xylenes vapour.  The slope of the graph gives the change in 

refractive index per part per million solvent.  Greater slopes indicate a greater 

sensitivity to the solvent.   
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Figure 3.5 Structures of solvents used in gas phase experiments. 
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Figure 3.6 Response time profile for PDPS film exposed to 0 and 5000 ppm 
xylenes repeatedly.  Xylenes were introduced at the 10, 30 and 50 min times and 
removed at the 20, 40 and 60 min times. 
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Figure 3.7 Change in refractive index for an 8.5 mol% PDPS film upon exposure 
to various concentrations of xylenes vapour.  Error bars represent the standard 
deviation over three experiments. 
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Table 3.1 gives the slopes and R2 values for each of the solvent-film 

combinations.  Figure 3.8 gives a graphical representation of table 3.1.  From the 

figure, it is apparent that some polymer films had a greater relative preference for 

one solvent over another.  For example, PCMS was the best absorber of polar 

solvents like acetonitrile, but was comparatively poor at absorbing non polar 

solvents like cyclohexane.  The xylenes response was considerably greater than 

that of the other solvents.  This is because xylenes have a considerably lower 

volatility as compared to the other solvents, so more readily avoid the air phase 

and partition well into the polymers.   

For xylenes, a change in refractive index of 1.43 x 10-6 per ppm was 

obtained with the PDPS film.  The refractometer can differentiate refractive 

indices on the order of 2 x 10-4, so that places the detection limit in the low 

hundreds of ppm.  Ontario air standards place the maximum allowable 

concentration of xylenes at 0.2 ppm11, which with the PDPS polymer would 

require being able to detect a change in refractive index of about 3 x 10-7.  

Clearly, the current instrument is unable to detect xylenes at that level.  Changes 

to either the polymer, to make it absorb more xylenes, or to the instrument, to 

make it sensitive to smaller changes in refractive index would be required.  

Applications such as spill or leak monitoring are still feasible with the current 

detection limits, where larger concentrations of the analyte tend to be obtained. 
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Solvent 
PDPS film 

Slope (x10-6) 
and R2 

PMOS film 

Slope (x10-6) 
and R2 

PFMS film 

Slope (x10-6) 
and R2 

  PCMS film 

Slope (x10-6) 
and R2 

Xylenes 
1.43 1.58 1.41 1.40 

0.990 0.996 0.995 0.995 

TCE 
0.146 0.175 0.170 0.152 

0.992 0.999 0.985 0.991 

Cyclohexane 
-0.0573 -0.0630 -0.0568 -0.0175 

0.992 0.970 0.998 0.970 

Acetone 
-0.0391 -0.0226 -0.0294 -0.0396 

0.997 0.997 0.985 0.992 

THF 
-0.0435 -0.0533 -0.0508 -0.0314 

0.967 0.993 0.992 0.995 

1,4-dioxane 
-0.0216 -0.0890 -0.0826 -0.0421 

0.888 0.954 0.988 0.954 

Acetonitrile  
-0.0170 0.00853 -0.0189 -0.0717 

0.970 0.380 0.862 0.991 

Ethyl acetate 
-0.147 -0.114 -0.120 -0.0900 

0.986 0.986 0.993 0.993 

Table 3.1 Slope (change in refractive index per ppm solvent) and R2 values for 
the graphs of change in refractive index versus solvent concentration. 
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Figure 3.8 Change in refractive index per ppm solvent for the eight test solvents 
and four films as determined by the refractometer.  Error bars represent the 95% 
confidence limit in the calculated values. 

 

 

The effectiveness of an array for determining the composition of a mixture 

was demonstrated with a sample of gasoline.  Using a four polymer array, it 

would be very difficult to determine the exact composition of a complex mixture 

such as gasoline, but it is possible to elucidate certain characteristics of the 

mixture.  Comparison of the fingerprint response of gasoline to fingerprint 
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responses of the other test compounds could allow us to infer, for example, 

whether or not the mixture was polar or non polar.  The refractive index change 

for each polymer film upon being exposed to 50% saturated gasoline vapour was 

measured.  The resulting fingerprint was compared to the fingerprints obtained 

from the other eight test solvents.  The gasoline fingerprint response with the four 

films is most similar to that of cyclohexane (see figure 3.9).  From this, even 

though it is a mixture, we can infer that the gasoline is mostly composed of 

hydrocarbon-like compounds, as expected.   
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Figure 3.9 Fingerprint response of gasoline compared to cyclohexane for the 
four polymer films.  Exposures are done with 50% saturated vapour in nitrogen.  
Error bars give the standard deviation over three trials.   

 

 

 



88 
 

3.3.2 Calculation of Partition Coefficients 

Considering change in refractive index alone does not completely indicate 

a polymer’s affinity for a given compound.  If the starting refractive index of 

polymer and analyte are far apart, absorption of even a small amount of analyte 

will cause a greater response than if a polymer and analyte have similar starting 

refractive indices.  To understand the selectivity of a polymer for one analyte over 

another, the partition coefficient must be considered.  The partition coefficient, 

Kfa, is defined, at equilibrium, as: 

 

        (1) 

 

To calculate a partition coefficient, the Lorentz-Lorenz equation was used 

to determine the amount of analyte in the film.  The Lorentz-Lorenz equation 

describes the relationship between the composition of a mixture and its resulting 

refractive index.  Generalized to m components it is: 

 

       (2) 

 

Where Φi is the volume fraction, ni is the refractive index of pure component i and 

is the refractive index of the mixture of components 1 through m.   
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This equation was developed for liquid mixtures, so the polysiloxane films 

are approximated as a liquid phase.  Previous studies have shown that PDMS 

swells its volume linearly with analyte absorption4, and a linear change in 

refractive index with concentration was observed, suggesting that it is reasonable 

to assume a Lorentz-Lorenz relationship.  Based on this, the quantity of analyte 

present in the polymer can be estimated from the measured change in refractive 

index.   

