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Abstract 
Block copolymers are known for their self-assembling ability utilized for bottom-up nanostructure 

fabrication. It is particularly capitalized in the context of present work where nanoporous scaffolds 

are created from a 1,2-polybutadiene-b-polydimethylsiloxane (1,2-PB-b-PDMS) block copolymer 

precursor material. Upon attaining thermodynamically stable gyroid phase segregation, 

nanoporosity is induced by chemically removing PDMS, the so-called sacrificial block. The 

isotropic nanoporosity in the polymer is utilized in fabricating a novel type of waveguides for 

opto-fluidic applications, which we call solid-liquid core waveguides, shortly SLCW. The high 

refractive index core of a SLCW consists of nanoporous polymer (solid) rendered hydrophilic and 

filled with water (liquid), while the low refractive index cladding consists of air-filled hydrophobic 

nanoporous polymer. Under conditions of total internal reflection, light is confined within the 

solid-liquid core. Controlled regions of the originally hydrophobic nanoporous 1,2-PB are 

rendered hydrophilic by photochemical modification of the polymer in the presence of photo-

lithographic masks. In contact with water the hydrophilic regions are spontaneously filled with 

water by capillary suction, forming the core, while the unmodified hydrophobic regions remain 

dry, forming the clad. Two types of photo-modification reactions are presented in this thesis: 

photo-oxidation and thiol-ene photo-clicking. 

The hydrophilicity is firstly induced  by surface photochemistry via UV photo-oxidation of 

nanoporous 1,2-PB. Detailed quantitative and qualitative analysis of photo-oxidation in the 

presence of air is carried out by gravimetry, titrimetry and spectrometry. Distribution study of the 

hydrophilic photo-products relative to the polymer-air interface shows high concentration at the 

nanoporous interface. Thus, the majority of cross-linked PB matrix remains unmodified. 

Distribution of the hydrophilic groups along the depth is carried out by energy dispersive x-ray 

spectroscopy. It shows a highly heterogeneous photo-oxidation reaction with most of the oxygen 

fixed close to the surface facing the UV source. Optical characterization of UV photo-oxidation 

based devices is performed to report various losses occurring during light guiding experiments.  

Thiol-ene click reactions are also used for the hydrophilization of the internal surface area of 

nanoporous polymer. This is done by photochemical reaction of the vinyl unsaturations of 1,2-PB 

at the interface (ene functionality) with hydrophilic thiols in the presence of a photoinitiator. The 

reaction is monitored by UV-Vis, FT-IR and contact angle measurements. Quantum yields of the 

photochemical reactions are estimated. Kinetic aspects of the photo grafting reaction on the 

nanoporous wall are studied using gravimetry. The fabrication of solid-liquid core waveguides is 

done by adapting the know-how on thiol-ene photochemistry to standard microfabrication 
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cleanroom setup and UV lithography. Contrast curves for thiol-ene systems are reported to 

comment on the homogeneity of the polymer modification by the reaction. Finally optical 

characterization of devices is carried out to report propagation loss values.  

The UV photo-oxidation of nanoporous 1,2-PB is found to be a simple but heterogeneous surface 

modification technique compared to thiol-ene photo-modofication. Reaction times for photo-

oxidation are longer by factors of 50-300 than thiol-ene reaction times. Compared to the oxidation, 

the thiol-ene reaction imparts better control, homogeneity and results in about half propagation 

loss in the fabricated waveguides.  

The fabricated waveguides are also tested in few preliminary biosensing experiments.  Antibody 

fragments, Fab that quench fluorescence from the fluorescein dye are introduced into the 

nanopores. The distribution of Fab fragments in the hydrophilic core is mapped by confocal 

microscopy. The study of their ability to quench the fluorescence from the dye is  work under 

progress.  
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Dansk Resume 

Blokcopolymerers evne til at selvorganisere kan udnyttes i forbindelse med fabrikationen af 

nanostrukturerede materialer. Det er netop hvad vi har gjort i det arbejde som præsenteres her: 

nanoporøse materialer (NP) med porediameter af ca. 10 nm er skabt udefra en 1,2-polybutadien-b-

polydimethylsiloxan (1,2-PB-b-PDMS) blokcopolymer. Nanoporøsiteten er induceret ved først at 

krydsbinde 1,2-PB blokken og derefter kemisk fjerne PDMS blokken fra PB-b-PDMS 

copolymeren, som fra polymersyntesestadiet er designet til at have gyroid struktur. Vi udnytter 

nanoporøsiteten i polymeren samt dens kemiske komposition til at fremstille en ny type 

bølgeledere med en blandet fast-flydende kerne, som potentielt kan bruges i en række 

optofluidiske applikationer. Det opnås ved at fremskaffe hydrofile mønstre på de oprindelige 

hydrofobe NP vha. to typer fotokemiske modifikationer. Brydningsindeks kontrast genereres ved 

at vand spontant fylder de veldefinerede hydrofile områder af polymeren mens den 

omkringliggende hydrofobe NP forbliver tør og dermed har en lavere effektiv brydningsindeks. 

Således vil lys under total refleksion propagere indenfor de hydrofile mønstre. Bølgelederen med 

blandet kerne viser potentielt samme høj følsomhed overfor små prøvevolumener som de mere 

traditionelle flydende kerne bølgeledere; dog, den vigtige nye funktion af in situ prøvefiltrering 

gør den nye type bølgeleder særlig velegnet til at analysere komplekse væsker som blod og mælk.  

 

Den første mode at inducere hydrofilicitet på i den iboende hydrofobe nanoporøse polymer er via 

UV foto-oxidering af 1,2-PB, hvor ilt fra luften fotokemisk fikseres på porernes grænseflade i 

form af hydrofile grupper som hydroxyl og carboxylsyregrupper. En detaljeret kvantitativ og 

kvalitativ karakterisering af foto-oxidations reaktionsprodukter udføres ved at kombinere 

gravimetriske målinger, titrering og spektrometriske analyser, såsom infrarød spektroskopi og fast 

stof 13C kerne magnetisk resonans. De fleste af foto produkterne viser sig at være placeret på en 

subnanometer tynd lag ved den meget udstrakte polymer-luft grænseflade. Fordelingen af 

iltholdige kemiske grupper langs prøvens dybde kortlægges vha. energi dispersive x-ray 

spektroskopi. Analysen viser en meget heterogen fordeling af foto-oxidations produkterne med 4-5 

gange højere ilt koncentration på prøvens overflade vendt mod UV kilden end i områder som 

ligger dybere end 100 m ind i prøven. Optisk karakterisering af bølgeledere fremstillet ved UV 

foto-oxidation er udført for at måle forskellige tab der opstår under lys propagering i bølgelederne. 

 

For den anden type hydrofile modificering af den stor nanoporøse polymers overflade udnytter vi 

de meget effektive thiol-ene fotokemiske ’klik’ reaktioner. Dette gøres ved at lade grænsefladens 
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vinyl dobbeltbindingerne i 1,2-PB (ene funktionalitet) fotokemisk reagere med udvalgte hydrofile 

thiol forbindelser i forvejen bragt ind i porerne. Reaktionen er overvåget vha. spektroskopi (UV-

Vis, FT-IR) samt gravimetriske og kontakt vinkel målinger. Kvanteudbyttet af de anvendte 

fotokemiske reaktioner er også estimeret. Thiol-ene reaktionstiden er en faktor 50-300 kortere end 

foto-oxidations reaktionstiden. Thiol-ene reaktionen tillader en høj grad af kontrol overfor typen 

og mængden af de introducerede hydrofile grupper, meget homogen fordeling af grupperne i hele 

pore grænsefladen samt en intakt materiale mekaniske styrke. Know-how af thiol-ene reaktionens 

kemiske aspekter bliver anvendt til at fabrikere fast-flydende kerne bølgeledere. Fabrikationen 

sker ved hjælp af standard mikrofabrikations renrums teknikker og UV-litografi. Bølgelederne 

fabrikeret vha. thiol-ene modifikation viser betydelige mindre optiske tab end tilsvarende 

bølgeledere lavet vha. UV foto-oxidering.  

Immobilisering af et antistof binding fragment (FAB) inde i porerne af thiol-ene modificeret 

nanoporøse grænseflade er demonstreret. Dette er et første skridt i at undersøge brugen af vores 

bølgeledere indenfor biosensor applikationer. 
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Preface 
In modern day science multi-disciplinary work, carried out at the interface between classical 

scientific streams is highly promoted by the nanotechnology. The current work is also a result of 

such multidisciplinary approach, combining synthetic chemistry, polymer processing, 

microfabrication and optofluidics. It uses nanoporous polymers as starting materials to fabricate a 

new class of liquid-core waveguide systems. Nanoporous polymers are very interesting materials 

due to the very high internal surface area. This finds diverse applications for nanoporous polymers 

in the fields of chemical engineering, biology, micro and nanotechnology, etc. On the other hand, 

liquid-core waveguides are used for light guiding in lab-on-a-chip systems. These are typically 

used for an on chip analysis of a liquid. The understanding of these two scientific fields is 

combined in the present case to materialize a solid-liquid-core waveguide system, SLCW. SLCW 

integrates in-situ filtration, in addition to the original functions incorporated in traditional liquid 

core waveguides, i.e., liquid transport and waveguiding.  

The purpose of the current work is to process precursor block copolymer for the fabrication of 

SLCW systems. It identifies different steps needed to fabricate functioning solid-liquid core 

devices. One of the important steps in the present work is surface functionalization of nanoporous 

polymer, to tune its affinity towards aqueous solutions. Much of the work focus is put on finding 

out different routes for effective hydrophilization of an intrinsically hydrophobic polymer. Two 

different methods, namely photo-oxidation and thiol-ene click chemistry are employed for the 

surface functionalization of the nanoporous polymer. Photo-oxidation of polymers has been 

extensively studied in the literature, mainly from the degradation point of view. The current work 

utilizes the knowledge of the nature of photo-products and utilizes it in a constructive manner for 

rendering hydrophilicity in the polymer. The evolved idea for surface modification is studied with 

the aim of carrying out fundamental studies related to the process and its implementation for the 

device fabrication. The current work makes important scientific contribution regarding certain 

aspects of polymer photo-oxidation, which has not been studied so far. The published results on 

photo-oxidation of nanoporous polymers are found in Appendix A. The published optical 

characterization of the solid-liquid core waveguides based on the photo-oxidation is found in 

Appendix B. However, efficiency and control of the photo-oxidation reaction was found to be a 

bottleneck for improved liquid-core waveguide systems. This inspired us to look for a different 

approach of surface functionalization namely- thiol-ene click chemistry. Click chemistry is a 

relatively newer trend in polymer science finding interesting applications due to its efficiency, 

quantitative nature, no strict reaction conditions and better control. We used these interesting 
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features of the thiol-ene reaction to obtain much efficient liquid-core waveguide devices. Like 

photo-oxidation, some fundamental study of thiol-ene based hydrophilization in nanoporous 

polymer is carried out to gain valuable insight of the reaction mechanism and kinetics. The 

published results are found in Appendix C. The surface functionalization step is followed by an 

important step of UV lithography for the fabrication of the solid-liquid-core waveguide devices. 

Different fabrication protocols are identified, essential for fabricating a functioning liquid-core 

waveguide based on the nanoporous polymer. The published results based on fabrication are found 

in Appendix D. Finally, the devices are used for biosensing applications. The functionalized 

nanoporous area of the polymer is used for carrying out some Fab-antigen binding inside the 

waveguide for detection purposes. These preliminary results are found in Annex I.   

The current PhD thesis is divided into 7 chapters. These chapters are meant to create an overview 

of the theoretical background and scientific findings of the PhD work. The aim is to create an 

overall understanding of the present work, without detailed description of the results in the 

chapters. The detailed discussion of the results is found in the scientific communications, which 

are attached as appendices. The list of the appendices is as follows: 

Appendix A: Kaushal S. Sagar , Mads B. Christiansen, Sokol Ndoni, Type and Distribution of 

Chemical Groups from Controlled Photo-Oxidation of Gyroid Nanoporous 1,2-Polybutadiene, 

Polymer Degradation and stability  2011, 96, 1866-1873 

Appendix B: Nimi Gopalakrishnan, Kaushal. S. Sagar, Mads Brøkner Christiansen, Martin E. 

Vigild, Sokol Ndoni, and Anders Kristensen, UV patterned nanoporous solid-liquid-core 

waveguides, Optics Express 2010, 18, 12903-12908 

Appendix C: Anton Berthold, Kaushal Sagar, Sokol Ndoni, Patterned Hydrophilization of 

Nanoporous1,2-PB by Thiol-ene Photochemistry, Macromolecular Rapidcommunications 2011, 

32, 1259-1263 

Appendix D: Kaushal Sagar, Nimi Gopalakrishnan, Mads Brøkner Christiansen, Anders 

Kristensen and Sokol Ndoni, Photolithographic fabrication of solid-liquid-core waveguides by 

thiol-ene chemistry, Journal of Micromechanics and Microengineering 2011, 21, 

doi:10.1088/0960-1317/21/9/095001 
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1. General introduction 
The present work is about fabrication of a new class of liquid-core waveguides. Liquid-core 

waveguides (LCW) guide light similar to a solid optical waveguide, but differs in its structure. It 

has a core constituted of liquid instead of a solid material, which is surrounded by a solid or liquid 

clad. The liquid filled core volume acts as a tunnel which guides an optical wave propagating in 

the waveguide. Figure 1.1 shows a schematic representation of a LCW. 

The current PhD work is part of the multidisciplinary LicorT (Liquid-core Waveguide 

Technology for Diagnostics Applications) project, involving different scientific streams like 

polymer chemistry, surface functionalization, microfabrication and optofluidics. Within the LicorT 

project, current work focus is mainly on fabricating liquid-core waveguide devices from the 

nanoporous polymers. Premise of the current work is illustrated in figure 1.2, showing its overlap 

with different scientific streams. The major contribution comes from the field of polymer 

chemistry, surface modification and microfabrication, with a smaller contribution from 

optofluidics. At this stage, we intend to introduce different scientific streams involved in 

materializing the current waveguide system. This way we can built the necessary foundation 

needed for further discussion about the proposed waveguide system. We start with the field of 

microfabrication and optofluidics. This is followed by introduction of nanoporous polymers used 

in fabrication and lastly different nanoporous surface modification techniques adopted for the 

current system.  

                                       

Figure 1.1. Schematic representation of a liquid-core waveguide system. The liquid core is embedded in a 

solid clad which works as a tunnel for guiding light. 

The field of micro total analysis systems ( - TAS) or Lab-on-a-chip systems has experienced a 

rapid growth in past three decades. This is due to its applicability in diverse fields like physics, 

analytical chemistry, chemical synthesis, biotechnology etc. One of the many applications of a 

Liquid core Solid clad 
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miniaturized lab-on-a-chip system is that it facilitates the concept of point-of-care system. It also

offers several advantages such as low sample requirement, low cost, reduced analysis time etc1. 

The present focus in this field is on miniaturization of microfluidics parts to be able to 

accommodate analytical system on small size devices. Integrated optical circuit is one of the most 

important components of these microfluidic devices for data transferring to decoding units2. There 

has been a continuing progress in the field of optical waveguides. Today, optical waveguides are 

 

 

 

 

 

 

 

 

 

Figure 1.2. Diagram illustrating premise of the current PhD work between different scientific fields.  

capable of transferring terabytes of information every second between different kinds of 

communication devices. The optical based detection systems that involve optical waveguide 

structures are popular in lab-on-a-chip analytical systems due to its sensitivity and small sample 

volume requirement. Thus, it can improve the detection limit of an on chip analysis. In such 

systems, the substance of interest is confined to a microchannel where illumination and detection 

is carried out with maximum possible collection efficiency. However, the problem with this 

approach is difficulty in fabricating these complicated designs on chips. Much simpler design 

would be to fabricate a Liquid-core waveguide (LCW) system. LCW systems function on the 

principle of total internal reflection, similar to an optical fiber. In LCWs, a high refractive index 

liquid core is surrounded by a low refractive index clad1-5. The application of LCW to lab-on-a-

chip based systems would allow an on-chip channel to be utilized as an optical waveguide which 

increases path length of the on-chip detection system (more detailed are discussed in chapter 3).  
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After discussing liquid-core waveguides, let us introduce another scientific stream involved in the 

fabrication of the waveguides; polymer chemistry in the form of nanoporous polymers. The 

nanoporous polymers has porosity on a typical structural length scale of 10-100 nm and internal 

surface area of 50-500 m2/g 6. The nanoporous described in the current work are derived from self 

assembled block copolymers. These block copolymers are capable of forming highly ordered 

structures by ‘bottom up’ approach. The structural periodicity and orderliness on the nanometer 

scale is fetching interesting applications for nanoporous polymers. It can be used as a template for 

fabricating nanoscale structures. Its ability to get oriented in desired direction can be used as an 

ultra (nano) filtration membrane for numerous chemical and biochemical applications7. 

Nanoporous polymers can be an attractive option for applications in low dielectric constant 

materials8, 9. It also serves as catalysis substrates and in the field of controlled drug release10.  

After introduction of the nanoporous polymers, next step is surface functionalization of the vast 

nanoporous interface. In the current work, this step forms a linkage between polymer science and 

microfabrication field for the fabrication of liquid-core waveguides. The surface functionalization 

techniques adopted in the current work are UV photo-oxidation and thiol-ene click chemistry. It is 

appropriate to have an overview of these techniques at this stage before engaging into an in-depth 

discussion of relevant results in subsequent chapters on the thesis. Photo-oxidation of 

polybutadienes is a well studied system in literature from the degradation and stability point of 

view11. The studies mainly involve qualitative analysis of the photoproducts formed after 

degradation reaction. We apply this knowledge of photo-oxidation in a constructive way to obtain 

hydrophilic chemical groups rendered at the nanoporous interface. If these hydrophilic groups are 

present in high concentration, it can tune hydrophilicity of the polymer volume (details in chapter 

4). Another approach for surface functionalization adopted in the current work is thiol-ene click 

reactions. Thiol-ene click chemistry is known for its efficiency, quantitative nature and high 

selectivity and not stringent reaction conditions12. A thiol molecule is highly selective towards 

vinyl unsaturation which results in clicking of thiol on to the vinyl groups. In our case, we use the 

commercial hydrophilic thiol molecule and graft it onto the pendant double bond at the polymer-

air interface. The higher surface density of the clicked hydrophilic thiol groups can tune the 

hydrophilicity of the nanoporous polymer.  

Thus, we have briefly introduced liquid-core waveguide systems, nanoporous polymers and the 

different surface functionalization routes up till now. The next step is to combine the 

understanding of these scientific streams for the production of our liquid-core waveguide system. 

Let us begin by understanding the nature of the problems associated with the liquid-core 

waveguide fabrication and later propose our approach for addressing these issues.  
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1.1 Defining the problem 
Although the field of liquid-core waveguides looks rather interesting, it is important to understand 

the problems which act as bottleneck in commercial implementation of liquid-core waveguide 

systems. There are two major disadvantages with respect to the use of liquids in integrated optical 

sensing. Firstly, liquids are not stable in their physical shape; they have to be confined in a certain 

volume. Secondly, due to their relatively low density, their refractive indices are usually lower 

compared to solids13.   