Equation 2 was used to determine the volume fraction of solvent within the 

polymer, Φsolvent, using the measured values of the refractive indices of the 

solvent and film and the experimentally determined change in refractive index 

with their mixing.  The concentration of the solvent in the film was determined as 

follows:  

 

Cfilm = Φsolvent x d       (3) 

 

Where C is the concentration in mg/L and d is the density of the solvent in mg/L.  

This approach makes the assumption that the density of the solvent within the 

polymer is similar to the density of the liquid solvent.  Alternatively, this could be 

expressed as the assumption that the molar volume of the liquid is conserved.  

The partition coefficient can be determined using equation 1, using the film 

concentration from equation 3 and the gas phase concentration of the solvent 

(also in mg/L). 
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The Kfa values calculated from the experimental data are shown 

graphically in Figure 3.10 and tabulated in Table 3.2.  The trends seen in the 

refractive index data are also shown in the Kfa data, confirming the chemical 

behavior independent of the refractive index differences of each solvent.  The 

more polar PCMS film has a greater Kfa value for more polar solvents, such as 

acetonitrile and acetone, while having lower values for nonpolar solvents such as 

cyclohexane.  THF, 1,4-dioxane and, to a lesser extent ethyl acetate, are  

 

 

Solvents 
Kfa 

Koa 
PDPS PMOS PFMS PCMS 

Xylenes 4974 5968 5362 5085 5023 

TCE 674 850 873 886 627 

Cyclohexane 800 740 651 335 409 

Acetone 164 90 124 200 355 

THF 353 398 434 263 1007 

1,4-dioxane 533 1185 1323 836 2736 

Acetonitrile 121 0 80 350 300 

Ethyl acetate 470 396 487 309 1010 

Table 3.2: Summary of experimentally determined partition coefficients (Kfa) for 
each film/solvent combination.  Octanol-air partition coefficients (Koa) values are 
included for comparison. 
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Figure 3.10 Summary of Kfa values for the four films. 

 

preferred by the PFMS polymer.  The electrophilic nature of the trifluoropropyl 

group makes it a good absorber of compounds with lone pair electrons, such as 

the ethers.   

For comparison, the octanol-air partition coefficient (Koa) can be calculated 

for each of the sample solvents.  Values for Koa can be accurately calculated 

from the octanol-water partition coefficient (Kow) and the Henry’s Law constant 

(H) following the approach of Meylan12 using the equation: 



92 
 

 

          (4) 

Where R is the ideal gas constant and T is the temperature in degrees Kelvin.  

Data obtained for each of the solvents is summarized in Table 3.3.  

 

Solvent Refractive 
Index 

(1550nm)a 

Concentration 
in saturated N2 

(atm)b 

log 
Kow

b 
H  

(m3 atm mol-1)b 
log Koa

e

Xylenes 1.4776 0.011-0.012 3.1-3.2 0.0066-0.0072 3.67-

3.73 

TCE 1.4821 0.091 2.4 0.0098 2.80 

Cyclohexane 1.4075 0.13 3.4 0.15 2.61 

Acetone 1.3459 0.31 -0.24c 0.00004 2.55 

THF 1.3882 0.21 0.46 0.00007 3.00 

1,4-dioxane 1.4047 0.05 -0.27d 0.0000048 3.44 

Acetonitrile 1.3333 0.12 -0.38c 0.000034 2.48 

Ethyl acetate 1.3553 0.12 0.73 0.00013 3.00 

 

Table 3.3: Properties of test solvents at 25 oC. aexperimentally determined on 
refractometer; bfrom the database at http://glad.syrres.com unless otherwise 
indicated; c Nalecz-Jawecki et al.13; d Dietz et al.14; ecalculated using equation 4. 
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The film-air partition coefficient (Kfa) for p-xylene and o-xylene in pure 

PDMS is reported to be 2731 and 3388 respectively15.  This can be compared to 

both the literature Koa value for xylenes, 5023 (Table 3.2), and the calculated Kfs 

value for xylenes with the PMOS film of 5968.  Values for Kow are typically 

somewhat larger than the partition coefficients seen for pure PDMS1.  It would be 

expected that PMOS, with the longer octyl chain, would have more hydrophobic 

character than PDMS, so it is not surprising that the Kfa for PMOS is higher and 

closer in line with the octanol data.   

Similarly, the film-solution partition coefficient for TCE in pure PDMS is 

reported to be 26016.  This can be compared to the value for Kow, which is about 

250 (Table 3.3).  From the Kow, the Koa is calculated to be 627, compared to the 

Kfa for PMOS of 850.  Once again, the PMOS film is more selective than the pure 

PDMS film for the compound of interest.   

Figure 3.11 compares the calculated Koa values with the Kfa values for the 

PMOS polymer film across all of the solvents tested.  PDMS has been shown to 

absorb compounds from water in good correlation to Kow
1,17.  We would expect a 

similar correlation for PMOS in absorbing compounds from the gas phase, as it is 

also hydrophobic in nature.  The correlation between Koa values and the Kfa 

values for PMOS does show a trend, though there is some variability.  This 

further indicates that the estimated Kfa values are reasonable. 
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Figure 3.11 Comparison of calculated values of Koa with experimental values of 
Kfa for PMOS for eight different solvents in numeric (a) and in logarithmic (b) form 
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3.4 Conclusions 

 

Four distinct polysiloxane films were tested for their affinity for a set of eight test 

solvents.  Change in film refractive index upon exposure to the gas phase 

solvents was monitored.  All of the films absorbed analytes reversibly and 

reproducibly, with equilibrium being established in about five minutes.  The 

degree of change in refractive index with vapour phase concentration was linear.  