1.2. Strategy of the work 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Flow diagram illustrating different steps required for reaching final goal of the work.  
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The second limitation emerges out to be a major area of concern. This is because the high 

refractive indices of most common lab-on-a-chip substrates like silica-based glasses (~ 1.46), 

PMMA (1.48), polycarbonate (1.58), polystyrene (1.59), and silicon (~ 3.50). Therefore, it is 

essential to find the liquid of refractive index higher than clad material to meet the condition of 

total internal reflection. Most of the important solvents such as water, methanol, ethanol, acetone, 

THF etc. have refractive indices well below those of silica based glasses14.  

Secondly, in liquid based opaque systems, the collection efficiency of the output signal is poor due 

to light scattering. Loss of signal efficiency can also occur from high coupling, surface or volume 

scattering losses (detailed discussion in section 3.3). This ultimately results in lower signal to noise 

ratio in the output which ultimately decreases the sensitivity of the system15.  

The use of nanoporous polymer addresses both the above mentioned issues. The nanoporous 

nature of the polymer considerably reduces the effective refractive index of the material making it 

suitable for liquid-core waveguides (details in chapter 3.4). Secondly the nanoporous nature works 

as an inbuilt filter for the turbid analyte solutions, separating liquid from the larger particles. The 

nanopores will selectively allow infiltration of the liquid, which eliminate the possibility of 

scattering of the propagating signal.  

The present approach of fabricating liquid-core waveguides can be depicted in the flow diagram 

shown in figure 1.3 with different intermediate steps. It begins with synthesis of an asymmetric 

polybutadiene-b-polydimethylsiloxane block copolymer. The block copolymer synthesis is done 

using anionic polymerization technique. The synthesized polymer is in a paste form and required 

to undergo different steps to fabricate final nanoporous polymer film required for LCWs (details in 

chapter 2). It involves solvent casting of block copolymer with thermal cross-linker in a solvent. 

The solvent casted film undergoes thermal cross-linking step which produce a glassy block 

copolymer film. Finally the block copolymer film undergoes a chemical etching step for 

quantitative removal of polydimethylsiloxane block to obtain the nanoporous polymer. The 

nanoporous polymer is intrinsically hydrophobic in nature. For the LCWs application, it is 

essential to induce hydrophilicity in the nanoporous polymer (details in chapter 3). The 

hydrophilization of nanoporous polybutadiene is achieved by using two different approaches: 

photo-oxidation of 1,2-PB (details in chapter 4) and thiol-ene click reaction (details in chapter 5). 

The surface functionalization step is followed by fabrication of the LCWs. It involves usage of UV 

photolithography to produce desired hydrophilic regions or microchannels in the nanoporous 

polymer device (details in chapter 6). Finally the devices are characterized for its optical 

performance i.e. estimation of propagation losses in the system.  The LCW devices can also be 
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used for bimolecular sensing (Annex I). This is a unique feature of a nanoporous polymer based 

LCW which can perform as biosensor.  
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2. Nanoporous polymers 
2.1 Introduction 
As stated in the introduction chapter, current work is based on nanoporous polymers. These 

nanoporous polymers are derived from a block copolymer precursor. The periodic nanoporous 

structures are created by capitalizing on self organizing ability of the block copolymers. The self 

organization can be well understood by first looking at thermodynamics of the polymer mixtures, 

and extending this knowledge to the block copolymer systems. The thermodynamic stability of a 

polymer mixture is governed by the change in Gibbs free energy of the mixture. If the Gibbs free 

energy is lower for the mixture than for the separate polymers, the homogeneous mixing of 

polymers into a one phase system can take place. This change in Gibbs free energy is the sum of 

entropic and enthalpic contributions and can be expressed as: 

                                                          m m mG T S H                                                       (1)          

Where, mG is the Gibbs free energy of mixing, mS is the entropy of mixing, T is temperature 

and mH  is the enthalpy of mixing. The entropic term is generally positive due to an increase in 

the degree of disorder produced by mixing as compared to the separate components. Therefore, 

due to the minus sign this term lowers the free energy of mixing. The major component of the 

entropy term is the so-called translational entropy, which relates to the position of molecules’ 

centers of mass. In the case of small molecules the translational entropy of mixing is significant 

and compensates for a wide range of differences in chemical composition that show unfavorable 

enthalpy of mixing ( mH > 0, endothermal)16, 17. As a result many fluids composed of small 

molecules are miscible. However, the translational entropy contribution is significantly reduced in 

the case of polymer mixtures. This is due to the drastically reduced number of polymer molecules 

in a given volume as a result of the chemical linkage of a great number of repeating units or 

monomers forming a single polymer molecule, also called a macromolecule. Thus, blending of 

polymers is not greatly dependant on the translational entropy change of the system and even 

small positive values of the enthalpy of mixing between two polymers can result into positive 

Gibbs free energy of mixing, equivalent to a thermodynamically favored phase separation. The 

enthalpic contribution mH  for polymers interacting by only Van der Waals forces is positive due 

to the stronger attractive energies between identical monomer units than between different 

monomer units16. Such a behavior of monomers opposes mixing. Most synthetic polymers, 

including the polymers we have worked with, are of this type. Therefore for these materials the 

general trend is that different polymers do not mix, and the thermodynamic immiscibility is 
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enhanced with increasing molar mass of the polymers. For a minority of synthetic polymers or for 

natural macromolecules showing electrostatic, massive dipole-dipole or hydrogen bonding 

interactions between two different polymers the enthalpy of mixing can be negative (exothermal 

mixing) and miscibility favored.  

An expression for the enthalpy of mixing of two polymers 1 and 2 can be derived by the Flory-

Huggins theory: 

                                                             12 1 2m cH RT n                                                           (2)      

Where, R is the ideal gas constant, nc can be taken as the total number of moles of monomers 1 

and 2; 1 , 2 are the volume fractions of each polymer, and 12 is the Flory-Huggins interaction 

parameter. This parameter is empirical and dimensionless; it was originally introduced to 

characterize the enthalpy of mixing per monomer unit. A positive 12 would characterize 

endothermal mixing, or, from the discussion above this should hint immiscibility between the two 

polymers. A negative or zero 12 would signal miscibility between the two polymers. Within the 

Flory-Huggins theory the total moles of monomers nc can be expressed as: 

                                                          nc = n1N1 + n2N2                                                                                      (3)    

Where, ni is the number of moles of polymer i and Ni its degree of polymerization (i = 1, 2). The 

polymers are idealized here as monodisperse macromolecules. In the case of a symmetrical binary 

blend (N1 = N2 = N), the theory predicts a critical value for the product ( 12N)crit = 2. For values 

( 12N) > ( 12N)crit phase separation is predicted, while for ( 12N) < ( 12N)crit the two polymers are 

expected to be miscible, forming one homogeneous phase.  

In the form shown above the Flory-Huggins interaction parameter is expected to be inversely 

proportional to the absolute temperature T:  

                                                                12 /mH T                                                                 (4)   

However, the experimental form of the parameter has been found to contain an additional 

temperature-independent term, which signals an entropic contribution to the interaction parameter: 

                                                      ( / ) H Sa T b                                                         (5)   

The experimentally correct interaction parameter is shown by  and a, b are constants. The 

entropic contribution in this case must be different from the translational entropy mentioned above. 
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In the case of polymer blends it accounts for volume changes in the mixture relative to the sum of 

the separate volumes of the components, changes in the local mobility of monomer units at the 

contact zones between monomer 1 and 2, etc.  

The above discussion regarding polymer blends can be applied to understand a copolymer system, 

where each polymer chain contains at least two chemically different monomers. The copolymers 

can be random, alternating, graft or of block type. In random copolymer arrangement, different 

monomer units are randomly repeated in the polymer main chain. Alternating copolymer has an 

alternating arrangement of the different monomer units in the polymer chain. In a graft copolymer, 

one component forms the main chain of the polymer whereas, the second component is in the form 

of a chain, which is grafted covalently to the main chain. Block copolymers are chemically distinct 

repeat unit blocks or sequences covalently liked to form a copolymer chain. The current work uses 

a block copolymer system for obtaining nanoporous polymer, hence other copolymer systems are 

not considered for further discussion.  

Many of the block copolymer systems studied in the past 20-30 years have been prepared by living 

anionic polymerization, which allows a high degree of control in degree of polymerization and 

composition. Different molecular architectures are possible to achieve di-block (2 step process), 

tri-block (3 step process) or star block copolymers from chemically different building blocks using 

polymer synthesis18-20. We concentrate the following discussion on diblock copolymers. In the 

discussion about polymer blends, we saw that the polymer mixtures tend to separate into two 

phases which is macroscopic in nature. In the case of block copolymers, the chemical linkage 

between two blocks inhibits such macroscopic phase separation, and the two blocks segregate, or 

self-assemble at mesoscopic length scales typical for the coils of the constituting blocks (5-100 

nm). At length scales much bigger than these a block copolymer system appears homogeneous.  

2.2 Block copolymer microphase diagram 
The usual presentation of phase diagrams for binary polymer blends at atmospheric pressure is a 

plot of temperature as a function of blend composition, given for example by the volume fraction 

of polymer 1, 1. Boundary lines between two-phase and 1-phase regions are shown in such 

diagrams. Alternatively, for symmetric binary blends  is plotted as a function of blend 

composition. A phase diagram for a binary polymer blend is constructed by systematically 

changing the composition of the blend. For each composition a temperature scan is run monitoring 

the blend typically by scattering techniques (e.g. light scattering or x-ray scattering). The transition 

from one to two phase system is marked by a significant increase in the scattering intensity. At 

long enough times macroscopic phases may be formed. Whereas, a diblock copolymer is ideally 
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one component system with only one type of molecule; therefore a phase diagram for a block 

copolymer does not make sense. The self assembling phenomena of block copolymers are 

represented by a so-called microphase diagram. This microphase diagram is constructed by 

changing the composition of different blocks in a copolymer.  Thus, each data point marked on the 

microphase diagram corresponds to a distinct block copolymer system, which is studied at 

different temperatures.  

Most presentations of the self-assembling of block copolymers are direct generalizations of the 

Flory-Huggins theory of polymer blends. In the case of diblock copolymers the microphase 

diagram is a plot of  as a function of block copolymer composition. N is the total degree of 

polymerization of the block copolymer. The reason for this preferred representation can be found 

by adapting the expression (3) above to the case of block copolymers. The number of moles n1 and 

n2 are always equal in the case of a diblock copolymer:  n1 = n2 n due to the fact that each 

molecule contains one of each block. Therefore eq. (3) can be written as follows: 

                                             nc = n (N1 + N2) = n N                                                    (6)    

The expression above shows that the product  is quite naturally describing the interaction 

between blocks in a block copolymer. The interface between the two segregated phases is 

dependent on its value. There are three different regimes of microphase separation based on . A 

regime at N N

regime, (ISL) and N>>10 is a strong segregation regime (SSL)18, 21, 22. The higher N  would result 

in sharper micro domain boundaries facilitated by chain stretching and reduced contact between 

two components (narrow interfaces). Similarly, the lower N  value would result in a mixed 

interface of the polymer blocks and at sufficiently lower values; a homogeneous disordered system 

is formed22-24. 

The microphase diagram of block copolymer shows transition from the disordered (homogeneous) 

to an ordered microphase and also the transitions between two ordered phases. TEM and small-

angle scattering techniques are widely used analytical techniques to analyze the microphase 

diagrams of block copolymers. It is important to realize difference between a phase diagram for 

polymer blends and a block copolymer microphase diagram. The phase diagram can be generated 

by varying the volume contribution of different polymers in the same mixture. Whereas in case of 

microphase diagram, each measurement is done with a different block copolymer having different 

chain length.  
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Similar to the polymer blends, the deciding factor for block copolymer architecture is the product 

N.  Variation in the composition of the diblock copolymer expressed as 1, will result in unequal 

stretching and packing of polymeric blocks resulting in different morphologies as shown in figure 

2.1. The diagram shows sequence of different thermodynamically stable phases in a real system. 

When the product N is below a critical value, the block copolymer is in a disordered state. Above 

the critical value, block copolymer microphase separation takes place into periodically ordered 

structures, where the sequence of different morphologies depends upon the composition of the 

copolymer22.  

 

Figure 2.1. Phase diagram of a PS-b-PI diblock copolymer showing equilibrium morphologies. In the phase 

diagram, stable phases of lamellae (lam), gyroid, hexagonally packed cylinders (hex) and body centered 

cubic (BCC) are indicated22.   

polystyrene-b-polyisoprene (PS-b-PI) system is taken as an example to demonstrate various 

microphase segregated morphologies in the ordered state23. At 1 = 0.17 (volume fraction of 

polystyrene in this case) result in microspheres ordered on body centered cubic lattice of PI. At 

0.17< 1  < 0.28 the morphology is changed to hexagonally packed cylinders. Between 0.28 < 1 < 

0.34, an ordered bi-continuous gyroid phase segregation is created in the PI matrix. From 0.34 < 

1  < 0.62 a lamellar phase microstructure is created. Beyond this volume fraction, an inverse of 

the above mentioned morphologies are reported41-43. Another class of a metastable microphase in 

diblock copolymers is the hexagonally perforated layer structures (HPL). Such intermediate 

structures are observed on heating between the lamellar and hexagonal-packed cylindrical phase. It 

is considered to be long-lived non-equilibrium structure involved in the formation of a gyroid 

phase25, 26. In the present work, we use the gyroid morphology for fabrication of the solid-liquid 
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core waveguide applications. Therefore in the next section, gyroid morphology is conferred in 

details, without considering other morphologies for further discussion.  

2.3 Gyroid morphology   
Gyroid is the name of a minimal surface with 3Ia d  symmetry. Gyroid morphology divides the 

polymer matrix into two interpenetrating equally sized channels as shown in figure 2.227. A gyroid 

structure model, based on rod-type connectors depicts the two volumes (represented in two 

different colors). This morphology was first misinterpreted as ordered bicontinuous double 

diamond (OBDD) in the initial phase of its realization27-29. The minority block in this case forms 

channels embedded in a matrix phase. This matrix phase is formed by the majority component 

where channels are subdivided into two distinct interpenetrating networks. Both the components 

(majority and minority) in a gyroid system are threefold continuous lattice with periodicity. The 

channels are joined as triads and these two continuous networks are mirror image of each other.  

 

Figure 2.2. Real space geometrical representation of the gyroid phase. Different colored interpenetrating 

networks constitute bi-continuous minority phase embedded into a majority block polymer matrix27.  

As already discussed, the gyroid morphology is formed from slightly asymmetric block copolymer 

(0.3< 1 <0.5) system. Due to higher volume fraction of the minority block compared to other 

equilibrium phase morphologies i.e. HEX, BCC, it can produce highly porous systems, if the 

minority block is removed quantitatively from the system. The lamellar morphology can also yield 

such highly porous systems but retention of the porosity can be challenging. On the other hand, 

gyroid structure can retain the high degree of volume porosity in polymer matrix and this porosity 

can be continuous in nature, with open pores available at the surface. Optical transparency is also 

expected in a gyroid nanoporous polymer due to its isotropic threefold continuous lattices. Due to 

all the above mentioned advantages, we chose gyroid morphology for our application.  
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2.4 Concept of nanoporosity 
The current work uses polybutadiene-b-polydimethylsiloxane (PB-b-PDMS) asymmetric block 

copolymer system for making nanoporous polymers. The PDMS block is used as a minority 

component with 1 0.4 . This block copolymer system generates gyroid phase transition at 

elevated temperature which is preserved into the PB matrix by cross-linking reaction. Later, the 

PDMS block is quantitatively removed by chemical etching to produce gyroid shaped 

nanoporosity in the PB matrix.  

2.4.1 Anionic block copolymer precursor 

The PB-b-PDMS block copolymer is synthesized by living anionic polymerization technique. Sec-

butyllithium is used as an initiator for the anionic synthesis. The polymerization of 1,3-butadiene 

is carried out under argon at -20o C for 3 h in THF. Next step is the addition of 

hexamethylcyclotrisiloxane monomer to the living polybutadienyllithium end. The reaction 

temperature at this stage is raised to 0o C. The polymerization of the later block is carried out for 3 

days. After achieving the desired block copolymer molecular weight, reaction is terminated by 

adding 3 molar excess of trimethylchlorosilane. The polymer is precipitated in methanol and dried 

for molecular weight and polydispersity characterization. 

2.4.2 Cross-linking of 1,2-PB 
Cross-linking of polymers is widely known phenomena for reducing the chain mobility. It is done 

by linking polymer chains using covalent or ionic bonds. The cross-linking is either done using a 

multifunctional monomer unit during polymerization or in a second step after polymerization, to 

link linear or branched polymer chains30. In the present case, we opt the second approach of cross-

linking. The reaction is carried out by free radical polymerization of 1,2-PB pendant unsaturation. 

The Cross-linking reaction imparts considerable stiffness to the polymer melt, above its glass 

transition temperature. If the degree of cross-linking is not very high for e.g. 1 cross-link per 100 

monomers, the polymer possess elastomeric properties; thereby recovers the deformation after the 

stress release. Very high degree of cross-linking can result in enhanced brittleness of the polymer, 

since the segmental motion of the polymer chains is ceased. Thus the flexibility after cross-linking 

reaction is a function of degree of cross-linking, polymer structure and molecular weight30, 31.   
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Scheme  2.1. Reaction scheme of anionic polymerization of PB-b-PDMS diblock copolymer 

The need of cross-linking 1,2 PB matrix in our case is for the retention of nanoporosity after 

chemical etching of gyroid minority block (PDMS). The high internal surface created due to 

nanoporosity would like to minimize its area, thereby applying pressure on the nanopores. High 

degree of cross-linking (60-80% of the PB double bonds) of the matrix phase would counter this 

internal pressure for the retention of the nanoporosity. Secondly, the polymer melt after high 

degree of cross-linking is easy to handle due to its glassy behavior.  

In the present block copolymer system, we observe gyroid morphology of the PDMS block close 

to 140o C32, 33. Therefore, we capture the morphology by high degree of cross-linking of the PB 

phase at this temperature. The solvent casting of block copolymer and dicumyl peroxide which is 

used as a thermal cross-linker (1 mol % relative to the pendant unsaturation in 1,2-PB) in THF is 
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done on a glass or silicon substrate. Dicumyl peroxide (DCP) is chosen as a thermal cross-linker 

due to its high quantum yield close to the block copolymer gyroid transition temperature34, 35. After 

evaporation of THF, the polymer melt is cross-linked in an air tight steel cylinder; filled with inert 

gas to insure no trace of oxygen in the cylinder. The inert atmosphere (under nitrogen/argon) is 

chosen to prevent oxidative degradation of the copolymer during thermal cross-linking. Cross-

linking reaction of the polymer is carried out for 2 h. The reaction converts 60-80% of the 

polybutadiene double bonds, which makes the polymer glassy and imparts needed mechanical 

stability and handlability36.  

2.4.3 Etching of PDMS 

 

Scheme 2.2. Anticipated reaction scheme of degradation of PDMS block by TBAF32.  

In order to generate porosity in the highly cross-linked PB matrix, minority component (PDMS) is 

chemically degraded. The degradation of PDMS is carried out using tetrabutylammoniumfluoride 

(TBAF) in THF37-39(scheme 2.2). In the case of TBAF in THF (and in the presence of water), the 

etching reagent behaves as a base undergoing SN2 Si mechanism resulting in cleavage of silyl 

ethers to alcohols32.  The reaction with TBAF is taking place in THF which can swell the cross-

linked PB matrix, facilitating efficient degradation of the PDMS block. The chemical etching 

process is carried out between 5-36 h depending upon the film thickness. An etched film is 

subjected to washing in THF, which is gradually mixed with methanol in steps (each step of 20% 

methanol addition) until pure methanol stage is reached. Each step for washing lasts for 20-30 min 

and after last step (pure methanol) the nanoporous films are dried under vacuum or inert gas flow32, 

33.  

2.4.4 Characterization of nanoporosity 
Etched polymer films are characterized for nanoporosity using a variety of techniques. It is done 

using FT-IR spectroscopy where Si-O stretch and CH3 stretch coming from PDMS group are 

disappeared after etching32. SAXS data also proves nanoporous nature of the etched sample by 

recording roughly two orders of magnitude higher scattering intensity compared to non-etched 

cross-linked sample32. This is due to the increased electron density contrast between PB matrix and 

the air filled nanopores compared to the contrast between PB and PDMS. Microscopic techniques 

such as AFM, SEM and TEM also indicate the nanoporous nature of the sample32, 37. An example 

of nanoporosity is depicted in figure 2.3. SEM image of a typical knitting pattern characteristic of 
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gyroid nanoporous polymer sample is shown figure 2.3a. The TEM image shown in figure 2.3b 

indicates the wagon wheel projections, also characteristic of gyroid morphology. The nitrogen 

adsorption is used for measuring internal surface area of the nanoporous sample. Very high surface 

area (283±14 m2/g) recorded by adsorption of liquid nitrogen onto the polymer-air interface proves 

the nanoporous nature of the cross-linked polymer.  

 

Figure 2.3. a) SEM image showing characteristic knitting pattern and b) TEM image indicating wagon wheel 

projection typical of the gyroid nanoporosity32.  

2.4.5 Mechanical stability of nanoporous polymer 
The PB-b-PDMS block copolymer films tend to crack after thermal cross-linking step. The fragile 

nature of the nanoporous polymers can be a serious obstacle; restricting its applicability in 

different areas. Therefore, it is very important to understand the reasons for the brittle behavior of 

the polymer after cross-linking step. Cracking of the cross-linked polymer film can be due to the 

following:  

1) Thermal cross-linking takes place at 140o C where equilibrium chain conformation of the 

polymer is different than at room temperature. This induces shrinkage stresses in polymer 

network, resulting in cracking of the film 

2) Very high degree of cross-linking (60-80% of the PB double bonds) ceases segmental 

motion of the polymeric chain, enhancing brittleness of polymer film. The degree of cross-

linking can be adjusted such that, it can retain nanoporosity in the PB matrix and also 

impart flexibility to the polymer film. This type of work is not conducted in the present 

case but it is one of the proposed activities for the future.   

3) The configuration of 1,2-PB is also responsible for the brittle behavior of the polymer. The 

pendant groups restrict close packing of the polymer chains resulting in lack of loss 

A 
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mechanism in the system. This can be reduced by hydrogenation of PB40-42 to impart 

greater elasticity. In the present work, we have not addressed this approach, but we 

recommend it in the future work for the improvement of the existing nanoporous polymer 

system.  
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3. Liquid-core waveguides 
3.1. Introduction 
As briefly described in the introduction chapter, an optical waveguide typically consists of a solid 

core of high refractive index (RI) surrounded by lower RI clad. If this solid core is replaced with a 

liquid core the system is called as a liquid-core waveguide (LCW) 43-45. LCW system offers variety 

of advantages for an optical based detection system such as low sample volume requirement, high 

sensitivity, and possibility of fabrication on existent micro and nano technology platform14, 46-49. 

The first commercial application of the LCW was introduced in early 1970, when 

hexacholorobutadiene based system was a serious candidate for long distance 

telecommunications50. Later the drive for usage of LCW shifted towards chemical and biological 

sensing applications, where the content of the liquid core is of interest. Despite of the numerous 

advantages, LCW is yet an evolving system due to the fact that most biological and chemical 

sensing analytes are aqueous. The RI of water (1.33) is much smaller than most of the candidates 

suitable for making a waveguide clad (polymers, glass, metal etc). However, some clever 

approaches have made it possible to fabricate and implement this technology for various sensing 

applications. The following section of the chapter briefly describes different state-of-the art LCW 

technologies. 

 Total internal reflection (TIR) based waveguides 

The literature reports different types of liquid-core waveguide systems such as TIR, non-TIR and 

interference based systems. Out of which only TIR based waveguides find relevance with the 

current work hence other type of waveguides are not considered for the discussion. The TIR based 

LCWs offer an important advantage of lossless propagation along the desired direction and not 

along the other principle directions51. The loss of signal in this case is only arising from the 

imperfections like surface scattering or absorption. Majority of TIR based LCWs are made with 

low refractive index polymer Teflon AF (RI= 1.26), as discussed in the introduction chapter2, 4, 13, 47. 

Nanoporous clad based LCWs is another class which uses low RI clad material by adding 

nanopores thereby, reducing the effective refractive index52. The limited choice of solid clad 

material can be resolved by using another type of LCW with a liquid clad around a liquid core. 

This type is known as liquid-liquid core or L2 waveguides53. Recent developments in the field of 

LCW include slot waveguides which are capable of guiding light in nanoscale cross sections. This 

facilitates the LCW based sensing into nanometer regime with pico or subpicoliter sample 

volumes54.  
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3.2 State-of-the art liquid-core technologies 
Liquid-core waveguides fabricated in glass capillaries (uncoated glass) were first used in Raman 

spectroscopy by Schwab et al55 and in absorption applications by Tsunoda et al56 These devices 

guide light by means of total internal reflection at the glass–air interface, represented a significant 

development in water-based light guides. They were the first water-filled waveguides which 

demonstrated low loss values for borosilicate-glass tubes filled with water.  

Liquid-core fibers consisting of glass capillaries with polymer coating internally and/or externally 

serve several practical advantages over bare glass structures such as no contamination on the 

exterior surface and improved flexibility and breakage resistance14 Liquid-core fibers based on 

tubing lined with polymers have been reported by Gilby et al57 and Dress et al13 who investigated 

glass tubes coated internally with poly(tetrafluoroethylene), also called as Teflon AF 2400. Hong 

and Burgess also used internal coating of Teflon AF on porous polypropylene tubes for liquid core 

waveguide applications. However, neither of these groups actually performed the optical 

properties measurements of their liquid-core fibers. Dress et al4 reported for the first time a 

detailed mathematical model of light propagation in their Waveguide. Later, liquid-core 

waveguide based on externally coated silica tubing was recently reported by Altkorn et al14 who 

obtained lower propagation loss as compared to Dress et al results. 

 Another way to achieve liquid core waveguide is by choosing an appropriate high refractive index 

liquid. Carbon disulphide (CS2) has a refractive index higher than that of glass (1.63) and was 

chosen early on for this purpose by Fujiwara et al58. The practical usefulness of CS2 based liquid 

core waveguides is restricted due to its strong odor and toxic nature. Some aqueous solutions of 

high viscosity, e.g., concentrated solutions of sucrose (saturated aqueous solution of refractive 

index = 1.50) is used as a high index liquid core showed high transmission with low-refractive 

index polymeric capillaries. Tsunoda et al. demonstrated fluorinated ethylene-propylene 

copolymer (refractive index = 1.34) based arrangement in working with ethanol (Refractive 

index= 1.36). Hong et al showed that, by preparing high concentrations of ethylene glycol 

(refractive index=1.43) in aqueous liquids, the overall refractive index can be raised sufficiently to 

obtain good light transmission in polytetrafluoroethylene capilaries59. Nanoporous clad based 

liquid core waveguides are demonstrated by Korampally et al60 where etched silicon cladding was 

used for biosensing applications. 

Despite of all the diverse technologies, the current state-of-the art liquid core waveguide research 

mainly concentrate on the low refractive index Teflon AF 2400R (refractive index = 1.29 at  = 

632.8 nm). It is a commercially available polymer manufactured by DupontTM. Numerous 
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applications of LCW based on Teflon AF are in spectroscopy, electrophoresis, and pollution 

measurements.  

After discussing relevant state-of-the-art liquid-core systems, let us look into some of the relevant 

theoretical concepts of the waveguides. They are important to understand the functioning and 

optimization of the liquid-core waveguides which will be dealt in succeeding chapters. 

3.3 Theory of waveguides 
When a beam of light travels from one medium to another with a difference in the refractive index 

the light is refracted according to Snell’s law61, 62: 

n1 sin( 1) = n2 sin( 2) 

where n1 and n2 are the refractive indices of the first and second material respectively, and 1 is the 

incident, and 2 is the refracted angle with respect to the normal. When moving from a higher to a 

lower RI material (n1 > n2), there is no solution for the equation when 1 exceeds a critical angle c 

which is 

1

2arcsin
n
n

c

 

 

 

 

 

 

 

Figure 3.1. Schematic representation of principle of total internal reflection. Light passing through s higher 

RI medium surrounded by a lower RI medium tends to reflect back (red arrow) at an angle greater than 

critical angle. On the other hand, incident light at an angle lower than the critical angle (blue arrow) tend to 

refract out of the medium.  

As illustrated in figure 3.1, the incident angle of the light 1 < c the beam is partly reflected, and 

partly refracted at the interface. Larger the incident angle, larger the part of light which gets 

reflected back into the system. For a beam entering at an angle 2> c, no light is refracted. Instead 

n2

n1 

1 

2 
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all light undergoes total internal reflection62,63. Based on total internal reflection, the planar 

waveguides are designed whose principle of operation is shown in figure 3.2. If a ray of light 

enters the waveguide with an angle larger than the critical angle c, the ray will be reflected, and 

remain in the waveguide. 

The ray will propagate, since the incident angle is the same for every reflection, as long as the 

waveguide is straight. The ray entering at an angle 2, smaller than the critical angle will be partly 

refracted out of the waveguide, and partly reflected. The refraction continues at the next point 

resulting in rapid decaying of the signal. 

 

 

 

 

Figure 3.2. Propagation of light in a waveguide: red arrow- above critical angle, propagating in the channel. 

Blue arrow- Below critical angle results in refraction of light (loss of signal).  

3.4 Losses in waveguides 
When an electromagnetic wave propagates in a waveguide, the attenuation of signal occurs, this is 

considered as loss in the waveguide. The Loss of a signal intensity of propagating wave can occur 

due to scattering, radiation or absorption. This loss is recorded in decibels (dB) which is the ratio 

of light coupled in to the light collected at the exit. This is often expressed on the 10.log10 scale per 

unit length of the waveguide. Scattering loss can be further divided into surface and volume 

scattering64. Surface scattering is evidently found in the waveguides contributing mainly to the 

total loss. Volume scattering is a loss occurring due to volume imperfections such as impurity, 

holes etc. Different types of losses which include both-surface and volume scattering components 

in a waveguide are as follows64-66: 

1) Coupling loss- occurs due to many reasons such as misalignment of the optical fiber and 

the waveguide (lateral, longitudinal and angular), roughness of the fiber and the 

waveguide end and air gap between the optical fiber and the waveguide. It also accounts 

for fresnel reflection based losses which occur due to change in the RI of a medium. 

2) Transition loss- occurs due to change in the waveguide section-from straight to bend, 

causing the propagating mode mismatch 

1 

1 2 
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3) Propagation loss-occurring due to the absorption and scattering characteristic of the 

waveguide (volume and surface) 

4) Radiation or bending loss- due to distortion of the propagating wave in the bend portion of 

a waveguide. It depends on the RI contrast between the core and the clad, bend radius, 

wavelength of light and core diameter. It is a very important factor to take into 

consideration while designing the bend section of a waveguide. 

3.5. Concept of solid-liquid-core waveguide 
After relevant discussions about nanoporosity and liquid-core waveguides, let us combine their 

understanding to develop the concept of Solid-liquid-core waveguides (SLCW). Fundamental 

difference between the proposed design and other state-of-the art LCW designs is, they use 

different materials for clad and for core. In our system, different volumes of the same polymer 

chip are used as the core and the clad respectively. 

The average pore size of a typical nanoporous polymer is 10-20 nm. The matrix periodicity 

between two pores is about 20-40 nm. In the visible light spectrum, the polymer stays transparent 

and the transmitting light takes into account the effective refractive index of nanoporous system. 

The transmitted or guidied light has to pass through cross-linked matrix and air/water filled 

nanopores, which is why the system is called solid-liquid-core waveguide. The nanoporous 

polymer is intrinsically hydrophobic and this is used as a clad layer (filled with air). The core is 

filled with water by rendering hydrophilicity in the certain volume of nanoporous polymer. This 

way water filled core posseses higher refractive index (RI)  than the air filled pores which acts as 

the clad. Using refractive index contrast between liquid filled volume and air filled volume, the 

coupled light, above critical angle will guide itself in a waveguide. 

3.5.1 Working principle of SLCW 
Conceptual understanding of fabrication of the SLCW system is depicted in figure 3.3. Figure 3.3a 

shows schematic drawing of a cross-linked gyroid PB-b-PDMS block copolymer. The refractive 

index of a block copolymer is 1.46, calculated using Lorentz-Lorenz relation67. Chemical etching 

of PDMS block results in reduction of effective RI of the nanoporous polymer from 1.46 to 1.26 as 

depicted in figure 3.3b. The nanoporous polymer is hydrophobic in nature at this stage. In order to 

induce hydrophilicity in the intended volume of the polymer, surface modification of air-polymer 

interface is carried out. Figure 3.3c illustrates the surface modified hydrophilic nanoporous volume 

which is filled with water. The refractive index at this stage is calculated to be 1.42. The 

hydrophilic part of the nanoporous polymer acts as a core of a SLCW with higher RI than the 

hydrophobic volume surrounding it, which acts as a clad.  Since the high RI volume is surrounded 

by low RI volume, at the conditions of total internal reflection, waveguiding of light occurs.  
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Figure 3.3. Conceptual scheme for fabrication of solid-liquid-core waveguide. 

3.5.2 Advantages of SLCW 
Different kinds of total internal reflection based LCWs are discussed in the beginning of the 

chapter. The proposed SLCW system also falls into the category of index guiding (TIR) type. 

However, it promises to be more effective in many areas compared to the other state-of-the-art 

waveguide systems. Some of the important advantages are as follows: 

1) Since the core and the clad are made from the same nanoporous polymer, higher or lower 

degree of porosity will not hamper the waveguiding property. The water filled region would 

exhibit higher RI than air filled region in any case. This degree of flexibility in constructing a 

waveguide is unique. 

2) Chemical nature of nanoporous polymer based SLCW can facilitate specific and unspecific 

binding sites in the waveguide region. These sites can be exploited for selective detection of 

molecules in an analyte solution which also acts as a core. Thus, the sensing capability of SLCW 

for biochemical and chemical analysis is not always straight forward for similar class of LCWs. 

Cross-linked gyroid PB-b-PDMS block 
copolymer, RI = 1.46 

Hydrophobic nanoporous PB, 
RI= 1.26 

Hydrophilic nanoporous PB, 
RI= 1.42 

Chemical etching 
of PDMS 

Air-polymer interface 
modification 

(a) 

(b) 

(c) 
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 3) The pore diameter of gyroid nanoporous polymer is 10-20 nm. This facilitates filtering of large 

size particles from many turbid analytes like milk or blood, subjected to light guiding68. Optical 

analysis of turbid solutions is challenging due to light scattering caused by larger particles. The 

current SLCW system can perform filtering combined with waveguiding.  

4) Many state-of-the art LCW designs cannot provide planer configurations required for lab-on-a 

chip devices. SLCWs can be planer in shape which increases its adoptability on the existing 

microtechnology platform.   

After understanding the principle of working, method for fabrication and several advantages of 

SLCW system, it is appropriate to discuss the two different methods of surface modification for 

the fabrication of SLCW adopted in the current work. The process of surface modification is very 

important in the fabrication of SLCW system and it also constitutes as a major scientific 

contribution from the current work. Therefore, next 3 chapters are dedicated to surface 

modification by UV photo-oxidation, thiol-ene click chemistry and its application for the 

fabrication of SLCW devices.  
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4. Hydrophilization of 1,2-PB by photo-
oxidation  
4.1 Background and overview  
Most synthetic polymers are durable leading to interesting applications where conventional 

materials like metals, ceramics and glass are substituted. Even though polymers are attractive in 

many ways, deprivation of mechanical and optical properties in case of prolonged environmental 

exposure has been an issue on many occasions. In such cases, the degradation process is mainly 

initiated by UV and visible light in the presence of oxygen. This created a foundation for 

systematic study of photochemical polymer degradation, and today it is a very well studied system. 

The main focus of this study is to understand and prevent the degradation of polymeric chains by 

absorbed light. However, degradation process can also impart interesting properties to the 

polymers, if the reaction is controlled and well understood. The present work studies photo-

oxidative degradation of 1,2-Polybutadiene (1,2-PB) in the presence of air for surface 

functionalization69-72. Polybutadiene photo-oxidation is extensively studied in the past, mainly 

from the qualitative and kinetic aspects of photo-oxidation. It is reported in the literature that, 

photo-oxidation of 1,2-PB can form different photo-products which can be hydrophilic in nature. 

These photo-products are utilized in the context of the current work to produce functional 

nanoporous surfaces.  

It is a known that 1,2-PB with a vinyl pendent group and a tertiary carbon atom acts as a reactive 

site which develops photosensitivity in the polymer. The initiation reaction happens when the 

absorbed energy resulting in * electronic transition in the pendant unsaturation activates C-H 

bond at the allyl position73-76. This in turn, activates tertiary hydrogen atom on the main chain 

generating polymer radicals by cleavage of C-H bond. Second possibility of initiation is due to 

impurities or structural defects in the polymer, which acts as a chromophore. Any radical formed 

due to presence of chromopheres would lead to hydrogen abstraction mechanism described above. 

Third possibility of initiation reaction would be addition of radical to the pendant vinyl 

unsaturation. The radical in the pendant group extracts proton from the tertiary carbon creating a 

stable radical. Further course of the reaction follows the above mentioned initiation mechanism73, 

77.  

Most primary photo-products formed after initial photo-oxidation of 1,2-PB are hydroperoxides70. 

After sufficiently longer irradiation times, the hydroperoxide groups are converted into other 

photo-products. FT-IR study reveals the formation of hydroxyl groups is also derived from the 

hydroperoxide intermediates74, 78. Further decomposition of hydroperoxide results in formation of 
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carbonyl compounds. These are unconjugated (saturated) and conjugated (unsaturated) keto 

aldehyde and carboxylic groups79. Mass spectrometry compositions of the gasses generated by UV 

irradiation in air also reveals formation of H2O, C2O, CO2
77.  

Wavelength of UV irradiation also plays an important role in deciding stoichiometry of the photo- 

products. Study reveals that shorter wavelength with higher energy of photons result in higher 

population of carbonyl compounds77. Gel formation or cross-linking reaction is also induced as a 

consequence of photo-oxidation. Like carbonyl groups, enhancement of the degree of cross-linking 

is obtained with shorter wavelengths of irradiation81. Thus, during the course of photo-oxidation, 

there is a competition between the chain scission (formation of carbonyl compounds) and cross-

linking reaction.  