Refractive index changes upon exposure to saturated vapours typically occurred 

in the second or third decimal place.  For a compound such as xylenes, this 

corresponds to a detection limit in the range of hundreds of ppm.  This detection 

limit is limited by the error in the current refractometer and could be improved by 

using a more sensitive instrument.  Using the magnitude of refractive index 

change at equilibrium, partitioning coefficients were calculated for the four 

polymer films with each of the test solvents.  The four films showedsome variable 

selectivity for the solvents, demonstrating that it is possible to usea set of 

polymers like these in the development of a chemical sensor array for 

rudimentary compound identification.  Gasoline, when tested on the array, 

showed a similar fingerprint to cyclohexane, indicating the hydrocarbon makeup 

of the gasoline.  Finally, the partition coefficients for the non-polar PMOS film 

were compared to the octanol-air coefficients, Koa, for the solvents and found to 

follow a similar trend.   
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Chapter 4 

 

Application of Polymer Films to Long-Period Grating Sensors 

 

4.1 Introduction 

 

4.1.1 Long-Period Grating Chemical Sensors 

Long-period gratings (LPGs) are sensitive to changes in the refractive 

index of their immediate environment1-3.  Application of a polymer coating to the 

LPG surface allows for monitoring of the polymer refractive index as analytes of 

interest partition into the polymer.  Changes in polymer refractive index cause a 

shift in the attenuation maximum for a given mode of the LPG.  This change is 

non-linear, with the greatest change occurring at refractive indices just below that 

of the polymer cladding (see Figure 1.3).   

The shift in the wavelength of the attenuation maximum can be monitored 

in two ways.  One method is to record the entire LPG spectrum over the area of 

interest.  This has the advantage of conveying the most information as peak 

position, shape and intensity are all registered.  It has the disadvantage of 

requiring more advanced equipment, including either a broadband light source 

with an optical spectrum analyzer or a laser capable of scanning over a range of 

wavelengths with a broadband detector.   

Alternatively the attenuation at one given wavelength can be monitored.  

As the peak moves, this will either increase or decrease depending on the 
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wavelength monitored, the peak shift direction and magnitude of the change.  

This arrangement conveys less information, but requires a simpler light source 

and detector.  Initial testing of the sensor is being conducted with information 

from the entire spectrum, however, the long term goal of the project will be to just 

monitor transmission intensity at a single wavelength. 

 

4.1.2 Long Period Gratings in Single Mode Fibers 

Long period gratings act to couple light from the core propagating mode 

into cladding modes.  This occurs when there is a phase match between the core 

and cladding modes.  Depending on the refractive index of the core, cladding and 

external environment, this phase match will only occur at one wavelength, giving 

the discreet attenuation maximum seen in the LPG spectrum.  In a single mode 

fiber there is only one core mode, but several cladding modes, thus an LPG 

spectrum has several attenuation peaks, each corresponding to coupling with 

another cladding mode.  Higher order modes result in maxima at progressively 

higher wavelengths3.  Figure 4.1 shows both core and cladding modes travelling 

through a long period grating.  The sensitivity of the grating to external refractive 

index is due to the portion of the cladding waveform travelling exterior to the 

fiber.  Note that higher order cladding modes extend further out in the area 

exterior to the fiber.  Higher order cladding modes tend to show greater 

sensitivity to changes in external refractive index for this reason. 

The sensitivity of an LPG to external change in refractive index is also 

dependent on the periodicity of the grating, with a lower periodicity resulting in  
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Core Cladding

 

Figure 4.1 Core (red) and cladding (blue and purple) modes travelling through a 
single mode optical fiber with a long period grating.  The higher order cladding 
mode (purple) has a greater sensitivity to changes in external refractive index. 
The curves for each mode represent the variation in light intensity across the 
fiber.   

 

greater sensitivity, and on the cladding diameter.  The LPGs used in our 

experiments had a period of 320 μm, which was chosen as it has good sensitivity 

and produces an appropriate mode near the necessary wavelength window.   

The change in wavelength of the attenuation maximum with change in 

refractive index is inversely proportional to the cube of the cladding radius4.   

 

λ

        (1) 

 

Here, λres is the resonant wavelength, nsur is the refractive index of the 

surroundings and rcl is the cladding radius.  To increase the sensitivity of the LPG 

to refractive index, the diameter of the cladding was reduced through chemical 

etching.  Chemical etching is also used to move the desired mode within the 

range of the laser used, as reduction in the cladding diameter shifts the modes to 

longer wavelengths5. 
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4.1.3 Fiber-Loop Ring-Down Spectroscopy 

Fiber-loop ring-down spectroscopy (FLRDS) is a sensitive method to 

measure optical loss6.  Laser light is injected into the loop and the decrease in 

intensity of the light as it makes successive laps around the loop is recorded.  

The technique measures “ring – down” time, the time required for the intensity of 

an input light pulse to decay to 1/e of its original intensity.  Loss can also be 

determined by measuring the relative phase-shift in sinusoidally modulated light7.  

Using this technique, the phase of the input sinusoidally modulated light 

(modulation frequency was 300 kHz) is compared to that of the output light from 

the fiber-loop.  Transmission losses within the loop cause a phase-shift between 

the two, with greater loss in the loop resulting in a greater phase shift.  FLRDS is 

not dependent on the light source intensity, which eliminates one major source of 

noise, and is more sensitive to situations where only small optical losses are 

observed.  These characteristics made it an attractive method to use in the final 

sensor application. 