After taking a glimpse of the relevant past work in the area of photo-oxidation of 1,2-PB, we focus 

on the experimental findings of nanoporous 1,2-PB photo-oxidation reaction. The photo-oxidation 

reaction in the present case is characterized by spectroscopy i.e. FT-IR, solid state NMR and UV-

Vis to determine the nature of chemical groups formed and to investigate the quantitative aspects 

of the photo-products. The overall surface density of the hydrophilic photo-products and its 

distribution relative to the polymer-air interface is estimated by gravimetry and titrimetry. The 

distribution of photo-products along the sample depth is also mapped by energy dispersive X-ray 

in SEM. Finally the photo-oxidation is used for patterning of hydrophilic structures in the 

nanoporous polymer for solid-liquid core waveguide optical characterization.  

4.2 Photo-  
A non-collimated UV source with an overall intensity of 14-16 mW/cm2 is used for photo-

oxidation experiments. UV irradiated 

from one side in the presence of air at 38±2o C for 24 h. It is widely cited in the literature that the 

absorbance maximum for PB is in the range of 210-230 nm with no absorbance above 290 nm79. 

However, highly cross-linked nanoporous 1,2-PB in the present case shows an absorbance maxima 

300 nm with an absorbing tail up to 390 nm as shown in figure 4.1. This behavior of cross-

linked nanoporous PB is studied by UV-Vis spectroscopy in the presence of different solvents to 

understand the absorbance behavior at higher wavelengths. Figure 4.1 shows cross-linked PB 

homopolymer and nanoporous polymer films of same thickness in air, methanol and in THF. 

Methanol is used as a solvent medium for nanoporous polymer since it can compensate for the 

possible surface scattering of UV which is interpreted at absorption in the UV-Vis spectrometer. 

This is due to the ability of methanol to fill the nanopores and replace air, which will reduce the 

refractive index contrast between matrix polymer and nanopores. This results in reduction of the 
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possible surface scattering at the air-polymer interface. On the other hand, THF can swell the 

cross-linked polymer which can compensate for the density differences in the PB matrix after 

thermal cross-linking.  

 

 

 

 

 

 

 

Figure 4.1. UV-Vis spectra of nanoporous and cross-linked homopolymer 1,2-PB film in different 

surrounding media. Dry nanoporous polymer and nanoporous polymer film in methanol show higher 

absorption indicating absorption is not due to surface imperfections. Nanoporous polymer in THF and cross-

linked homo PB show lower absorption indicative of scattering phenomena due to differential degree of 

cross-linking across the PB matix.  

The homopolymer cross-linked 1,2- PB film of equal thickness in THF is used to compare the 

absorption or in this case scattering with the nanoporous polymer film. The result shows no 

significant difference in the absorption behavior of nanoporous film placed in air and in methanol. 

This suggests the absence of surface scattering contribution at air-polymer interface since. On the 

other hand, the nanoporous polymer film and homopolymer 1,2-PB film immersed in THF shows 

absorbance decreased by a factor of 4 compared to nanoporous polymer dry film. This is primarily 

due to THF entering into the PB cross-linked matrix thereby, partly compensating for the different 

density zones created due to free radical cross-linking method. Thus, the probable explanation to 

the scattering of light is the inhomogeneous network density across the thickness of the sample. 

This difference in the density is causing scattering of light which passes through the polymer, 

reducing intensity of the transmitted light.  

The absorption of nanoporous polymer in UV has an overlap with the emission spectra of the UV 

source 400 nm). Spectra of the UV source used for photo-oxidation has a peak around 

350 nm and from figure 4.1, it is evident that the polymer has limited absorption in this 

wavelength range. That’s why the majority of the photons from the UV source can travel through 
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the entire sample thickness for the modification of the polymer. Thus, the limited absorption is the 

key in carrying out photo-oxidation of the entire thickness of nanoporous polymer. After this, let 

us discuss the experimental findings of the photo-oxidation reaction by different analytical 

techniques.  

4.3 Qualitative and quantitative analysis of oxygen containing photo-products 
The nature of the photo-products formed after chemical modification is studied by various 

spectroscopic techniques. The quantitative distribution of oxygen in the form various photo- 

products is also done using solid state NMR spectroscopy.  Let us begin the discussing the FT-IR 

results of the photo-oxidized nanoporous samples.   

FT-IR spectroscopy: FT-IR spectroscopy reveals newly developed overlapping peaks in the 

hydroxy (OH)/ hydroperoxy (OOH) region after 24 h of photo-oxidation. Further investigation 

regarding distinction between them is not performed since it is beyond the scope of the current 

work. A newly developed peak in the carbonyl region is deconvoluted for more specific 

information regarding its chemical nature i.e. ketones, aldehydes and carboxylic acid etc. It is 

done by treating photo-oxidized samples with NaOH solution in water. The polymeric carboxylic 

groups are expected to form carboxylate ions upon reacting with aqueous NaOH, developing new 

absorption peaks. NaOH staining shows shifting of absorption maxima for carbonyl peak to 

shorter wavenumber carboxylate ion peak. This confirms that the majority of carbonyl compounds 

present are in the form of carboxylic groups. The residual peak in the carbonyl region can be due 

to the presence of saturated ketone groups, as will be discussed with combined understanding of 

solid state 13C NMR. This hypothesis is also supported by the fact that there is no signature 

absorption band observed for the C-H stretch in an aldehyde74. There are other newly evolved 

peaks in a photo-oxidized sample indicative of C-O bonds in aliphatic and vinyl ethers or alcohols.  

An interesting development observed during photo-oxidation reaction is shown in figure 4.2. It 

illustrates ATR-FT-IR spectra of nanoporous sample photo-oxidized at different times. Sample 

with no UV exposure shows no absorption in the carbonyl region (around 1720 cm-1). However, 

after 8 h of exposure, 2 distinct peaks i.e. at 1640 cm-1 and 1720 cm-1 are developing in tandem. 

The peak around 1640 cm-1 - 80. This is 

typical behavior for conjugated carbonyl compounds due to the de-

electrons of the C=O75, 80. At this stage, the saturated carbonyl peak at 1720 cm-1 is growing 

parallel to unsaturated ones. As the reaction grows in time, a tendency of rapid growth of saturated 

carbonyls compared to unsaturated compounds is observed. Formation of unsaturated carbonyls is 
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slowed down after a certain time whereas the saturated carbonyl peak grows with respect to the 

reaction time.  
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Figure 4.2. FTIR spectra of photo-oxidized nanoporous polymer at different UV irradiation times. Newly 

evolved peak at 1640 indicative of -  and 1710 cm-1 indicative of carboxylic acid  is 

seen after 8 h of UV irradiation. During the course of photo-oxidation reaction, peak developing at 1640 cm-

1 tends to stop while peak at 1710 cm-1 continues to grow with time. The spectra are normalized to the 

hydrocarbon stretch 2917 cm-1 and shown offset for the sake of clarity. 

 Solid state 13C-NMR: Solid state NMR of the cross-linked sample reveals qualitative as well as 

quantitative information of the photo-oxidized nanoporous polymer. Sufficient trial runs are 

carried out for obtaining an adequate delay time for NMR before recording the final spectra of the 

photo-oxidized polymer. The delay time used for the current analysis is 15 s insuring relaxation of 

quaternary carbon atoms (ketone, aldehyde, carboxylic acids etc) for evolution of the complete 

peak. The 13C-NMR provides vital information about the composition of the oxygen containing 

photo-products. It suggests that the oxygen photo fixation is carried out mainly from saturated 

carbon atoms (tertiary carbon) site. Based on the C:O ratio in different photo-products for e.g. 0.5 

in COOH groups, and knowing total amount of reacted molecular oxygen per g of nanoporous 

polymer, we can calculate oxygen fixation in the form of different chemical groups. As per the 

results, we have COOH (43% of the oxygen-containing groups), ethers (23%), alcohols (24%), 

and saturated ketones (10%) present in the photo-oxidized sample. Large access of molecular 

oxygen in the nanopores causes formation of the oxygen radicals, driving the reaction towards 

Norrish I mechanism forming saturated and unsaturated carboxylic acid groups (Scheme 4.1). This 

is an important understanding of the process where an abundance of molecular oxygen can 

influence the nature of photo-products i.e. more hydrophilic groups (carboxylic acid) in this case 

resulting in hydrophilic behavior of the polymer.  
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Scheme 4.1. Photo-oxidation of 1,2-PB forming ketones and carboxylic acid groups from alkoxy radical in 

the presence of abundant molecular oxygen. 

UV-Vis spectroscopy: UV-Vis spectroscopic analysis of nanoporous polymer before and after 

photo-oxidation is also performed. After 24 h of photo-oxidation, absorbance in the visible range 

-475 nm) is increased compared to the unmodified sample. In other words, the absorption 

maxima experience a shift towards higher wavelengths. The nanoporous polymer samples 

absorbing in the 400-475 range or turning yellow -

unsaturated carboxylic acid or ketone groups. The probable explanation is that a normal double 

bond consists of a bonding and an anti- a conjugated system, at the 

condition of co-planarity, 

- hifts the absorbance to the higher wavelengths. Thus, UV-Vis 

observations about possible presence of unsaturated carbonyl compounds falls in line with the 

earlier interpretations made with FT-IR72, 74, 75, 78.  

Static Contact angle measurement: Static contact angle measurement on the photo-oxidized 

nanoporous polymer film is presented in figure 4.3. It shows hydrophilic behavior of the 

nanoporous polymer after photo-oxidation reaction. This implies that the UV photo-oxidation 

renders sufficient surface density of the hydrophilic photo-products in nanoporous polymer system, 

tuning its affinity towards aqueous media. Original contact angle of a nanoporous polymer 

(hydrophobic) is measured to be 96o (picture not shown). The water droplet doesn’t evaporate 

completely even after 10 min from the hydrophobic surface.  In the case of UV modified 

nanoporous polymer, within 7 min, a water droplet is pulled inwards by capillary forces exerted by 

the nanopores. This is due to carboxylic acid groups formed in on the polymer-air interface as a 

consequence of photo-oxidation reaction. 

 

C
H2

C
O

C
H2

C
O

C
H2

C
O

hv

R C R1

O
hv,OH R C R1

H

O
OH

R

R

-scission reaction 

Norrish type I reaction 

32

48



33 
 

 
 

  
 

  
 

 

 

Figure 4.3. Static contact angle measurement on UV photo-oxidized nanoporous polymer (side facing the 

UV source).  Contact angle of water on UV photo-oxidized sample is measured as function of time. It is 

evident that with passing time, the contact angle is reducing due to suction of water into the nanopores. After 

7 min the entire droplet is pulled inwards indicative of hydrophilic polymer-air interface. 

4.4 Distribution of carboxylic group relative to polymer-air interface 
Nanoporous nature of the polymer provides vast internal surface area available for photo-fixation 

of molecular oxygen onto the polymer-air interface. The amount of oxygen fixed on to the 

nanopores can be quantified by simple gravimetric analysis to reveal vital information on the 

nanometer scale. In this case, gravimetric analysis is done before and after photo-oxidation and 

after NaOH staining to obtain information about the distribution of oxygen in the form of various 

photo-products. Gravimetric results indicate the fraction of oxygen present in the form of COOH 

groups is 57% of the total oxygen fixed in the polymer. The remaining 43% of the oxygen is 

present in the form other photochemical groups. This result is in agreement with the results 

obtained from solid state NMR which estimates 60% of the total oxygen present in the form of 

COOH groups.  

An average surface density of carboxylic groups is also estimated by gravimetry of NaOH stained 

samples. The dry mass increase and the internal surface area of the nanoporous polymer are used 

as a basis for calculating overall surface density of carboxylic groups. The average surface density 

of carboxylic groups over the entire internal surface area of 280±40 m2g-1 is calculated to be 

5.4±0.7 nm-2. Titration experiment is performed alongside gravimetry to obtain the average surface 

density of carboxylic groups. Titration of COOH groups is done by treating photo-oxidized 

polymer with basic NaOH (in excess), which is neutralized with potassium hydrogen phthalate. 
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The moles of NaOH neutralized and the internal surface area of the polymer are used to calculate 

the average surface density of carboxylic groups present in the polymer. The surface density 

calculated from this experiment is 5.5±0.9 nm-2, which is in good agreement with the gravimetric 

analysis. 

 

 

 

 

 

 

 

Figure 4.4. Schematic representation of distribution of COOH groups relative to the polymer-air interface in 

the nanoporous polymer. 

Photo-oxidized samples treated with NaOH solution are used to map the distribution of carboxylic 

groups relative to the polymer-air interface. This analysis can give very important information 

about the possible concentration gradient of the carboxylic groups away from the nanopores 

interface. The distribution of such kind can greatly influence sharpness of the lithographic 

structures for solid-liquid core waveguides. Let us imagine if the concentration of the carboxylic 

groups is decaying gradually from the air-polymer interface to the bulk of the polymer. In this 

case, the boundary of the lithographic hydrophilic structures will be diffused and not sharp. This 

may result in the loss of an optical wave guiding in a liquid core due to surface scattering. 

Therefore, it is required to predict how controlled the photo-oxidative hydrophilization reaction is 

in order to understand the surface scattering losses that can incur in the liquid-core waveguide. The 

distribution analysis of carboxylic groups relative to the polymer-air interface shows about 93% of 

0.5 nm. This means that majority of the 

hydrophilic groups are located at the interface and a small fraction of the total concentration is 

located away from the nanoporous interface. The schematic representation of the distribution is 

shown in figure 4.4. This is very important information for the waveguiding purposes since it is 

expected to have low surface scattering losses while light guiding due to a step function of the 

concentration of hydrophilic groups relative to the nanoporous interface. The narrow oxidation 
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skin can be a consequence of the high degree of cross-linking of 1,2-PB matrix at the interface. 

This results in poor permeability of oxygen into the cross-linked matrix resulting in largely 

unmodified polybutadiene matrix. 

4.5 Distribution of carboxylic groups relative to the sample depth 
Distribution of polymeric carboxylic groups across the sample depth is characterized by Energy 

Dispersive x-ray spectroscopy (EDX) in SEM81 and ATR FT-IR. EDX probe identifies various 

elements present in sample subjected for SEM analysis. In the present case, atomic % of ‘C’, ‘O’ 

and ‘Na’ across kness is identified. The results illustrate considerable reduction 

in oxygen concentration as a function of the sample depth. The surface facing UV irradiation 

registers about 4 times higher concentration of oxygen  

, which is a uniform concentration zone. This can be a consequence of shorter wavelength 

photons  ringing about the surface 

modification. The longer wavelength (less energy) photons are capable of transmitting through the 

depth, thereby modifying the entire thickness of the sample. Similar trend is obtained when 

carboxylic groups mapping by Na abundance is done in EDX. This means the relative abundance 

of oxygen to carboxylic acid groups is same for the entire sample depth. This is compared with 

ATR FT-IR analysis done at different depths of the sample. At each level, 3 measurements at 

different spots are done to obtain statistical data for FT-IR measurements. Relative concentration 

of COOH groups obtained by FT-IR across the sample depth is in line with the experimental 

findings by EDX. The results obtained from EDX and FT-IR analysis shows that, the nature of 

modification virtually remains the same throughout the sample; with a difference in the 

concentration of photo-products across the depth. This indicates the abundance of COOH groups 

relative to the total fixed oxygen is constant for the entire sample thickness. The EDX 

measurement can also estimate the amount of oxygen present in the form of COOH groups relative 

to the total fixed oxygen. Relative areas under the curves of O and Na give an average fraction of 

oxygen present in the form of COOH groups as 0.61. This observation is in agreement with 0.60 

obtained by solid state NMR and 0.57 given by the gravimetry.  

4.6 Optical characterization 
The following work is mainly carried out by Nimi Gopalakrishnan, responsible for the optics 

measurement in the project. It finds space in the report due to its immediate relevance in the 

context of photo-oxidation process.  

Selection of appropriate wavelength of light for guiding experiment is important so that it does not 

get absorbed by the liquid-core waveguide device. As discussed in UV-Vis results in section 4.3, 
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the photo-oxidized nanoporous polymer tends to absorb light in the blue region. A transmission 

measurement is performed with green light (532 nm) and red light (655 nm) on the photo-oxidized 

sample. It shows that the green light in photo-oxidized region tends to absorb 69 % of the 

incident light in the UV exposed region. In case of red light, due to the higher wavelength the 

transmission, it records no absorbance in the UV exposed region. Therefore, Red light source is 

chosen for the SLCW optical characterization. Propagation loss in the waveguide is measured 

using a cutback technique82. Waveguide cross section is 200 × 200 -

oxidation (lithography in this case) using appropriate masks. He-Ne laser (632.8 nm) is coupled 

into the SLCW with a multimode fiber and the other end of the waveguide is coupled to an optical 

spectrum analyzer with the similar fiber. Each waveguide has different straight length sections 

connected by a 90o bend of 2 mm radius which removes the coupling and radiation loss. The final 

loss in the straight parts of the waveguide is deduced by subtracting bending losses. The 

propagation loss is plotted as a function of total length (straight) and the slope gives propagation 

loss in the waveguide, whereas the Y intercept gives value of transition losses. The loss 

measurement showed propagation loss of 0.62±0.03 dB/mm and transition loss of 3.8±0.5 dB/mm 

in our system. Bending loss is evaluated with a different mask having different radius ranging 

from 1.75-11.75 mm, each sandwiched between 2 mm of straight waveguides. The bend loss in 

the system is measured to 0.81 dB/90o for the bend radius of 1.75 mm. The current system records 

high propagation losses compared to some of other state-of-the art LCW technologies  i.e. 0.03 

dB/mm for Teflon AF 2400 waveguides2. The losses in the current system can be reduced by 

reducing the surface roughness at the air-polymer interface after photo-oxidation. The current 

system uses a non-collimated light source and UV photo-oxidation method, both results in less 

defined boundaries for the hydrophilic microchannel. Additional surface scattering losses incur 

primarily due to the fabrication technique of the nanoporous polymer film in a glass petridish. The 

solvent casting in a petridish consists of an open surface i.e. facing air, which most probably has 

unevenness in the micron scale, causing scattering of the coupled light. The above mentioned 

factors causing higher propagation loss in the waveguides are addressed categorically in thiol-ene 

based surface modification approach (discussed in the succeeding chapters) for fabrication of 

SLCW devices. 
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5. Hydrophilization of 1,2-PB by thiol-ene 
click chemistry 
5.1 Introduction 
The concept of ‘click’ reactions for the preparation of functional macromolecules is introduced by 

Sharpless et al83. They defined click reaction as the reaction which is modular, gives quantitative 

yields, doesn’t generate hazardous byproducts and final product can be extracted easily by non-

chromatographic techniques. The reaction should be insensitive to water and oxygen and can be 

performed with readily available starting materials, with the ease of isolation of targeted product84, 

85. Initially azide-alkyne cycloaddtion mechanism was mainly used in click reactions, which 

started sharing space with other click mechanisms like diel-alder, thiol-yne, thiol-ene and thiol-

isocynate reactions. In the present case, use of azide-alkyne reaction is not considered due to 

strong coloring of the reactants. Strongly colored polymers are not suitable for the LCWs 

applications which require clear and uncolored polymeric devices. Secondly by choosing thiol-ene 

chemistry, we avoid an additional step of creating a triple bond in butadiene needed for azide-

alkyne mechanism. With thiol-ene click reaction, we rely on the pendant double bonds available at 

the air-polymer interface of the nanoporous polybutadiene for performing thiol-ene chemistry.  

Use of sulfur molecules in chemical reactions is around for over 100 years. Charles Goodyear first 

patented sulfur based natural rubber vulcanization in the mid-19th century. This initiated the trend 

of radical addition to a non-activated carbon-carbon double bond85 and laid foundation to perform 

thiol based reactions in the synthetic chemistry. Today various other kinds of unsaturations like in 

acrylaytes, malemides or norbornens are also been utilized for carrying out thiol chemistry. Thiol-

ene chemistry research is propelled with detailed understanding of its mechanism, kinetics, effect 

on reactivities of monomer units, and its effect on relaxation of polymer. The increasing interest in 

this field is due to some of the exceptional features of the reaction like orthogonality, tolerance to 

variety of solvent systems, high yield and efficient nature of reactions12, 86-88. These numerous 

advantages of thiol-ene reactions acquired a lot of importance in the world of macromolecular 

chemistry.  
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Scheme 5.1. Thiol-ene photo-polymerization scheme showing different stages of the reaction. The photo-

initiator generates thiyl radicals under UV to initiate the reaction. The propagating reaction takes place by 2 

possible routes. Finally 3 plausible mechanisms for the termination reaction are shown12. 

 

Thiol-ene reactions are carried out between a multifunctional thiol molecule and an ene (R-C=C-

R1) unsaturation in a step growth fashion, mainly with the radical addition. Radical centers are 

generated by thermal free radical initiators or photoinitiatiors as depicted in scheme 5.1. An 

initiator is excited by thermal excitation or UV irradiation which abstracts hydrogen from thiol 

monomer generating a thiyl radical. The thiyl radical can either terminate by recombination or 

propagate the reaction. The propagation mechanism is of two types: sequential propagation and 

chain transfer mechanism. It is generally assumed that at equal concentrations of thiol and ene 

functionalities, the rate consumption of reagents is identical12, 89.The termination step is occurred 

by radical recombination step. Another plausible way of termination is recombination of growing 

radical with the initiating radical center. This is usually the case with benzophenone as photo- 
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initiator which result in a pinacol radical site (Ar2C*-OH), potentially incapable of initiation but 

can terminate a growing radical90-93.  

The conversion rate of thiol-ene chain reaction depends on electron density of the ‘ene’ functional 

group. The electron rich ene groups tend to react faster than the electron poor ones except for few 

conjugated dienes. Moreover the degree of substitution plays a role in reactivity of the ene 

functionality; higher the degree of substitution, lesser the reactivity of a chemical group12. Double 

bond position is also a key factor which determines rate of the thiol-ene reaction. If the double 

bond is in the main chain, it can result into reversible addition of the thiyl radical to a disubstituted 

ene function group (typical with cis-ene functionalities). This kind of dynamic equilibrium can be 

rate determining in the course of thiol-ene reactions. Thus steric hindrance is an important factor in 

a thiol-ene two step propagation mechanism. Faster reaction rates are expected with the terminal 

ene functionalities94, 95. The thiol structure also plays an important role in deciding the rate of the 

reaction. For instance, hydrogen bonding with thiol molecule can result in weakening of the sulfur-

hydrogen bond consequences in faster reaction rates. Therefore thiols with ester carbonyl 

(propionate esters) have reported higher radical addition rate compared to simple thiol structures 

(without possibility of hydrogen bonding) like pentanethiol12, 85.  

One of the highlights of thiol-ene reactions is its ability to form uniform cross-links in a polymer 

matrix. This is due to the fact that gel point is achieved at very high degree of conversion. In a 

conventional free radical cross-linking reaction, viscosity begins to increase after 20-30 % of 

double bond conversion. Whereas, the thiol-ene reaction experiences this drastic change of 

viscosity after 60-70% of thiol functional groups conversion, contrary to the free radical gelation96, 

97. The majority of the thiol conversion takes place while the reactants are in the liquid phase, 

allowing much lower stress built up in the polymer networks. This way it is possible to reduce the 

final shrinkage in the polymer.  

Almost all thiol-ene combinations share insensitivity to the presence of oxygen. Molecular oxygen 

can attack a tertiary carbon forming peroxy radicals. This can abstract hydrogen from the thiol or 

another vinyl unsaturation which will form hydroperoxy group at allylic position. The hydrogen 

abstraction results in formation of a thiyl or vinyl radical, which ultimately resumes propagation 

by addition of resultant radical to vinyl unsaturation or a fresh thiol functional group98. Thiol-ene 

polymerized films are also reported to have high thermal and oxidative stability compared to the 

free radically polymerized films. High thermal stability is the consequence of narrow glass 

transition distribution of the polymer suitable for modulable optical components. The reduces 

internal stresses99 which in turn, increases adhesion property of the polymer to different surfaces, 

desirable in case of acrylates. These polymers typically find applications in coating optical fibers 

and adhesives.  
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Why Thiol-ene chemistry with nanoporous polymer 

High degree of flexibility and ease of carrying out thiol-ene reaction is utilized in the context of 

the current work for the fabrication of nanoporous polymer based solid-liquid-core waveguides. 

This needs tailoring of hydrophilicity in the desired nanoporous volume which is otherwise 

hydrophobic as discussed earlier. The polybutadiene matrix is offering 30- 40% of its original 

vinyl unsaturated reactive sites after thermal cross-linking step. Due to the vast internal surface 

area, about 12% of these double bonds are located at the polymer-air interface. Assuming uniform 

cross-linking taking place in the matrix and at the interface between PB and PDMS, we have about 

5% of the total terminal double bonds available for further chemistry. Thus the motivation for 

using thiol-ene reaction can be summarized in salient points as follows: 

 Abundant vinyl groups  available for thiol-ene chemistry 

 Vinyl unsaturation is in the pendant  groups which favors faster reaction with thiols 

 No stringent  reaction requirements 

 Very high rate of reaction- fast tuning of hydrophilicity in this case 

 Quantitative yield of the reaction 

 Insensitivity to oxygen and solvent presence 

 Commercial availability of large number of hydrophilic thiols 

After discussing the theoretical background and important features of thiol-ene chemistry for 

nanoporous polymer, we look at the conditions for the thiol-ene reaction in nanoporous 1,2- PB. 

Further analysis of the reaction using spectroscopy (FT-IR and UV-Vis), contact angle and 

nitrogen adsorption are discussed. Quantum yields for the step growth free radical reaction are also 

estimated to comment on the nature of the hydrophilization reaction. Kinetic study of hydrophilic 

films is also performed for dry mass uptake and water mass uptake after thiol grafting at different 

irradiation times.  

5.2 Reaction conditions 
A collimated He (Xe) 1000 W pressure lamp filtered at 365 nm is used for thiol grafting in the 

nanopores. 2,2-dimethoxy 2-phenyl acetophenone (DMPA) is used as a photoinitiator (10mM) 

with Mercaptosuccinic acid (MSA) and sodium 2-mercaptoethanesulfonate (MESNA) (500mM) 

are used as hydrophilic thiol molecues in ethanol and methanol-water (75/25, v/v) mixture 

respectively. The nanoporous polymer samples used for the reaction are weighing 8-20 mg (0.68-

1.70 cm2) with 195±5 m thickness. Following section discusses the choice of particular reaction 

conditions for the greater understanding of the selection criteria. 
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Collimated UVsource: A collimated UV source results in better edge definition for the lithography 

process. The wavelength of 365 nm has higher penetration depth in the polymer ensuring uniform 

absorption of light for the entire thickness of the nanoporous film. Secondly 365 nm is widely used 

on the standard photolithography bench, making the process adaptable in the existing 

microfabrication set up. 
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Figure 5.1. UV-Vis spectra of MESNA and MSA (500 mM) with photoinitiator (10 mM) in 75/25 (v/v) 

methanol to water and ethanol solution respectively.  

Figure 5.1 shows UV-vis spectra for two thiols along with the photoinitiator in their respective 

solutions. The absorption maxima for both thiol systems are around 340 nm. The absorption 

reduces from there for higher wavelengths but shows sufficient absorption of light at 365 nm 

which can carry out thiol-ne reaction in the present system.  

Photoinitiator: Due to its higher efficiency, DMPA is selected as a photoinitiator over other 

photoinitiators (diaryl ketones) for e.g. benzophenone. Benzophenone in the presence of UV 

irradiation can be excited to singlet state which further goes through an intersystem crossing to a 

triplet state. In this state, the triplet state benzophenone molecule cleaves a sulfur-hydrogen bond 

and abstracts hydrogen, generating a semipinacol radical (Ar2C*-OH). This semipinacol radical is 

incapable of reacting with the thiol group on its own and stays in the system as a photoreactive 

component. This leads to yellowing of the samples (absorption in blue region). On the other hand, 

DMPA is a cleavage type of photoinitiator which generates a methyl and benzoyl radical, both 

capable of initiating the reaction. This way DMPA is more efficient compared to benzophenone 

due to its high quantum yield12.  

Photoinitiator to thiol ratio is maintained 1:50 in this case. Different molar ratios of photoinitiator 

to thiol are not tried in the current work but it is expected that the ratio lower than 1:50 can result 

in lower overall reaction rates. On the other hand, too high photoinitiator to thiol ratio can result in 
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excessive reactive radical sites in the thiol system, which may result in unwanted termination 

reactions with propagating thiyl or vinyl radical.  

Thiol functionality: MSA and MESNA are chosen for the thiol-ene photografting reaction. Figure 

5.2 depicts the chemical formula for MSA and MESNA. MSA is a dicarboxylic acid molecule 

where as MESNA has a sodium sulfonate (salt) functional end group. Both the functionalities are 

expected to have high affinity towards aqueous solutions and thus can render hydrophilicity on to 

the polymer-air interface upon photo-grafting reaction.  

 

 

           Mercaptosuccinic acid (MSA)                  Sodium mercaptoethanesulfonate (MESNA) 

Figure 5.2. Chemical formula of hydrophilic thiol molecules. 

The double concentration at the air-polymer interface after cross-linking is about 500 mM/L. Thus, 

the current thiol-ene reaction is carried out at 1:1 molar concentration of thiol to ene functionalities 

at the nanoporous interface.  

Solvent system: MSA with photoinitiator uses ethanol as solvent whereas MESNA with 

photoinitiator used 25/75 (v/v) of water to methanol mixture. Choice of solvent is based on its 

capability of completely dissolving both thiol and photoinitiator in above mentioned 

concentrations with relative ease. Secondly, both solvent systems are capable of filling nanoporous, 

with little penetration into the cross-linked matrix. Thus the chosen solvent system is expected to 

address all the interfacial double bonds with thiol and photoinitiator solution.  

In the next section, we discuss thiol-ene click reaction at the above mentioned reaction conditions. 

We present an anticipated reaction scheme along with some important experimental findings using 

different analytical techniques.   

5.3 Results and Discussions 
The anticipated thiol-ene reaction between hydrophilic thiol molecule and a terminal vinyl 

unsaturation at the polymer-air interface is presented in scheme 5.2. Under UV irradiation, DMPA 

radical triggers the initiation which generates thiyl radicals. During the propagation reaction, 

covalent bonding of thiol with an allylic carbon in the pendant vinyl unsaturation takes place. The 

hydrophilization reaction of the nanoporous polymer is first confirmed by static contact angle 

measurement. The unmodified polymer records a contact angle of 101±3o, which is drastically 
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reduced to 35±2o and 24±2o in case of MSA and MESNA respectively. The water droplet pulled 

into the nanopores by micro-capillary forces due to its reduced contact angle (hydrophilic 

polymer-air interface) within the span of 25 s. Similar behavior on the back side (rear side) of the 

sample suggests homogeneous degree of modification reaction in the entire sample thickness.  

 

 

 

 

 

 

 

 

Scheme 5.2. Reaction scheme of thiol-ene photo-grafting reaction at the polymer-air interface in nanoporous 

polymer. 

5.3.1 Spectroscopic analysis 
ATR FT-IR analysis of the thiol modified nanoporous polymer shows newly evolved characteristic 

peaks for carboxylic acid and S=O groups. The peak for the pendant vinyl unsaturation is also 

reduced in both-MSA and MESNA modified samples compared to the unmodified nanoporous 

polymer sample. This shows covalent bonding of thiol on the nanoporous interface. Figure 5.3 

shows a series of ATR FT-IR spectra, recorded at different depths on the MSA modified sample 

by polishing it thinner. Polishing facilitates recording of infrared spectra at different depths for 

studying the degree of homogeneity of the reaction similar to photo-oxidation case. At each depth, 

three FT-IR measurements are done at different spots. Due to similarity of the entire process, 

repetition of the experiment with MESNA sample is not performed. The X-axis in figure 5.3 

represents depth in the nanoporous polymer sample and the Y-axis depicts absorbance peak for 

carboxylic acid normalized by the C-H sp3 hybridized stretch. 
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Figure 5.3. Depth profile of carboxylic groups mapped with ATR FT-IR in MSA modified nanoporous 

polymer sample. FT-IR absorption peak intensity at various depths is recorded indicating relatively 

homogeneous surface density of carboxylic groups.  showing highest intensity for 

COOH groups is unclear and can be non-generic.  

The Y-axis represents local population of carboxylic groups within the sample depth of 3.5-5 

covalently attached to the nanoporous walls. The graphical trend suggests that the surface density 

of carboxylic groups is relatively uniform throughout the sample thickness unlike UV photo-

oxidation case in previous chapter. The uniform distribution of thiol groups for the entire thickness 

can be beneficial for low propagation losses in a solid-liquid core waveguide. The sample is 

showing a maxima which is unexplainable and can be considered as not generic trend 

with the existing process.  

UV-Vis spectroscopy results of nanoporous polymer samples before and after thiol-ene treatment 

are shown in figure 5.4. The measurement is performed on dry nanoporous films in a quartz 

cuvette. The absorbance for MSA treated sample below 350 nm shows slight increase in 

absorbance value compared to the reference (untreated) nanoporous polymer sample. The MESNA 

sample shows more absorption below 350 nm wavelength range than the MSA sample. In both the 

cases, the absorption behavior after 60 min of reaction time is considerably small compared to UV 

photo-oxidation samples (spectra not shown here). In other words, the samples do not absorb light 

in the blue region resulting in transparent samples which allows guiding in blue and green light. 

This imparts greater degree of flexibility for SLCW applications since surface modification is no 

longer a bottleneck for deciding wavelength of the guiding light. This allows possible usage of 

thiol modified devices with different kinds of liquid cores which require guiding of shorter 

wavelengths of light.  
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Figure 5.4. It shows UV-Vis spectroscopy results of the nanoporous polymer before and after thiol-ene 

treatment for 60 min 50 nm. The low 

absorption of thiol modified devices allows light guiding at shorter wavelengths in the visible spectrum. 

5.3.2 Quantum Yield of Photo-reaction 
The knowledge of quantum yield (QY) is important for understanding the nature of a photo-

chemical reaction. It is important to note that QY calculation is done considering the initial 

reaction rate. The initial rate of photo-reaction is when the reagent concentrations are expected to 

be maximum; therefore it is the ideal stage for calculation of QY. The QY calculated for grafting 

reaction is 21±3 and 76±6 for the MSA and MESNA system respectively. The high numbers 

(QY >1) show chain reaction between thiols and vinyl unsaturation in PB. The higher QY for 

MESNA compared to MSA can be a function of steric hindrance as discussed earlier in this 

chapter. The Thiol molecule in case of MESNA is primary whereas, the MSA thiol molecule is 

secondary in nature. The primary thiol may experience less steric hindrance compared to the 

secondary thiol resulting in a higher overall quantum yield of reaction. It is important to note that 

the high quantum yield numbers for thiol-ene compared to photo-oxidation reaction (QY= 

0.24±0.03)6 explains why reaction times for the thiol-ene click reactions are significantly lower 

than the photo-oxidative modification.   

5.3.3 Gravimetric analysis 
Simple gravimetry can be used to deduce vital information regarding the kinetics of the reaction in 

the nanoporous polymer. In the present case, mass uptake due to thiol photo-grafting is recorded as 

a function of time for both the systems. The kinetic trend of the click reaction in both MSA and 

MESNA can be roughly divided into 3 distinct zones as shown in figure5.5. 
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Zone a- The initial rate of thiol grafting on to pendant vinyl unsaturation located at the nanoporous 

interface is highest. The steep slope of the curve in this zone is indicating the rapid rate of thiol-

ene click reaction. About 80-85 % of the total mass increase due to thiol grafting takes place in 

initial phase of the reaction for both the reactions. The difference in the time scale in MSA and 

MESNA (being faster) can be attributed to the fact that MESNA has greater chances of forming 

hydrogen bonds (intermolecular and intramolecular) resulting in more labile hydrogen atom which 

is easy to abstract12. Secondly this can be a consequence of steric hindrance in case of MSA 

resulting in slower rate of thiol grafting reaction.  
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Figure 5.5. Mass uptake profile of photo-grafted thiols onto the polymer-air interface in the nanoporous 

polymer. Mass uptake rate of thiol for both the systems is rapid in the initial phase of UV irradiation. Upon 

consumption of ene functionalities and photoinitiator, the mass uptake rate reduces. At higher irradiation 

times, slight increase in the reaction rate is experienced which can be attributed to the reaction of 1,4-PB ene 

units.  

Zone b- The mass uptake profile for both the thiol systems hits a plateau where the reaction rate 

slows down. This can be due to depletion of the ene functionality after a quick consumption in the 

initial run of thiol-ene photo-fixation. It also hints towards the possible depletion of photoinitiator 

concentration in the solution.  

Zone c- The last part of the mass uptake curve experiences a slight increase in the rate of reaction 

possibly due to the reaction of 1,4-mainchain unsaturated double bonds in PB at the polymer-air 

interface.  

Gravimetry facilitates the calculation of the moles of thiol molecules grafted per g of nanoporous 

polymer. This is translated into the number of groups per nm2 as previously done in the photo-

oxidation case. The distribution of groups per area is plotted against the water mass uptake per 

nanoporous polymer (original) mass. From the analysis, a hydrophilic jump from very little to 

considerable water uptake is observed within 1 min in case of MSA and 30 s in the case of 

a a 

c c 
b b 
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MESNA. This is an indication of homogeneous hydrophilization process of photo-grafting 

resulting in a spontaneous increase in the water uptake. It supports the argument earlier made with 

FT-IR analysis for the homogeneity of the reaction. The critical surface density of hydrophilic 

groups required to fill 50% nanoporous volume with water in case of MSA (0.95 groups/nm2) is 

more than in the case of MESNA (0.53 groups/nm2). This can be due to the presence of terminal 

sodium sulfonate group which is more hydrophilic in nature than the carboxylic acid groups. The 

maximum number of groups per nm2 formed in case of MESNA is equal to the initial available 

pendant vinyl groups which are calculated theoretically. In case of MSA about 83% of the initial 

pendant vinyl groups are consumed. These observations reiterate the quantitative nature of the 

thiol-ene click reactions. Finally the maximum water uptake is in agreement with the calculated 

volume porosity for the nanoporous polymer system within the range of experimental accuracy.  