 

4.1.4 Challenges of the LPG model 

The introduction of a long-period grating should allow for more sensitive 

measurements of refractive index change as compared to the refractometry 

experiments detailed in the previous chapter.  Detectable shifts in the attenuation 

maximum of an LPG can be caused by changes in refractive index in the fifth 

decimal place8.  The system is also more amendable to an independent remote 

sensor platform than the refractometer, as it is much smaller.  Also, one laser 
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source can theoretically be used on multiple LPG containing fibers, allowing for 

continuous monitoring of multiple films and the system contains no moveable 

parts, operating safely without human intervention.  New challenges do arise 

from the use of the LPG however.   

Perhaps most significantly, the LPG is sensitive to factors other than 

refractive index, namely temperature and strain.  Efforts to keep the system at a 

constant temperature and at the same level of tension minimize these effects.  A 

solid polymer layer applied to the grating may also induce strain depending on 

the degree of crosslinking and attachment to the fiber surface.  .   

 

4.1.5 Experimental Approach 

The following chapter details two sets of experiments used to evaluate the 

use of a coated LPG as a chemical sensor.  In the first set, an optical spectrum 

analyzer (OSA) was used to monitor the transmission spectrum of coated LPGs 

over a wide wavelength window (about 100 nm).  The coated LPGs were 

exposed to a variety of gas phase analytes.  Changes in the attenuation 

maximum as analytes partitioned into the polymer coating could be accurately 

determined.   

In the second experiment, the coated LPG was inserted into a fiber-loop 

and monitored using phase-shift fiber-loop ring-down spectroscopy.  The phase 

shift at a single wavelength was monitored, as opposed to a wider spectrum.  As 

analytes partitioned into the polymer coating and caused a change in the 
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attenuation spectrum of the LPG, the attenuation at that one wavelength, and 

consequently the phase shift, changed.   

 

4.2 Experimental 

 

Long-Period gratings written into Corning SMF-28 single mode optical 

fibers were provided by Avensys Inc. (Montreal, QC).  The diameter of the fiber 

core and cladding was 8.2 μm and 125 μm respectively.  The cladding had a 

refractive index of 1.4682 at 1550 nm and the refractive index of the core was 

0.36% higher.  The gratings had a period of 320 μm.  The diameter of the fiber 

cladding was reduced though etching with a saturated aqueous solution of 

ammonium bifluoride (NH4(HF2)).  The initial diameter of the fiber prior to etching 

was 125 μm.  After etching, it was estimated to be approximately 100μm, as 

determined by optical microscopy.  The etching process took between 10 and 20 

minutes with the extent of etching being monitored by observing the shift of the 

grating transmission spectrum on an optical spectrum analyzer (OSA).  Etching 

was considered complete when the LPG attenuation peak had shifted into the 

appropriate wavelength window (see figure 4.2).   

Three polymer coatings were tested, all with varied functional groups 

added into a PDMS base, as described in Chapter 2.  The polymer compositions 

and refractive indices are given in table 4.1.  After etching with ammonium 

bifluoride, the fibers were immersed in 1 M KOH for ten minutes and then rinsed 

with deionized water.  Polymer films were applied to the LPG by dragging 
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droplets of the polymer diluted in hexanes (5 times dilution by volume) across the 

fiber several times until no further change in the LPG transmission spectrum 

occurred.  The coatings were estimated to be about 20-30 μm thick.  During the 

coating process, the attenuation maximum shifted to lower wavelengths, in 

agreement with the higher refractive index of the polymer as compared to air.  

Polymer coatings were annealed in an oven at 84 oC until no further peak shift 

occurred.   
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Figure 4.2 Wavelength shift caused by reduction in the LPG cladding diameter 
from chemical etching.  Time points represent the duration of immersion in 
etching solution. 
 

LPG spectral measurements were acquired using an Agilent 8614 Optical 

Spectrum Analyzer (OSA) (Agilent Technologies, Santa Clara, CA) with an EXFO 
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FOS-120A Fiberoptic light source (EXFO, Quebec, QC), operating at 1550 nm.  

The LPG portion of the fiber was suspended in a gas cell.  Various 

concentrations of saturated solvent vapours in nitrogen were obtained by 

bubbling nitrogen though a gas bubbler and mixing with pure nitrogen in a 

flowmeter.  This is analogous to the refractometer gas exposure apparatus used 

in Chapter 3. 

 

 

Polymer Composition (mole percent) 
Refractive index 

(1550nm) 

LPG-PDPS 

8.5% diphenyl siloxane 

91.0% dimethyl siloxane 

0.5% Ti(O-iPr)4 

1.4236 +/- 0.0002 

LPG-PMOS 

70% methyl octyl siloxane 

29.5% dimethyl siloxane 

0.5% Ti(O-iPr)4 

1.4254 +/- 0.0002 

LPG-PFMS 

7.0% trifluoropropylmethyl 

siloxane 

11.67% diphenyl siloxane 

80.83% dimethyl siloxane 

0.5% Ti(O-iPr)4 

1.4265 +/- 0.0002 

Table 4.1 Composition and refractive index of the three polymers coatings used 
in the optical spectrum analyzer experiments. 
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Figure 4.3 Schematic (a) and photograph (b) of Fiber-Loop Ring down 
spectroscopy apparatus with an LPG 
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Fiber-loop experiments were conducted using a tunable Ando AQ4320D 

laser as a source (Yokogawa Electric Corporation, Tokyo, Japan).  The 

apparatus is pictured in Figure 4.34.   

 

4.3 Results and Discussion 

 

4.3.1 Optical Spectrum Analyzer experiments 

Solutions with different ratios of DMSO and water, having known refractive 

indices were used to characterize the response of the etched long-period grating.  