5.3.4 Nitrogen adsorption test and SEM 
Nitrogen adsorption test is done to calculate the internal surface area of a porous sample. It is 

performed on to the unmodified nanoporous polymer and thiol modified (both MSA and MESNA) 

samples to verify the changes in the total internal surface area after the click reaction. This is also 

useful in predicting possible structural changes which may have taken place, changing 

morphological characteristics of the nanoporous polymer. Nitrogen adsorption test reported 

internal surface area of 283±14 m2g-1 for the nanoporous polymer sample before the click reaction. 

After thiol photo-grafting, in case of MSA it is reported to be 282±14 m2/g and for MESNA it is 

276±14 m2/g. This shows that the photo-grafting of thiol is marginally reducing the pore diameter 

which will reduce the final surface area. Within the experimental limits of nitrogen adsorption test, 

it is difficult to comment on the absolute value of the reduced surface area after thiol-ene reaction. 

It still proves that the polymer retains nanoporosity after thiol-ene reaction which exhibits a large 

internal surface area.  

To sum up the story, thiol-ene reaction in nanoporous polymer results in a fast, specific, 

quantitative, homogeneous and rather easy way of modifying large internal surface with no 

demanding reaction conditions. The following chapters discuss its implementation in the 

fabricating of SLCW and further usage in biochemical sensing applications.  
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6. Solid-liquid-core waveguide fabrication 
by thiol-ene photochemistry 
6.1 Background 
In the previous chapter, we discussed thiol-ene photo-grafting reaction on the nanoporous interface 

extensively. It mainly covered the various chemical aspects associated with the thiol photo-

modification of the nanoporous polymer. In the current chapter, the focus is more on applicability 

of the reaction for opto-fluidics applications i.e. fabrication of SLCW. The understanding of 

fabricating nanoporous polymer films, knowhow of liquid-core waveguides and the understanding 

of thiol-ene click chemistry is combined together to deliver much efficient SLCWs.     

The current work utilizes UV lithography for the fabrication of hydrophilic microchannels in the 

nanoporous polymer. In a standard UV lithography process, a substrate is coated with a photoresist 

and an appropriate mask is used for making microstructures. In the present case, the photoresist is 

replaced with a thiol solution which is loaded into the nanoporous polymer. UV I-

is used for the excitation of thiol solution loaded nanoporous polymer sample; aligned with an 

appropriate UV mask. After adequate exposure time, the excess of thiol solution is washed out 

from the nanoporous polymer film, similar to a development step in UV photolithography. The 

grafted thiol molecule containing hydrophilic groups are clicked on to the nanoporous polymer in 

desired volume. The hydrophilic modified volume is filled with water to form a solid-liquid core 

surrounded by air-filled nanoporous polymer volume which acts as a clad. The process of SLCW 

fabrication is easy, clean and efficient. It is also compatible with existing cleanroom processes and 

can be readily adopted on the standard micro and nano lithography bench. The process is not 

selective towards the type of thiol system and the polymer in use, thus it can be used for different 

thiol-substrate combinations.  

6.2 Waveguide Fabrication  
The SLCW device Fabrication is done in 3 major steps: 1) Fabrication of nanoporous polymer film 

                                                                  2) Thiol-ene photochemical reaction 

                        3) Post reaction washing and drying step 

6.2.1 Fabrication of nanoporous polymer film 
The nanoporous 1,2-PB film fabrication procedure is discussed in details previously (section 2.4). 

The method of fabrication remains unchanged but it is fine tuned to fulfill the requirements of the 

current process. The precursor PB-b-PDMS block copolymer solution is prepared in THF with 

48

64



49 
 

1mol% dicumyl peroxide used as a thermal cross-linker. The solvent casting is done on a flat 0.5 

mm thick silicon substrate coated with a low surface energy fluorinated organosilane layer. The 

solution in this case is kept slightly more viscous to prevent the run away from the substrate during 

the solvent casting. After evaporation of the solvent from the wafer, another low surface energy 

silicon wafer is placed on top of it with aluminum spacers of desired thickness which is  in 

this case. The silicon wafer sandwich is pressed into a specially built pneumatic press shown in 

figure 6.1a. The press consists of a gas inlet and a vacuum port. Firstly nitrogen is circulated in the 

chamber, followed by a vacuum step. This cycle of nitrogen purging followed by vacuum is 

repeated 3 times to ensure absence oxygen during the compression step is being carried out. In a 

vacuum state, the silicon wafer sandwich is pressed at 4 bars. After 30 min of pressing the 

sandwich, it is placed in a cross-linking chamber (figure 6.1b) which is filled with nitrogen to rule 

out any trace of oxygen during the thermal cross-linking step. Thermal cross-linking is done at 

140o C for 100 min instead of 120 min (as described in section 2.4) to ensure sufficient amount of 

pendant double bonds available for the thiol-ene chemistry. The cross-linked polymer film is 

removed from the silicon wafer with relative ease due to its low surface energy coating. This film 

is chemically etched in TBAF for 5 h and washed in THF followed by methanol wash to 

completely remove etched PDMS, unreacted dicumyl peroxide and it’s by products.  

        

Figure 6.1. Cross-linking setup for 1,2-PB. a) Pneumatic press for the preparation of thin film, b) air tight 

cross-linking cylinder for carrying out thermal cross-linking at 140o C in the nitrogen atmosphere. 

6.2.2 Thiol-ene photochemical reaction 
As discussed in the earlier chapter, MSA and MESNA (500 mM) are selected thiol molecules for 

photo grafting reaction. The thiol solution loading into the nanoporous polymer is done in yellow 

is is to prevent an uncontrolled reaction of thiol 

molecules with the 1,2-PB pendant double bonds as shown in figure 6.2. It depicts FT-IR spectra 

of an modified nanoporous polymer and MSA loaded nanoporous sample. The loading in done in 

normal light (no dark room or yellow light) and the sample is washed without actual UV exposure. 

a b 
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After washing in ethanol as per the standard protocol and drying step, FT-IR spectra are recorded. 

The spectra shows an evolved carbonyl stretch at 1720 cm-1 and disappearance of vinyl 

unsaturation peak at 904 cm-1 confirming the uncontrolled reaction of thiol with the PB pendant 

double bonds. Thiol solution is also prepared freshly for each exposure cycle as the thiol solution 

has a limited shelf life12. The stored thiol solution has not been as effective as the freshly prepared 

solution.  

 

 

 

 

 

 

 

 

Figure 6.2. FT-IR spectra of an unmodified and MSA loaded nanoporous polymer is compared. The 

nanoporous polymer sample loaded with thiol in normal light (without UV exposure) is washed as per the 

standard protocol. The sample shows newly developed carboxylic acid peak at 1710 cm-1 and reduction of 

vinyl unsaturation at 904 cm-1 indicating uncontrolled modification of the nanoporous polymer interface. 

Thiol solution loaded nanoporous polymer films are aligned with the photolithographic mask and 

placed on an oxidized aluminum chuck. Figure 6.3a shows the aluminum chuck with a black (anti-

reflecting) surface beneath the polymer. It is essential for preventing an over exposure of the 

polymer from beneath. The UV light passing through polymer film reflects back from the surface 

beneath and enters back into the thiol solution loaded polymer. This triggers the uncontrolled 

hydrophilization in the areas covered under mask as shown in figure 6.3b. The translucent parts of 

the sample represent partial water filling in the nanopores as a result of over exposure in the region 

ideally covered under the mask.  

The nanoporous polymer sample aligned with photo lithographic mask is placed on the aluminum 

chuck with excess of thiol solution around the polymer, under the mask. This way crystallization 

of powdered thiol and photoinitiator in the nanopores is avoided. For the thiol photoreaction to 
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occur it is essential to have mobility of the thiol and photoinitiator molecules. The reaction in 

liquid phase facilitates effective diffusion of thiols and it also avoids possible light scattering due 

to crystallized thiol and photoinitiator in the nanopores. In case of MESNA no excess of solution 

is needed due to very short exposure times. The chuck in placed in a closed polycarbonate 

chamber and placed under the UV lens. The chamber facilitates easy handling of the chuck 

between different work stations containing odorous thiol solution inside. Reaction is carried out at 

22±1o C in air for 30 min in case of MSA and 4 min in case of MESNA. 

 

Figure 6.3. a) Oxidized aluminum chuck housing UV mask and polymer sample (not shown). The oxidized 

black surface avoids over exposure of the sample resulted from back scattering, b) over exposed and 

adequately exposed SLCW devices in water. 

6.2.3 Post reaction washing and drying step 
Post UV irradiation, modified samples are ultrasonicated for 1 h in their respective solvents, 

followed by 30 min washing in THF. The washing step is also performed in the yellow or dark 

room since there is still a possibility of the uncontrolled reaction in the region covered under mask. 

After adequate washing, the samples are vacuum dried for further waveguiding experiment.  

6.3 Contrast curve for MSA and MESNA 
Contrast curve for a photoresist is generated to study evolvement of the height of structures with 

respect to its UV irradiation time. In our case, the thiol-ene reaction results in hydrophilization of 

the nanoporous interface. The study of hydrophilization with respect to time will provide 

important data on how quick is the transition from no water uptake (hydrophobic) to considerable 

water uptake (hydrophilic) which is similar to a contrast curve. This way we can predict the 

suitability of thiol-ene based reactions for photolithographic patterning. Hydrophilization process 

for contrast curve experiment is same as the above mentioned procedure, only difference being 

usage of a transparent mask instead of a mask with microchannels. Resulting Water uptake by 

nanoporous polymer is plotted against the UV exposure time. 

Over exposed 
sample 

Adequate exposed 
sample 

a b 
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The result shows no significant water uptake for MSA system from 0-4 min. It registers a water 

mass uptake of 82 % of available theoretical porosity between 4 to 5 min. The hydrophilic jump 

occurs in the span of 1 min indicating a sharp nature of the contrast curve. The water uptake 

further increases and reaches up to the value of 100 % after 30 min and flattens out from there 

until 60 min of UV irradiation within the experimental accuracy. In the case of MESNA, the 

hydrophilic transition takes place from 0-91 % within 60 s of UV irradiation. It reports 100 % 

water uptake in 4 min and further flattening of the contrast curve, similar to MSA system. In both 

MSA and MESNA, the saturation water uptake value is in agreement with the theoretically 

calculated porosity for the polymer, indicating complete hydrophilization of the nanopores. 

MESNA system reaches the saturation water uptake much faster (by almost 6 times faster) than 

MSA system. This could be a result of steric hindrance of the thiol molecules as discussed in the 

section 5.3.2. The steric hindrance also results in formation of high overall number of thiol groups 

per nm2 for MESNA (1.8) than the MSA (1.4) system.   

6.4 Optical characterization 
The current section summarizes propagation loss results on the thiol-ene modified SLCW devices. 

The experimental work is conducted in collaboration with Nimi Gopalakrishnan and Mads B. 

Christiansen from DTU Nanotech. The propagation loss is characterized using cutback technique, 

similar to the case of UV photo-oxidation. Cross section of the waveguides is × 100 

and the total length of different waveguides, each having 90o bend is between 4 to 32 mm. The set- 

up used in case of thiol-ene for loss measurement is modified compared to UV photo-oxidation 

se

ethylene propylene sheets which work as a clad and support for the devices. This sandwich is 

placed between 5 mm thick polycarbonate sheets. Upon clamping this assembly, it serves ease of 

handling and aligning of the device with input and output fiber. It also reduces the rate of water 

evaporation from the waveguides. The fluorinated ethylene propylene sheets reduce liquid core-

clad mismatch, which improves guiding characteristic of the device. A He-Ne laser beam (632.8 

nm) is coupled into the waveguides via multimode optical fiber and on the output port, a 

photodiode is connected by similar multimode optical fiber for recording the amount of light being 

guided. Propagation loss (in dB) in the straight portions of the waveguide is reported to be 

0.26±0.01 dB/mm with coupling loss of 2.5±0.2 for MSA system and propagation loss of  

0.54±0.03 dB/mm with coupling loss of 2.5±0.5 for MESNA system. Recent work carried out by 

our project students100 further investigated the optimization of UV irradiation time for fabricating 

low propagation loss waveguides. They measured propagation loss of different SLCW devices as a 

function of UV irradiation time. The lowest propagation loss of 0.14±0.03 dB/mm is reported at 
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the exposure time of 40 min for MSA system. Lower loss value can be due to the better control 

over thiol-ene reaction which produces sharper waveguide boundaries, reducing overall surface 

scattering contribution. 

6.5 Discussion 
The results show that the thiol-ene approach is easy, efficient, more controlled, cleanroom 

compatible and it can be adopted with different thiol systems depending upon the requirements. 

The method cuts down the processing time for hydrophilization from 24 h (for photo-oxidation) to 

5-40 min with the current thiol systems. The huge surface area facilitates up to 13 wt% thiol 

binding on polymer-air interface, which indicates a very high degree of surface modification. The 

sharp transition (high contrast) for both thiol systems allows better edge definition of lithographic 

structures. The process of hydrophilization is happening homogeneously across the entire cross 

section. These observations are reflected in the results when propagation loss values are measured. 

The hypothesis for obtaining better light guiding characteristics compared to photo-oxidation 

approach is as follows: 

 UV source- collimated source can obtain better edge definition 

 Well defined cross section of the waveguides for the entire depth of polymer film- 

consequence of high wavelength of light (365 nm) and thinner polymer films than in the 

case of photo-oxidation 

 Shorter reaction times result in better defined edges/boundaries of waveguides instead of 

in diffused boundaries typical of very long reaction times 

 Selectivity of thiol grafting and right choice of solvent result in effective modification 

strictly of the polymer-air interface resulting in better edge definition 

 Better setup of SLCW devices between fluorinated ethylene propylene sheets reducing 

index mismatch also enhances light guiding ability of the devices 

Photo-oxidation reaction results in uncontrolled side reactions producing many photo-products 

which tend to absorb in the blue region of visible light spectrum. This puts limitations on the 

selection of wavelength for guiding the light. The above mentioned advantages of thiol-ene 

approach result in fabrication of the devices which are capable of guiding light in entire spectrum 

of visible light. This imparts greater degree of flexibility for testing different aqueous systems or 

core component. Thiol-ene also has an added advantage that it can have a desirable functional 

group projecting out in the nanopore which can serve as a favorable starting point of further 

chemistry beneficial for sensing applications. The applicability of thiol-ene modified SLCW 

devices into biochemical sensing applications is treated separately in Annex I.  

53

69



54 
 

7. Conclusion and Outlook 
7.1 Conclusion 
The main objective of the current PhD was to fabricate a new class of solid-liquid core waveguide 

based on nanoporous polymers. Polybutadiene-b-polydimethylsiloxane (PB-b-PDMS) block 

copolymer was used as a precursor for making ordered nanoporous scaffolds. The volume porosity 

generated in the polybutadiene polymer was about 44%. This lowered the effective refractive 

index of the nanoporous polymer to 1.26, compared to the higher refractive index of 1.46 of the 

original block copolymer. For solid-liquid core waveguide application, the polymer needed to be 

hydrophilic in certain volume regions of the polymer. The nanoporous polymer was intrinsically 

hydrophobic in nature, which required surface modification of the polymer-air interface to induce 

the needed hydrophilicity. This was carried out with 2 different approaches: photo-oxidation of 

1,2-polybutadiene and thiol-ene photochemistry. Both the approaches used UV irradiation in the 

presence of photolithographic masks to realize a patterned hydrophilization of nanoporous 

polymer. The water filled volume of the polymer constituted as a liquid (water)-solid (porous 

polymer) core surrounded by hydrophobic clad (air filled nanoporous volume) to facilitate light 

guiding, at the conditions of total internal reflection. The polymer-air surface functionalization was 

an important step in fabricating solid-liquid core waveguides. The major scientific contribution of 

the current work has come from these surface functionalization techniques i.e. photo-oxidation and 

thiol-ene click chemistry.  

Photo-oxidation of nanoporous 1,2-polybutadiene was carried out by irradiating the sample with 

UV at 300- 400 nm wavelength in the presence of air for 24 h. UV irradiation of the sample was 

done from one side. The original polymer had limited absorption above 350 nm. At the same time, 

the permittivity of oxygen in the nanopores was very high. Both these facts resulted in the 

formation of oxygen containing photo products along the whole depth of the sample. The photo-

oxidation process was characterized by gravimetry, titrimetry, FT-IR, solid-state NMR and energy 

dispersive X-ray (EDX) in SEM. Gravimetry was used to study the amount total oxygen fixed and 

the overall distribution of hydrophilic groups in the sample. Titrimetry also gave an independent 

way of finding out the overall distribution of the hydrophilic groups in the sample. It also helped to 

explain the distribution of photo-products relative to the air-polymer interface in the polymer 

matrix. FT-IR and solid-state NMR were used to analyze the chemical nature of the photo-

products formed after reaction. The solid-state NMR revealed quantitative aspects of oxygen 

distribution amongst various photo-products. Finally EDX in SEM was used to study the degree of 

heterogeneity of the photo-oxidation reaction along the thickness of the sample.   
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13C solid-state NMR showed the presence of 43 % carboxylic groups, 24% hydroxyl groups, 23% 

ether groups and 10% of saturated ketones in the photo-oxidized sample. The analysis showed 

absence of aldehydes and unsaturated ketone groups in photo products. Gravimetric analysis 

showed that 57% of the total oxygen was present in the form of carboxylic groups. This was in 

agreement with the % of oxygen in the form of carboxylic groups estimated by 13C solid-state 

NMR. The average concentration of carboxylic groups by gravimetry and titrimetry was estimated 

to 5.4±0.7 and 5.5±0.9 groups per nm2 respectively. The majority of carboxylic groups (93%) were 

located at the air-polymer interface (within 0.5 nm thickness) with 7% of the groups away from 

the interface into PB matrix. The degree of homogeneity of photo-oxidation reaction along the 

sample thickness was mapped by EDX in SEM and FTIR measurements done at multiple places 

on the same cross-section. For a 500 microns sample, it showed higher concentration of carboxylic 

groups in the first 100 microns of the sample which was droped by a factor of 4 and remains 

unchanged for the remaining 400 microns of the thickness. The nanoporous nature of the polymer 

allowed us to predict some of the vital information related to surface chemistry like nature, 

distribution and abundance of various photo products by combination of straightforward analysis 

techniques like FTIR, gravimetry, and titrimetry. Solid-liquid core waveguides were fabricated by 

photo-oxidation of nanoporous polymer using appropriate UV lithography masks. We reported a 

propagation loss of 0.62±0.03 dB/mm and a bend loss of 0.81 dB/90o bend at 632.8 nm for the 

waveguides fabricated by this approach.  

The second approach of polymer-air interface functionalization was by UV assisted thiol-ene click 

reaction. Thiol-ene click reactions were popular in the field of synthetic chemistry due to high 

efficiency, quantitative nature and not stringent reaction conditions. There was a variety of 

commercially available thiol molecules containing hydrophilic functional groups. In the current 

work, mercaptosuccinic acid (MSA) and sodium mercaptoethanesulfonate (MESNA) were the two 

hydrophilic molecules used for surface modification along with 2,2-dimethoxy 2-phenyl 

acetophenone (DMPA) used as a photoinitiator. MSA and MESNA with two carboxylic acid 

groups and a sodium sulfonate salt group respectively were the hydrophilic groups in the chosen 

thiol molecules. The thiol solution was loaded in the nanopores of a polymer and the reaction was 

carried out at 365 nm in excess of the thiol solution to prevent crystallization of thiol or photo-

initiator during the reaction. The hydrophilic modification of the polymer was confirmed using 

FTIR and static contact angle measurements. The quantum yield for MSA and MESNA system 

was calculated to 21 and 76 respectively. The relatively high quantum yield numbers for both the 

reactions indicate the chain-like nature of the thiol-ene reaction. The higher quantum yield of 

MESNA system was due to the less steric hindrance around a primary thiol molecule against the 
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secondary thiol molecule in case of MSA. The FTIR data at different depths showed homogeneous 

surface modification for the entire thickness of . This observation was in agreement with 

the conclusion derived from the water uptake curves. UV-Vis spectroscopy indicated no 

absorption of light above 350 nm wavelength range after photo-modification which was very 

important for the opto-fluidic applications. This allowed the light guiding in blue and green region 

which was not possible for the waveguides prepared with the photo-oxidation.  

The knowledge of thiol-ene based hydrophilization was utilized for the fabrication of solid-liquid 

core waveguides. High surface area of the polymer allowed photo-grafting of thiol molecules up to 

13 wt%. The overall surface density of the thiol groups was 1.4-1.8 groups per nm2. The reaction 

time for complete hydrophilization was found to be 5-30 min. This was considerably improved 

compared to the previous approach of surface modification based on photo-oxidation, where the 

reaction time was 24 h. The contrast curve showed sharp transition, from almost no water uptake 

to uptakes of 80 & 90% of the available porosity for MSA and MESNA system respectively. This 

behavior was in agreement with simultaneous surface modification throughout the sample 

thickness. Optical characterization of the well defined patterns showed propagation loss values of 

0.24±0.01 dB/mm for MSA system and 0.54±0.03 dB/mm for MESNA system, which were lower 

than in the case of photo-oxidation (0.62±.03 dB/mm). The MSA system was studied for further 

optimization and a propagation loss of 0.14±0.01 dB/mm was reported after 40 min of UV 

irradiation. The reduced propagation loss values for the optimized MSA system could be a result 

of more controlled chemical reaction resulting in sharp waveguide boundaries. MESNA system 

optimization for reduced losses was not performed in the present work.  

In the current work, we have also made exploratory experiments with biosensing in a solid-liquid 

core waveguide. This type of biosensing is interesting especially for turbid analytes such as blood, 

milk etc, due to its filtering ability. The transparent serum part filters into the nanopores where an 

antibody fragment can form a conjugate with antigen contend from the serum. This capturing 

event can be monitored by a light guiding experiment. An anti-fluorescein

IgG fraction, R-phycoerythrin Conjugate of 2 g/100 L was prepared in MilliQ water. The Fab 

fragment infiltration into the nanopores was verified by confocal microscopy. The Fab fragments 

adhered to the carboxylated waveguide channel walls due to adsorption caused by unspecific 

interactions. Further, capturing event in cuvette was demonstrated between the Fab fragments and 

its specific counterpart. However an actual implementation of capturing event in the waveguide 

showed marginal quenching of fluorescent signal from the fluorescein molecule. This could be due 

to the unspecific binding of fluorescein dye onto the nanoporous wall. An antifouling nanoporous 

56

72



57 
 

surface could avoid such unspecific binding of fluorescein molecule onto the nanoporous surface. 

The system is under optimization for better performance.  

In conclusion, solid-liquid core waveguide was an innovative application of nanoporous polymers, 

which acts as a bridge between the area of polymer chemistry, microfabrication and optofluidics. 

The nanoporous interface functionalization with thiol-ene click reactions was an important step in 

producing solid-liquid core waveguides. The click reaction produced efficient and more controlled 

liquid core waveguide devices with very low propagation loss values. The nanoporous liquid core 

waveguide also showed great potential in the field of on chip chemical analysis, along with the 

possibilities of filtering and biosensing.  

7.2. Future Work  
The future work can be carried out in improving the existing material and extending existing 

materials applicability for different applications. The material improvement can be addressed by 

finding out alternate routes for synthesizing nanoporous polymers. The diblock copolymer system 

used in the current work was synthesized using anionic polymerization technique in our lab. 

Despite the high degree of control over polydispersity and molecular weight provided by this 

technique, it is a challenging route of polymer synthesis. It demands stringent reaction conditions 

and upscaling of polymer production can be very expensive. An alternative route for block 

copolymer synthesis can be using thiol-ene click chemistry. A multifunctional thiol with two or 

more thiol functionalities can be used with commercially available polymers, which acts as two 

different blocks to perform thiol-ene click reaction. Upon quantitative degradation of one of the 

polymer chain, nanoporosity can be induced in matrix polymer. This kind of induced nanoporosity 

is not expected to have a high structural regularity but it can retain percolation, lower index of 

refraction, and optical transparency needed for solid-liquid core waveguiding. Thus, it can be a 

much simplified approach of generating nanoporous polymers with less demanding reaction 

conditions. 

Another improvement in the existing block copolymer system can be brought by reducing its 

brittleness. This can be done by performing hydrogenation of 1,4-PB. Hydrogenation reaction 

saturates the double bonds in the main chain which imparts more flexibility to the polymer chains. 

This phenomenon can be useful in saturating main chain unsaturated sites in 1,4-PB in the 

presence of suitable catalyst after desired degree of cross-linking. In this way we can impart more 

flexibility to the cross-linked polymer network, improving its loss mechanism.  

The applicability of the current polymer system can be further extended in biosensing applications. 

It is clear from the exploratory experiments that, the nanoporous polymer needs an antifouling air-
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polymer surface after binding the FAB molecules. This issue can be addressed by immobilizing 

short polyethylene glycol chains in the nanopores, which can reduce the unspecific binding of 

antigen molecules on the nanoporous wall. This way we can improve the signal to noise ratio from 

the capturing event between FAB and the antigen molecule.  
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Annex I: Biosensing in solid-liquid-core 
waveguides 
1. Background 

Tethering of biomolecules on the substrates is a popular practice in many applications of tissue 

engineering and biosensing. This is primarily due to the increasing need of developing point of 

care devices101, 102. For point of care, miniaturized lab-on-a-chip technology combines several 

aspects of the sensing and detection on the chip103. It requires immobilization of protein molecules 

on the biomaterial surface for cellular attachments. The biosensor technologies rely on capturing 

surface attached ligands for e.g. antibody-antigen interactions104. This is due to the fact that 

antibodies provide probes which are extremely specific towards binding of compatible antigen 

molecule105. The surface binding of sensing moieties is done by several routes such as 

photolithography, ion adhesion and chemical conjugation106. In general the surfaces are 

functionalized in order to attach biomolecules which will remain active by maintaining 

reorganization capability for targeted antigen.  

Why nanoporous solid- liquid-core waveguide as a biosensor? 

In the recent times, electronic and optical methods are used to sense the direct interaction between 

an antibody and antigen107. An example is a two dimensional patterned proteins attached to the 

biomaterial surface by nonspecific interactions i.e. adsorption or by covalent attachment to the 

surface. Also there are chemically modified antibodies with polymer chains, which are anchored to 

the polymeric surface105, 106. If we think about using a nanoporous polymer, it provides a huge 

internal surface available for binding of biomolecules. The high number of available binding sites 

per unit area can be translated into better signal strength of capturing event (antigen-antibody) by 

optical means. In other words, the sensitivity of the detection system can be improved. 

 Secondly, liquid-core waveguiding in a biosensor will ensure better light guiding to the detector. 

State-of-the art biosensor uses optical sensing techniques i.e. UV-Vis, NIR, which records 

capturing event and sends the optical signal to the decoding units. In the present case, the 

microchannel can used for hosting capturing event and later guiding the signal to the decoding unit 

with very minimal losses. An added advantage of this system is an inbuilt filtering ability of the 

polymer68. Due to its nanoporous nature, particles above 20 nm cannot infiltrate in the liquid core 

volume. This way we can use turbid analytes like blood or milk directly for sensing avoiding an 

intermediate step of centrifugation.  
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2. Fragment antigen-binding 

Schematic diagram of an IgG antibody is shown in figure 1. The antibody is a large Y-shaped 

protein molecule and it is divided into 2 parts: upper part is called fragment antigen-binding (Fab 

fragment) while the bottom part is Fc region. The Fab fragment is a probe of an antibody which 

binds to the antigen. In the Fab region, free end of the chains carries an antigen binding site known 

as paratop. The other end of the chains is connected to Fc region with a hinge. This hinge can be 

cleaved by papain enzymatic reaction to obtain Fab fragment through different extraction 

mechanisms.  The nanoporous polymer does not allow the diffusion of an entire antibody into the 

nanopores due to size constraints. Therefore, it is a requirement for the current system to make use  

 

Figure 1. Schematic illustration of an antibody showing Fc and Fab fragments along with a paratope 

responsible for specific binding of an antigen to the antibody.  

of the Fab fragments. Literature value reported length of a typical Fab fragment of about 7 nm 

with paratop size of about 2.5 nm108. In the present work we use anti-fluorescein

rabbit IgG fraction, R-phycoerythrin Conjugate (labeled with fluorescent dye) and anti-

fluorescein Green, rabbit IgG Fab fragment. Both Fab fragments are specific to oregon 

green or fluorescein dye molecule and upon capturing event, they extinguish the fluorescence 

effect of the dye.  

3. Concept of biosensing in SLCW 

Schematic diagram of biosensing in SLCW is shown in figure 2. It represents a nanopore cross-

section. The nanopore wall is functionalized with thiol molecules to render hydrophilicity in the 

polymer. In the process, it forms high surface density of thiol groups which can be equated to a 

thin layer of MSA being formed on the interfacial surface. This provides carboxylic acid groups 
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directed towards incoming Fab fragments immobilized in the nanopores. Due to adsorption driven 

by nonspecific binding between Fab and COOH groups, Fab fragments are expected to adhere on 

the nanoporous wall. This can provide ample of Fab sensing sites antigen containing analyte filled 

inside the nanopores. Upon capturing event (Fab-antigen), the aqueous core will be used as a 

waveguide for the detection of complex formation by absorption measurement.   

 

 

 

 

 

Figure 2.Schematic drawing of concept of biosensing in a SLCW. The thiol modified nanopores interface 

hosts functional groups which attaches to Fab fragments by unspecific binding. Antigen containing analyte 

can attach specifically to the Fab fragment and capturing event can be characterized by absorbance 

measurement by light guiding. 

4. Results and discussions  

It is important to demonstrate the following events in order to prove the biosensing in SLCW:       

1) Fab presence in the nanopores, 2) demonstration of capturing event (Fab-antigen complex), and 

3) demonstration of the capturing event in the SLCW. This work is performed in collaboration 

with the project partners, Peter Thomsen and Mads Christiansen.  

Solution of anti-fluorescein rabbit IgG fraction, R-phycoerythrin Conjugate of 

concentration of 2 g/100 L is prepared in MilliQ water. This solution is immobilized into the 

hydrophilic region of the nanoporous polymer. The solution droplet is placed on one end of the 

waveguide and filled in the microchannel by micro-capillary forces. Upon drying, the device is 

characterized by fluorescent confocal microscopy. Figure3 exemplifies MSA modified hydrophilic 

h the procedure described in chapter 6. Figure 3a 

shows results of fluorescent microscopy images (images at different levels are superimposed to 

obtain a single image) of hydrophilic channel in nanoporous polymer without Fab fragments. The 

measurement is done to verify the absence of auto-fluorescent signal from the functionalized 

surface nanoporous surface. Figure 3b illustrates cross-section of the carboxylated microchannel 

with strong fluorescent signal from phycoerythin labeled Fab fragment. The Fab fragments tend to 

adsorb on the carboxylated nanoporous wall, giving a strong signal from the microchannels 

 

 

Nanopore 
FAB 
fragment 

Antigen 
molecule 

Thiol functional 
layer (MSA) 

61

77



62 
 

boundaries. It is also evident that excess of Fab fragments are collected in the center of the channel, 

possibly due to the evaporation of water from the edges.  

             

Figure 3. Fluorescent microscopic images of a) hydrophilic microchannel without Fab fragments, showing 

absence of auto-fluorescence, b) microchannel with the presence of Fab fragments. The Fab fragments 

adsorbs on the microchannel wall and excess of Fab fragments tend to gather in the center of the channel 

possibly due to evaporation of water from the edges.  

Figure 4 shows a 3D profile obtained by confocal microscopy of the same microchannel, which is 

exposed to fluorescent tagged Fab fragment. X and Y axis numbers are representing pixels and 

should not be confused with actual length scale units. Vertical axis represents the intensity of the 

signal coming from the Fab fragment. The results clearly prove the presence of the adsorbed Fab 

fragments in the microchannel.  

After successful demonstration of Fabs presence in the nanopores, the next step is to demonstrate 

the capturing event between Fab fragments and fluorescein dye. This experiment is performed in a 

quartz cuvette to realize the required concentrations of Fabs to fluorescein. The fluorescein 

excitation curve shows broad distribution starting from 400 nm to 525 nm, with maxima at 494 nm. 

The emission spectrum ranges between 475-650 nm with maxima at 521 nm. The excitation of 

fluorescein is performed with a blue laser at 448 nm and the resultant emission is recorded in the 

green region at 550 nm. The results are shown in figure 5.  

 

 

b a 
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Figure 4.Confocal microscopic analysis of hydrophilic microchannel showing the presence of 

phycoerythrine labeled Fabs. The units shown on both axis represents pixels. Relation between these pixels 

and actual length units is not defined here.  

 

Initially a fluorescein emission spectrum in the cuvette is recorded by a spectrometer probe placed 

at 90o to the laser light. The Fab solution is added drop wise into the fluorescein solution and upon 

proper mixing, laser is coupled into the cuvette and fluorescence signal is collected as shown in 

figure 5.  

 

 

 

 

 

 

 

 

 

 

Figure 5. Cuvette measurement of capturing event between Fab and fluorescein dye molecule. The figure 

illustrates fluorescein emission signal being quenched upon addition of Fab aqueous solution. At 1:3 

proportion of fluorescein to Fab by mass results in extinction of fluorescein emission signal. 
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The scattering of 

the 448 nm light is avoided due to the relatively low concentration of the Fab solution and the size 

of the Fab molecules. This is later confirmed by conducting a UV-vis spectroscopy measurement 

of the Fab solution. The reduced fluorescence signal can be due to the capturing event in the 

cuvette.  

After illustrating capturing step in a cuvette, the final step is to demonstrate the same results in a 

SLCW. A non-skin layered nanoporous polymer is used for fabricating SLCW which facilitates 

the diffusion of aqueous solutions from top. Much reduced diffusion path length of 

sample thickness) is conducive for filling of entire microchannel with fab and dye solutions. The 

nanoporous device is clamped in a holder from 1 end in such a way that, the entire waveguide is 

projecting outside of the holder. Fluorescein dye solution in above mentioned concentration is 

added in drops on the waveguide from top which will instantly fill the waveguide region and thus 

guide the blue light. After careful alignment of the device, fluorescent intensity of the dye within 

the waveguide is recorded by a spectrometer as shown in figure 6. In the next step, the device is 

completely dried, at the same position, without disturbing the alignment. Upon drying, the channel 

stopped light guiding. That is when the Fab solution is added drop wise on the same waveguide. 

This results in wetting of the microchannel and guiding of the light once again. The fluorescent 

spectra is recorded again and compared to the previously obtained spectra. This type of 

experimental setup allows us for a direct comparison of the data obtained. Figure 6 shows the 

addition of the Fab solution, there is no considerable quenching of the original fluorescent signal. 

This can be primarily due to the unspecific adsorption of dye molecules on the nanoporous 

interface. In order to obtain an improved performance, an anti-fouling nanoporous interface is 

required which will prevent such antigen or fluorescein dye unspecific binding events into the 

nanopores.  

The exploratory experiment on the biosensing in SLCW shows promising trend. It still demands 

considerable work to create anti-fouling nanoporous interface for obtaining improved sensing 

ability of the system. Thus, the proposed application opens up exciting applications for the 

nanoporous polymers.  
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Figure 6.Capturing event of fluorescein in a SLCW showing partial quenching of the dye signal.
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a b s t r a c t

Photo-oxidation of nanoporous polymers is little studied. The high UV penetration depth and high
surface concentration in these materials give unprecedented possibilities both in fundamental work on
surface photochemistry and in nanotechnological applications related for example to patterned hydro-
philicity or refractive index. This is a quantitative study of the photo-oxidation products of nanoporous
gyroid 1,2-polybutadiene in air. Irradiation of the porous sample with UV in the wavelength range of
300e400 nm enables tuning of the hydrophilicity of the nanoporous polymer through formation of
hydrophilic chemical groups, carboxyl and hydroxyls, mainly onto the large airepolymer interface. The
nature and abundance of the chemical groups induced by photo-oxidation is identified by solid-state 13C-
NMR and FTIR spectroscopy. The distribution of photo-oxidation groups, both relative to the nanometre-
scale polymereair interface, and as a function of irradiation depth in the sample, is studied by
gravimetry, titrimetry, ATR-FTIR and energy dispersive X-ray spectroscopy in scanning electron
microscopy.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polybutadienes are susceptible to photo-oxidation as a result of
unsaturations present in the main chain or in the pendant groups of
the polymer. In unsaturated and unconjugated organic compounds,
lowest energy excited state transition (p,p*) occurs atwavelengths l
below 300 nm [1]. However, polybutadiene and other synthetic
materials undergo photo-oxidation by UV in the range 300 nm
< l< 400 nm [1,2]. The present understanding of the reaction
mechanism for the photo-oxidation of polydienes is based on the
following reaction steps [3e10]:

� Different impurity chromophores in the matrix absorb light,
forming excited states i.e. singlets, and from them triplets,
which are longer living and with increased probability of
reaction.

� Triplet state molecules cleave polymer chains by attacking
tertiary or allylic hydrogen forming polymeric radicals which
add molecular oxygen, generating peroxy radicals, thus

initiating auto-catalytic propagation step by abstracting
another tertiary proton and forming hydroperoxides.

� Hydroperoxide groups are highly photo-labile and thus get
excited upon absorption of UV light or by energy transfer
resulting in breakage of the OeO weak bond and formation of
peroxy and hydroxy radicals. Further, accelerated oxidation
occurs via chain scission, hydrogen abstraction etc.

� Alkoxy radicals may subtract an allylic proton resulting in an
alcohol and another polymeric radical. Hydroxy radicals may
also react with protons forming water molecules.

� Cross-linking is also observed during photo-oxidation due to
reaction of alkoxy radicals with the unsaturations in the main
chain or pendant groups, typically forming ether linkages.

� Carbonyl compounds are major photo products which are finally
observed in the photo-oxidized polymer. The formation of
carbonyl groups is often coupled with main polymer chain
scission.

� Norrish type I and II reactions further may yield carboxylic acid
groups [6e8].