Typical calibration data for a 320 μm LPG, etched with ammonium bifluoride to a 

diameter of 100μm, is given in Table 4.2.  The data from the table is plotted in 

Figure 4.4. 

1500

1550

1600

1650

1700

1750

1.37 1.38 1.39 1.4 1.41 1.42 1.43 1.44 1.45

A
tt
en

ua
ti
on

 m
ax
im

um
 (
nm

)

Refractive Index (1550 nm)

 

Figure 4.4 Plot of LPG calibration data from Table 4.2 
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% DMSO (v/v) 
Refractive Index  

(1550 nm) 

Wavelength of LPG 

Attenuation Maximum (nm) 

40 1.3737 1692.2 

52 1.3918 1685.5 

55 1.3964 1679.8 

60 1.4040 1671.5 

65 1.4117 1659.3 

70 1.4194 1648.5 

73 1.4241 1636.5 

76 1.4287 1612.5 

78 1.4318 1594.8 

79 1.4334 1574.0 

80 1.4350 1556.3 

81 1.4365 1525.5 

82 1.4381 1698.8 

84 1.4412 1700.0 

Table 4.2 Calibration of a 320 μm etched LPG using DMSO/water solutions of 
known refractive index 
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Three polymer films were prepared and applied to an LPG for the OSA 

based experiments (see table 4.1).  The refractive index of each film was 

independently determined by casting some of the polymer solution on a glass 

slide and measuring on a refractometer (as described in chapter 3).  Using the 

DMSO/water calibration data, the peak shift expected upon application of the 

polymer can be determined, given its refractive index.  Application of each 

polymer to the grating shifted the attenuation peak to the wavelength range 

expected.  Slight variations in the refractive index of the polymer were observed 

over time, so the polymer coating was annealed to drive off volatile impurities 

and stabilize the coating.  

The spectrum of the LPG shifted as gas phase analytes partitioned into 

the polymer coating.  Figure 4.5 shows the spectra of an LPG-PDPS coated 

grating as the concentration of xylenes is increased in the gas phase.  

Concentrations of xylenes are reported as percentages of saturated xylenes, with 

saturated xylenes being equal to 11000 ppm.   

As more xylenes partition into the film, we would expect the refractive 

index of the film to increase, since xylenes have a refractive index which is higher 

than the film.  Increasing refractive indices should cause a shift in the LPG 

spectrum to lower wavelengths, as observed.  Overall, exposure to 50 percent 

saturated xylenes vapour resulted in a shift of approximately 15 nm.  Five 

percent saturated vapour, which corresponds to 550ppm, did produce a 

detectable level of response.  Based on the fact that a 1 nm peak shift can be 
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readily detected, the limit of detection for this instrument is about 300 ppm for 

xylenes.   

 

 

Figure 4.5 Shift in the spectrum of an LPG-PDPS coated LPG with exposure to 
increasing concentrations of xylenes vapour in nitrogen.  Saturated xylenes 
vapour corresponds to 11000 ppm.   

 

Each of the three films was tested with the same eight solvents used in 

the refractometer experiments.  The peak shift, in nanometers per ppm gas 

phase solvent, is given in Figure 4.6.  While some of the responses seem very 

small, at 50% vapour saturation, all of the films could detect all of the test 

solvents, except for the PFMS film, which only responded to xylenes, TCE, 

acetone and ethyl acetate.  The peak shifts given can be roughly translated into a 
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refractive index change from calibration curves like the one in figure 4.4.  For a 

PDPS coated LPG exposed to xylenes, the estimated refractive index change 

was 8.9 x 10-7 per ppm of xylenes.  This can be compared to the refractometer 

result where a PDPS film exposed to xylenes resulted in a refractive index shift of 

1.43 x 10-6 per ppm of xylenes.  Similarly, for the same film, exposure to TCE 

resulted in an estimated change in refractive index of 1.7 x 10-7 per ppm TCE 

with the LPG and 1.4 x 10-7 per ppm with the refractometer.  This demonstrates 

that the magnitude of peak shift observed in the LPG based experiments was 

within an expected range. 

The variation in the polymer fingerprint for the test solvents was not as 

obvious for the LPG experiments as with the refractometer.  The LPG-PDPS film 

gave the greatest peak shift for all analytes except xylenes.  The LPG-PFMS film 

gave the poorest response across the entire range of analytes.  The fluorinated 

polymer used here contained diphenyl groups as well, so its selectivity was not 

be expected to be the same as the purely fluorine substituted polymer used with 

the refractometer.   

Factors unique to the LPG platform, such as strain induced by polymer 

swelling, may contribute to the results and differences from those seen on the 

refractometer.   

 

 



113 
 

‐0.0035

‐0.003

‐0.0025

‐0.002

‐0.0015

‐0.001

‐0.0005

0

0.0005

Pe
ak
 S
hi
ft
 (n

m
) 
pe

r p
pm

 s
ol
ve
nt

PDPS

PMOS

PFMS

 

Figure 4.6 Peak shift of a polymer coated LPG per ppm vapour phase solvent.  

 

4.3.2 Fiber-loop ring-down experiments 

Fiber-loop ring-down experiments were conducted by inserting the LPG 

into a loop in the instrument described in Barnes et al.9.  Ring-down experiments 

were done with the LPG-PDPS film only.  Its response to xylenes vapour was 

considered.  Shifts in the attenuation maximum were detected with the laser fixed 

at one wavelength instead of monitoring the entire spectrum.  Loss was 

determined through measurement of phase shift within the loop.   

The wavelength at which measurements are taken affects the sensitivity of 

the measurement as seen in Figure 4.7.  Measurements taken at 1530 nm (figure 
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4.7a) are more sensitive than those at 1540 nm (figure 4.7b), as the same 

changes in concentration yield greater phase shifts at 1530 nm.  From 0-40% of 

saturated xylenes vapour, the attenuation maximum is moving towards 1540 nm, 

however past 40%, it is moving away from 1540 nm (Figure 4.7c).  This explains 

the sudden reduction in phase shift seen at 50% saturated xylenes when 

recorded at 1540 nm.  The attenuation maximum does not reach 1530 nm which 

is why a similar reduction is not seen there. 

As illustrated by figure 4.7, response times for the system are quite fast 

and reversible, with the phase shift returning to the original baseline value with 

the reapplication of nitrogen.   

These results demonstrate that though less information is conveyed 

through monitoring only one wavelength instead of an entire spectrum, valuable 

information can still be obtained and anaytes can be quantitatively detected. 

The sensitivity of a FLRDS experiment is comparable to that of the 

experiments using the OSA.  A detection limit of approximately 300 ppm for 

xylenes can be achieved in both cases.  Careful selection of which wavelength to 

monitor can have a great impact on the sensitivity of the FLRDS experiment. 
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Figure 4.7 Phase shift caused when an LPG-PDPS coated LPG is exposed to 
xylenes vapour of increasing concentration.  The percentages represent percent 
of saturated xylenes vapour, which is 11000ppm.  The phase shift was monitored 
at 1530nm (a) and 1540nm (b).  The entire spectrum was also monitored (c). 

 

 

4.3.4 Challenges with the Long-period grating platform 

Several challenges were encountered with the long-period grating sensor 

platform over the course of experimentation.  One difficulty is the inability to 

achieve the desired level of sensitivity.  Detection limits for compounds like 

xylenes, which exhibit strong responses, still lie in the 300 ppm range.  The 

sensitivity to analytes obtained with the LPG based system is not better than that 

from the refractometer set up.  This issue can be addressed with a variety of 

approaches.  Changes to the actual LPG, such as using a grating with a lower 

periodicity, can improve the amount of wavelength shift observed with change in 

refractive index.  Different modes within the same LPG also exhibit differential 

responses to change in refractive index.  Generally higher order modes are more 
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sensitive.  Selecting a mode with greater sensitivity would improve the 

instrument, though it may also introduce other difficulties if it does not fall within a 

convenient wavelength window.  In FLRDS experiments, careful choice of the 

wavelength selected for monitoring and its position relative to the attenuation 

peak can improve sensitivity.  Background noise and other sources of loss in the 

fiber-loop also contribute to the lower sensitivity.  Finally, changes to the 

polymers to further optimize refractive index and also to increase uptake of the 

analyte would improve the detection limits.  

In order to achieve more sensitive measurements with a coated LPG, the 

starting refractive index of the polymer must fall within a narrow range where the 

change in attenuation maximum with refractive index is the greatest.  With the 

refractometer model, the starting refractive index of the polymer also affects 

sensitivity, but only in that a polymer with a refractive index very different from 

that of the analyte will have a greater change with absorption.   

While fine tuning of the refractive index of a polymer has been 

demonstrated, this places limitations on the type of functional groups that can be 

used, or the level to which they can be incorporated.  For example, higher 

loading levels of the diphenyl siloxane would be desirable for selectivity, but 

would cause the refractive index of the polymer to become too high.  One 

possible alternative would be to use a high refractive index coating (nexterior>nclad).  

This would allow for higher levels of diphenyl siloxane within the polymer, but the 

thickness and uniformity of the polymer coating itself would have to be carefully 

controlled10.   
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Also, polymer films applied to an LPG have a shorter “shelf life” than those 

applied to glass slides and used on the refractometer.  On the glass slides, films 

were capable of absorbing analytes reproducibly over several months with no 

change to response or the starting refractive index of the film.  On an LPG, over 

a period of days or weeks the refractive index of the film tended to drift, and the 

response to analytes was reduced until it became entirely insensitive.  The 

annealing of polymers was introduced and partially addressed this issue.  It is 

unknown why this polymer aging effect occurs.  Since an LPG is only sensitive to 

refractive index within a short distance from the cladding, it may be a surface 

effect, where the bonding of the polymer to the quartz cladding material is 

different from the bonding to the borosilicate glass of the slides.  Rearrangement 

over time may also occur. 

Finally, challenges arise in the coating of an LPG with a polymer.  The 

response of a bare LPG to solutions of various refractive indices can be 

characterized using solutions of DMSO and water.  When applying a polymer of 

known refractive index, it is possible to predict what the peak shift should be, 

based on the DMSO/water calibration.  In many cases, however, the peak shift 

observed was a fraction of that which was be expected, and the coated grating 

showed little-to-no shift upon analyte absorption.  Coating a grating with a 

polymer made without crosslinking material did produce the expected peak shift.  

As a result, it is thought that the problem may be associated with the crosslinking 

by titanium(IV) tetraisopropoxide.   
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These factors require considerable investigation and improvement before 

an LPG based sensor platform could be a viable technology. 

 

4.4 Conclusions 

Preliminary investigation has shown that it is possible to detect gas phase 

analytes using a polymer coated long period grating.  The sensitivity of the 

coated LPG to gas phase analytes is comparable to the refractometer system 

described in Chapter 3.  The response of polymer coated LPGs to test solvents 

was determined and compared to the results obtained in Chapter 3.  The 

selectivity of the polymer films was not as distinct as that found on the 

refractometer.  Differences in starting refractive indices or composition of the 

polymers may account for some of these differences.   

 The use of FLRDS as a detection scheme was shown to be effective for 

detecting xylenes vapour.  Challenges in the areas of sensitivity, long term 

reproducibility, and coating the LPG are currently limiting factors and must be 

addressed before this technology can succeed in real life sensor applications. 
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Chapter 5 

 

Conclusions and Future Work 

 

5.1 Overview 

 

The goal of this study was to develop polysiloxane coatings for the 

proposed LPG based sensor that demonstrate selectivity for analytes of interest, 

have a refractive index just below that of the fiber cladding and absorb 

compounds reversibly and reproducibly.  Commercially available polysiloxane 

materials fulfilled some of these requirements, however, difficulty in modifying the 

materials made the adjustment of both the refractive index and chemical 

selectivity difficult.  The synthesis of polysiloxane pre-polymers from monomers, 

using either an acid or base catalyzed procedure, allowed for maximum control of 

the final product.  Titanium(IV) tetraisopropoxide was used to crosslink these pre-

polymers in elastomeric films.  Adjustment of the proportions of functional groups 

or amount of titanium within the polymer caused a linear change in the refractive 

index, allowing the refractive index to be tuned to a specific value.  This refractive 

index adjustment has application not only in optical based sensors, but in many 

other optics applications where a specific refractive index is needed, such as in 

optical coupling. 

Four films were made for further testing, each having refractive indices 

tuned to the ideal range of approximately 1.425 (at 1550nm).  These films 
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incorporated octyl (PMOS), phenyl (PDPS), trifluoropropyl (PFMS) and 

cyanopropyl (PCMS) groups.  The various functional groups were used to 

incorporate selectivity into the films for non-polar, aromatic, halogenated or polar 

compounds, respectively.  These four films were tested for their uptake of eight 

gas phase compounds using a custom built refractometer and their change in 

refractive index was monitored.  All of the responses of the films used on the 

refractometer were reproducible over a period of months and their refractive 

indices remained stable.  A partition coefficient was calculated for each 

film/solvent combination.  It was discovered that some selectivity was evident 

between the films, though, differences in the response of the films to analytes 

were not as significant as desired.  This could be due to the fact that loading 

levels of the various functional groups were restricted, either by film quality 

demands, as in the case of PCMS, or by refractive index demands, as for PDPS 

or PFMS.  For the PDPS and PFMS films, the functional group is restricted to 10 

mole percent or less within the film in order to obtain the correct refractive index, 

so they could not be expected to exhibit dramatically different response patterns.  

Continued investigation of other siloxane functional groups, the use of polymers 

outside of the siloxane family, or moving to a sensor platform that does not 

require refractive index tuning are all possible solutions to the issue of selectivity.   

In principle, it is possible to generate an array of polymer coated sensors, 

each with their differing response to an analyte, which would produce a 

fingerprint response to that analyte, allowing for species determination.  We do 

see variation in response with the four test polymers in this study.  While the 
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variation may not be sufficient to determine the composition of a mixture, it is 

sufficient for single compound identification, and could have application as a 

basic screening tool.  For instance, compounds like acetonitrile and cyclohexane 

can be easily differentiated based on their fingerprints.  The general chemical 

class of a mixture can also be differentiated, as was illustrated using gasoline, by 

comparing the mixture fingerprint to that of compounds from known chemical 

classes. 

The viability of the LPG sensor project was tested with the application of 

some of the polymer coatings to an LPG.  It was found that the LPG platform is 

able to sense the presence of analytes, both through analyzing the entire LPG 

spectrum with an OSA, and through monitoring loss at a single wavelength using 

fiber-loop ring-down spectroscopy.  Several difficulties with the LPG sensor 

platform arose which would need to be addressed for further work to proceed.  

One of the most significant problems was that of coating stability.  Experiments 

on the refractometer demonstrated consistency, both in film refractive index and 

in film response over time.  This was not reflected in the LPG experiments, where 

film response degraded over a period of days to weeks, and refractive index 

tended to drift.  Films applied to LPGs also tended to have a starting refractive 

index that was different as compared to the values given by the refractometer.  

These issues may have to do with problems pertaining to the cylindrical 

geometry of the LPG, effects such as strain unique to the LPG, or an effect at the 

film/LPG interface. 
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Using coated LPGs, detection limits for xylenes were in the hundreds of 

ppm range.  This was good as a preliminary proof of concept test, however, for 

real applications, detection limits in the ppm or sub-ppm range are necessary.  

For fiber-loop ring-down experiments, careful choice of which wavelength to 

monitor can have a great effect on sensitivity.  As well, optimization of the 

physical specifications of the LPG, such as periodicity, can improve sensitivity.  

Finally, the use of a polymer that has a refractive index precisely in the range of 

greatest shift with change in refractive index would greatly improve sensitivity. 

 

5.2 Conclusions and Summary 

 

a) Both an acid and a base catalyzed synthetic route to obtain siloxane 

oligomers were developed.  Acid catalysis was preferred as it produced a 

cleaner product in higher yield, however for electron withdrawing or 

sterically hindered functional groups, base catalysis is necessary to 

produce high molecular weight product.  The synthesis protocol was used 

with six silane monomers to obtain various prepolymer materials for later 

experiments.  The structures of all of the siloxane prepolymers obtained 

were confirmed by either MALDI-TOF MS or 1H NMR. 

b) Preliminary testing of a new method of generating polysiloxane 

prepolymers using a platinum catalyzed hydrosilylation reaction was 

completed.  Hexachloroplatinic acid was used as the catalyst and shown 

to be effective for adding vinyl terminated hydrocarbons, such as allyl 
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cyclohexane.  The presence of other functional groups on the vinyl 

compound, such as amines, inhibited the addition.   

c) Titanium(IV) tetraisopropoxide was found to be an effective catalyst and 

crosslinking agent for the production of elastomeric films from the siloxane 

oligomers.   

d) The dependence of film composition on refractive index was explored.  

Refractive index increased linearly with increasing mole percent titanium 

or higher refractive index functional siloxanes.  Using this information it 

was shown that it is possible to make siloxane films having tuned 

refractive indices for specific applications. 

e) Four chemically distinct polysiloxane films were made, all having refractive 

indices around 1.425, the refractive index necessary for eventual LPG 

based sensor applications.  The films included siloxane substituted with 

diphenyl (PDPS), methyloctyl (PMOS), (3,3,3-trifluoropropyl)methyl 

(PFMS) and (3-cyanopropyl)methyl (PCMS) groups. 

f) The responses of the four films above to a set of eight environmentally 

relevant analytes were characterized by monitoring change in refractive 

index.  All of the responses were linear, reversible and repeatable over the 

concentration range used.  Comparison of the responses between films 

showed that some chemical selectivity was being exhibited.   

g) The change in refractive index of the polymer films with analyte absorption 

was used in conjunction with the Lorentz-Lorenz equation to calculate 

partition coefficients for each of the solvent/film combinations. 
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h) The effectiveness of an array of polymers to determine the approximate 

composition of a mixture was demonstrated using gasoline.  The response 

across the array of four polymers to gasoline was most similar to that of 

cyclohexane, highlighting that gasoline is a mixture of hydrocarbons. 

i) Three polymer films were applied to etched long-period gratings.  The shift 

in peak position with analyte absorption was monitored for eight solvents 

using an optical spectrum analyzer.  This experiment showed that it is 

possible to detect the solvents using a polymer coated LPG with a 

sensitivity comparable to the refractometer.  The response pattern seen 

from the three films to the eight solvents showed some similarities to those 

from the refractometer experiments.  The selectivity between films, 

however, was less apparent. 

j) The response of a PDPS coated LPG to xylenes was characterized using 

fiber-loop ring-down spectroscopy.  Loss was monitored at a single 

wavelength.  It was shown that it is possible to detect and quantify various 

concentrations of xylenes using this technique. 

 

5.3 Future Work 

 

a) Further work should be conducted on the platinum catalyzed 

hydrosilylation synthetic method.  The method should be explored to be 

able to add in different functional groups to the polysiloxane backbone.  
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The use of alternate platinum catalysts or reaction conditions could be 

explored.   

b) In order to characterize more complex mixtures using an array format, 

more polymer coatings with different chemical affinities will need to be 

synthesized.  Some of these can be accessed through the platinum 

catalyzed hydrosilylation method.  If the polysiloxane family is not 

sufficient to obtain the range of selectivity required, it is possible that other 

polymer families may need to be explored.   

c) Existing and future polymers will have to be further characterized for their 

response to target analytes, in terms of change in refractive index, 

partition coefficients and LPG response.  The response of an array to 

mixtures of known analytes should also be characterized.   

d) The issues related to coating an LPG with a polymer need to be 

addressed.  Some effect unique to crosslinked materials seems to 

interfere with the LPG response, making it unable to properly register the 

refractive index of the polymer and have little to no sensitivity to analytes.  

Uncrosslinked materials do not have this effect on the LPG and normal 

peak shifts occur.  A systematic approach of modifying factors related to 

the production of the LPG, the etching process, coating the fiber, and the 

crosslinking and chemical makeup of the film is required to determine 

which factor is contributing to this.   

e) Polymer aging when applied to an LPG will also have to be considered.  

For use in a final remote monitoring sensor platform, the polymers will 
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have to be able to respond reversibly and reproducibly over a period of 

months.  Polymers applied to glass slides and used in refractometer 

experiments do have lifetimes on the order of months, however, polymers 

on LPGs typically degrade within a week or two.  It is possible that the 

resolution of the coating issue above will also help this issue. 

f) The detection limits of the proposed sensor need to be improved.  

Adjustment of the LPG parameters, such as periodicity, can improve the 

sensitivity of the sensor.  Additionally, fine tuning of the polymer coatings 

to achieve a refractive index precisely in the area of greatest sensitivity to 

refractive index change would improve sensitivity. 

g) All of the analyte uptake experiments have been done from the gas phase.  

Ultimately, a sensor that can monitor contaminants in water would be 

desirable.  Working with aqueous samples is therefore an area that will 

have to be explored.  Some work was done earlier in the project with 

aqueous samples, however, the results were difficult to interpret due to the 

fact that the water affected the quality of the interface seen on the 

refractometer.  Polymer coatings will have to have no response, or a 

constant response, to water.  While PDMS does not absorb water, some 

of the more polar variants may.   
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Appendix A 

Additional Mass Spectra 

 

 

 

 

 

Figure A.1 MALDI-TOF-MS of polymethyloctyl siloxane (PMOS) pre-polymer, 
with some cyclic impurity.  Peaks are separated by 172 m/z, the molecular weight 
of one PMOS repeat unit. 
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Figure A.2 MALDI-TOF-MS of poly(3,3,3-trifluoropropyl)methyl siloxane (PFMS) 
pre-polymer, showing peaks separated by 156 m/z, the molecular weight of one 
PFMS repeat unit. 
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Figure A.3 MALDI-TOF-MS of poly(3-cyanopropyl)methyl siloxane (PCMS) pre-
polymer, showing peak clusters separated by 127 m/z, the molecular weight of 
one PCMS repeat unit. 
 

 

 

 

Figure A.4 MALDI-TOF-MS of polymethyl siloxane (PMS) pre-polymer showing 
peak clusters separated by 60 m/z, the molecular weight of one PMS repeat unit. 
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