The formation of hydroxyl (eOH), ether (ReOeR0), carbonyl
(ReCOeR0) and carboxyl (ReCOeOH) groups (conjugated or not), is
anticipated from the above short presentation of the photo-
oxidation reaction.
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In the present work we study in detail the photo-oxidation of
500 mm thick samples of gyroid nanoporous cross-linked 1,2-
polybutadiene. The surface modification throughout the sample is
primarily taking place due to availability of oxygen in the nano-
pores and the large penetration depth of reactive photons. The
formation of hydrophilic groups, like hydroxyl and carboxyl groups
modifies the affinity of polymer towards aqueous solutions [11,12].
The nature and overall concentration of oxygen-containing groups
is assessed by combining 13C NMR, FTIR and gravimetry. We
specifically investigate the distribution of carboxylic groups, both
relative to the airepolymer interface and to the thickness of the
sample. Routine laboratory techniques like gravimetry, titrimetry
and FTIR provide a wealth of information about the photo-
oxidation products and their distribution at the polymereair
interface. The high surface concentration in nanoporous polymers
makes this possible. For the sake of illustration, the surface area
enclosed within 1 mm depth of our mesoporous polymer is roughly
200 times larger than the outer surface. An approximate gain factor
of 200 is expected for the ATR-FTIR signal (typical probing depth of
1 mm) from the nanoporous polymer relative to a non-porous
polymer with same surface density of functional groups.

2. Experimental

2.1. Materials

The block copolymer was synthesized by following an already
reported procedure [13e15]. Tetrahydrofuran (THF) (purity� 99.9%,
GC grade), methanol (purity� 99.9%, HPLC grade) and TBAF (1.0 M
inTHF)were purchased fromSigmaeAldrich. Dicumyl peroxidewas
bought from Fluka (purity� 97.0%, TLC grade). All other chemicals
mentioned were used as received.

The preparationprocedure for the nanoporous films can be found
elsewhere [14,15]. In brief, nanoporous 1,2-polybutadiene with
gyroid morphology was prepared from a 1,2-polybutadiene-b-poly-
dimethylsiloxane (1,2-PB-b-PDMS) diblock copolymer precursor
after cross-linkingof the butadiene block andquantitative removal of
the PDMS block. The number average molar mass of the block
copolymerwas14,200 gmol�1, ofwhich59%bymasswas1,2-PB. The
polydispersity index as estimated by SEC and 1H NMR was 1.04. The
nanoporous sample was of gyroid morphology [2] with pore diam-
eterof 14�1 nmand surface area of 280� 40 m2 g�1 as estimatedby
nitrogen adsorption. The films were made by solvent casting THF
solutions of the block copolymer mixed with 1 mol % of the cross-
linker dicumyl peroxide relative to the number of double bonds of
the PB component. After THF evaporation under nitrogen, the films
were cross-linked at 140 �C in nitrogen atmosphere for 2 h. The
etching of the PDMS minority block was done by using 3:1 molar
excess of tetrabutylammonium fluoride (TBAF) relative to SieO
bonds in PDMS. The etching step lasted for 36 h andwas followed by
cleaning in THF and methanol for a total of 16 h.

The photo-oxidation of nanoporous polymer was done in
a ‘photo-reactor’ consisting of a set of Philips Cleo 25W RS UV
lamps, for 24 h under continuous venting with air and maintained
at 38 �C. The UV irradiation ‘hits’ the samples from the top side. The
emission spectrum is in the wavelength range of 300e400 nm and
is shown elsewhere [2].

2.2. Characterization techniques

IR spectra were recorded with a PerkinElmer Spectrum One �
FTIR Spectrometer using an Attenuated Total Reflectance (ATR)
measuring head with a resolution of 4 cm�1 and summation of 32
scans. 13C NMR measurements were done on a 300 MHz, Varian
Unity INOVA Solid-state NMR instrument at Roskilde University. A

delay time of 15 s was used, to allow hydrogen deficient carbon
signals like carboxylic acids, ketones etc to relax.

UVphoto-oxidized sampleswere treatedwithNaOHdissolved in
different solvents. NaOH treatment (staining)was used formapping
the distribution of carboxylic groups in the polymer as described in
the ‘Results and Discussion’ section. The staining of samples was
done by first preparing a 0.250 M solution of NaOH in MilliQ water,
which was then diluted five times by volume in solvents like water,
methanol and THF. The final mixture was used to probe the
concentration of carboxylic groups in the photo-oxidized polymer
at different depths relative to the airepolymer interface. Titration
experiments were done using 0.100 M potassium hydrogen phtha-
late (PHP) in MilliQ water and NaOH solution in water and meth-
anol. NaOH stained samples were removed after 8 h and washed in
consecutive solvents on a shaker for 2 h and this solvent was added
to the original solvent, which was then titrated with PHP.

Small-angle X-ray scattering (SAXS) data were acquired at Risø
National Laboratory (Risø e DTU) using Cu Ka X-rays with a wave-
length of 1.542�A from a Rigaku rotating anode with the sample at
a distance of 1435 mm from the 2-D position-sensitive wire
detector. 1-D scattering plots of intensity versus length of scattering
vector q¼ 4pl�1 sin(q/2) were obtained by azimuthal integration of
the 2-D data, where l and q are the X-raywavelength and scattering
angle, respectively. The SAXS patterns of both the pristine nano-
porous samples and of the photo-oxidized samples were identical
and consistent with the gyroid morphology [2].

Energy Dispersion X-ray spectroscopy (EDX) with Scanning
Electron Microscopy (SEM) was performed on an Inspect S micro-
scope from FEI at the Centre for Electron Nanoscopy, DTU-CEN. The
EDX detector in SEM detects X-ray radiation generated by the
microscope’s electron gun, which was used for elemental analysis
of the sample. The analysis was carried out under vacuum using an
electron accelerating voltage of 5 kV.

3. Results and discussion

The UVevis absorption spectrum of nanoporous 1,2-
polybutadiene is shown by the dashed line in Fig. 1a. The penetra-
tion depth is the depth in the material at which intensity is reduced
by a factor of e (Euler’s number) relative to the intensity hitting the
upper sample surface [16]; it’s inversely proportional to the absor-
bance and is shown by the solid line in Fig. 1a. In the effective
irradiation range of 300e400 nm, absorption markedly decreases,
while penetration depth increases at increasing wavelength. Pho-
toactive UV quanta penetrate deep into the polymer, which sets the
platform for effective photo fixation of oxygen in the entire thick-
ness of the sample. However the increasing penetration depth with
decreasing photon energy is one of the causes of heterogeneous
samplemodification at different depths, as will be shown at the end
of this section. It is important to note that the significant absorbance
at l> 300 nm cannot be explained by the expected material
composition. A possible chemical composition, concentration and
source for the alleged chromophore impurities mentioned in the
introduction, with such a significant effect in the absorption spec-
trum is difficult to accept. The free radical cross-linking initiator
dicumyl peroxide (DCP) could be the source of some kind of
aromatic chromophore impurity. However substituting DCP with
aliphatic initiators like diamyl peroxide or di tert-butyl peroxide did
not produce any noticeable change in the UVevis spectra [2]. The
major contribution to the ‘absorbance’ is most probably scattering;
preliminary results show that non-porous networks prepared by
cross-linking 1,2-PB homopolymer by the same procedure as
described above show very similar absorbance spectra. Such an
observation hints at the 1,2-PB cross-linked network density fluc-
tuations as the main source of scattering. Further investigation is
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currently being carried out and results will be reported elsewhere.
After 24 h of exposure to UV the sample shows an increased
absorption in the visible, mostly in the blue region, as clearly seen in
Fig.1b,which imparts to photo-oxidized samples a yellowish colour.
The absorbance in the visible may be due to the formation of few
highly conjugated carbonyl compounds with high extinction coef-
ficient in the blue [4]. At the level of accuracy of the analyses pre-
sented herewe have not been able to detect such groups. In the rest
of the manuscript we discuss procedures and results of identifica-
tion of the major photo-oxidation groups and their distribution,
based on a variety of experimental techniques: FTIR, gravimetry, 13C
NMR, titrimetry and EDX-SEM.

3.1. Identification and quantification of oxygen-containing groups
by FTIR, gravimetry and 13C NMR

3.1.1. FTIR
Irradiation of nanoporous films under polychromatic UV for 24 h

in presence of air leads to changes in IR spectra compared to the
non-irradiated samples. Newabsorption bands develop in the range
of 3100e3670 cm�1, around 1710 cm�1 and a series of overlapping
peaks in the region from 1500 to 650 cm�1, as shown in Fig. 2. The
peaks at 1200 cm�1 and 1100 cm�1 can be due to CeO bonds in
aliphatic and vinyl ethers or alcohols. The broad peak centring at
3400 cm�1 can be attributed to alcoholic OH groups and the over-
lapping broad absorption extending down to 2500 cm�1 can be

attributed toOH groups in carboxylic acids. The peak in the carbonyl
region (1500e1710 cm�1) can either be due to the presence of
ketones, aldehydes or carboxylic acid compounds [4,5,17,18].

NaOH stainingwas done in order to discriminate carboxylic acids
from the carbonyl compounds formed after photo-oxidation. It was
also used for mapping the distribution of carboxylic groups relative
to the pore surface and to the irradiation depth, as discussed in the
following Sections 3.2 and 3.3. Fig. 3 shows IR spectra of a UV
modified sample before and after treatment (staining) with NaOH. It
is notable that most of the peak centring at 1720 cm�1 has been
shifted to 1570 cm�1 (antisym. stretch) and1380 cm�1 (sym. stretch)
after the basic treatment. This peak shift is due to the conversion of
carboxylic groups to sodium carboxylate salt. This in turn confirms
that the majority of the carbonyl groups are actually carboxylic
groups. In the following we consider the formation by photo-
oxidation of ester groups as an event of negligible probability. Such
groups, if hydrolyzed under the NaOH treatment, could also be
a sourceof sodiumcarboxylate. The residual peak at about1710 cm�1

in the NaOH treated sample must originate from either ketones or
aldehydes. As will be shown shortly, 13C NMR analyses favours
saturated ketones as the best choice for the residual carbonyls and
it’s estimated to representw 20% of the total carbonyls.

Fig. 2. FTIR spectra of non-irradiated and UV irradiated nanoporous polymer.

Fig. 3. FTIR spectra of UV irradiated and NaOH stained nanoporous polymer.

a

Fig. 1. UVevis absorption spectra for nanoporous cross-linked 1,2-PB before and after
photo-oxidation. (a) Absorption and penetration depth of UV radiation for a 500 mm
thick sample. (b) Absorption of non-treated and 24 h UV treated sample.
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3.1.2. Gravimetry
Gravimetric analysis of samples before and after UV treatment

and after NaOH staining give information on the total fixed oxygen
and the fraction of oxygen fixed in the form of carboxylic groups.
The sample mass increase after photo-oxidation provides the total
amount of oxygen photochemically fixed in the polymer. Similarly,
mass uptake from NaOH staining, after thorough removal of excess
by rinsing and after drying gives the concentration of the coun-
terion Naþ, which is equivalent to the moles of COOH groups in the
polymer. The rest of oxygen might then appear in the form of other
photo products like ethers, ketones, or alcohols. The fractional mass
uptake relative to original nanoporous polymer after UV treatment
and vacuum drying is in average 0.15, equivalent to 9.4 mmol of O,
while the fractional mass uptake due to exchange of hydrogenwith
sodium is 0.055 (again relative to the original nanoporous poly-
mer), equivalent to 2.5 mmol of COOH or 5.0 mmol of O. Therefore
the fraction of oxygen in the form of carboxylic acid groups
constitutes 53% of the total fixed oxygen. The NaOH staining here is
done in water solution, which as explained later in the text
addresses about 93% of the total COOH groups, the remaining 7%
being ‘buried’ deeper inside the polymer matrix, at a concentration
insufficient to allowwater access (see discussion related toTable 2).
This means that the actual amount of oxygen fixed in COOH groups
might be 57% of the reacted oxygen, slightly higher than the figure
mentioned above. In that case the remaining 43% of the total fixed
oxygen would be part of other photochemical groups.

3.1.3. Solid-state 13C NMR
Fig. 4 shows solid-state 13C NMR spectra [17] of a nanoporous

sample before and after UV irradiation, vertically shifted for the
sake of clarity. The sample before photo-oxidation is essentially
highly cross-linked 1,2-PB (with w9% of monomers 1,4 connected).
It shows two groups of peaks, the one centred at about 35 ppm
assigned collectively to the saturated carbon atoms, and a group of
peaks in the range 110e150 ppm assigned to the olefinic carbons.
The number fraction of the two saturated and olefinic carbons are
0.86 and 0.14, as given in the first data row of Table 1. This is
equivalent to 28% of the original double bonds in the precursor 1,2-
PB-b-PDMS block copolymer surviving the cross-linking reaction,
very well in line with the FTIR results (data not shown). Such
a coincidence gives confidence that the recorded 13C NMR spectra

shown in Fig. 4 can provide quantitative information. In addition to
the peaks observed for the original nanoporous sample, the
oxidized sample shows a broad peak around 82 ppm assigned to
carbon bound to oxygen by single bonds (ether or alcohol groups),
another broad peak at 175 ppm, which we interpret as due to COOH
groups and aweak peak at 210 ppm, most probably due to carbonyl
carbon in saturated ketones. It is also evident that no peak can be
discerned in the range of 185e200 ppm expected for aldehydes or
a, b-unsaturated ketones. The mole fraction of the five groups of
carbons as labelled in Fig. 4 that were found in the photo-oxidized
sample are shown in the second data row of Table 1. The numbers
were derived from the respective peak areas in Fig. 4. The data in
Table 1 reveal a number of interesting features about the products
of photo-oxidation:

� 89% of the Carbon atoms in the photo-oxidized sample remain
aliphatic, while 11% bind to oxygen as ethers, alcohols,
carboxylic acids and saturated ketones;

� The fraction of olefinic carbons ‘2’ after photo-oxidation is only
slightly lower than before (0.13 instead of 0.14), while the frac-
tion of saturated carbons ‘1’ falls to 0.76 from the original 0.86.
With unchanged total number of carbon atoms in the two
samples this indicates that most oxygen is fixed on originally
saturated carbons, which indirectly supports the idea that
tertiary or vinyl carbons are the most labile loci for photo-
oxidation;

� 6% of the Carbons are bound to oxygen by single bonds like in
ethers and alcohols (group ‘3’), and 5% as carbonyls (4%
carboxylic groups, ‘4’, and 1% saturated ketones, ‘5’);

� The third data row in Table 1 lists an estimate of the partition of
photo-fixed oxygen among the five possible chemical groups.
60% of the oxygen is in carboxylic acids, 33% in ethers or
alcohols (at almost equal proportion), and 7% in saturated
ketones. It is calculated from the number fraction of carbon in
each group (2nd data row) recalling that the molar ratio of
directly bond C:O is 2 for ethers, 1 for alcohols and ketones and
0.5 for carboxylic acids. An additional boundary condition is
the already mentioned total amount of reacted oxygen per
gram of nanoporous polymer (9.4 mmol g�1).

In summary, solid-state 13C NMR analysis provides qualitative
and quantitative results about the nature and abundance of the
chemical groups formed by photo-oxidation of the nanoporous
cross-linked 1,2-PB. The hydrophilic groups formed by photo-
oxidation are carboxylic acids (43% of the oxygen-containing
groups binding 60% of the fixed oxygen), and alcohols (24% of the
groups, 17% of the oxygen). Ethers count for 23% (16%) and satu-
rated ketones for 10% (7%) of the groups (fixed oxygen). We believe
that the abundance of molecular oxygen in the nanopores during
UV irradiation can favour the formation of oxygen radicals,
conducive for the formation of carboxylic acid groups, as illustrated
in Scheme 1. Aldehydes and unsaturated ketones are not observed
as final photo products. The 60% of oxygen contained in COOH
groups is close to the value of 57% estimated by gravimetry as
already discussed in the previous paragraph.

Fig. 4. Solid-state 13C NMR spectra for unmodified and UV modified nanoporous
polymer. The saturated carbons in the cross-linked 1,2-PB (containing w9% 1,4-PB) are
collectively labelled by 1, the olefinic C by 2, the C connected to oxygen by single bond
(like in alcohols or ethers) by 3, the carboxylic C by 4 and the carbonyl C (in saturated
ketones) by 5. The dashed lines show baselines and peak tailing settings that were
used to estimate the concentrations (see Table 1).

Table 1
Fraction of carbons of different chemical bonding from 13C NMR and oxygen parti-
tion among functional groups. The numbers in the first row are the labels of C groups
given in Fig. 4.

Sample C ‘1’ C ‘2’ C ‘3’ C ‘4’ C ‘5’

Before photo-ox. 0.86 0.14 0 0 0
After photo-ox. 0.76 0.13 0.062 0.038 0.010

‘O’ partition/% 33 (16 eth, 17 alc) 60 7
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3.2. Distribution of carboxylic group relative to airepolymer
interface

In the following we present a method that allows studying the
distribution of carboxylic groups relative to the airepolymer
interface. It is based on FTIR and gravimetric analysis of oxidized
samples treated by NaOH basic solutions with different hydrophi-
licity, which probe different portions of the polymer wall around
nanopores.

Table 2 shows result for 3 different solvent systems used to carry
out an acid-base reaction between carboxylic groups formed after
photo-oxidation and NaOH. Three different solvents are chosen to
address the concentration of carboxylic groups within different
volumes in the nanoporous system. 0.250 M NaOH solution in
MilliQ water is diluted in the respective solvents to prepare final
solutions used for the experiment. Samples’ initial mass and dry
mass after treatment is recorded. The purely aqueous NaOH solu-
tion is expected to probe the nanopores and the most hydrophilic
part of the modified polymer, whereas methanolic NaOH can
penetrate further into the bulk of PB, away from the airepolymer
interface. Finally, the THF basic solution can probe both the nano-
pores as well as cross-linked polymer matrix. The THF-containing
solvent system registers high volume uptake value as THF can
both fill the pore volume and swell the cross-linked polybutadiene
matrix. The most important information obtained by Table 2 is that
the concentration of carboxylic groups measured by FTIR, as illus-
trated in Fig. 5, is the same for both the methanol and the THF basic
solutions, while the concentration probed by the basic water
solution is 7% lower on the front side and 9% on the back side of the
sample. These findings are consistent with a scenario where
methanol probes all the carboxylic groups (no additional groups
probed by THF), while water probes the polymereair interface
where it is most hydrophilic, missing a small fraction of the
carboxylic groups found at low concentration deeper in the poly-
mer matrix. In the following paragraph we try to understand the
quantities of water and methanol uptake given in Table 2 as related
to available sample porosity and assuming volume additivity. This

will allow to obtain an approximate picture of the spatial distri-
bution of COOH groups relative to the pore walls.

First, the specific porosity of the original nanoporous sample can
be calculated asmPDMS=mPB=rPDMS ¼ 0:41=ð0:59� 0:97 g cm�3Þ ¼
0:72 cm3 g�1. The total specific volume of polymer and pores is
1.72 cm3 g�1, the density of the cross-linked matrix being
1.00 g cm�3 [15]. The fractional mass uptake of oxygen after UV
radiation is 0.15 relative to the original nanoporous polymer. SAXS
measurements of the photo-oxidized samples in water and in
methanol are consistentwith volumetric swelling factors of 1.00 (no
swelling) and 1.09, respectively, relative to the original nanoporous
sample [19]. The absence of swelling inwater is consistent with the
simple situation ofwater exclusivelyfilling the porous volumeof the
photo-oxidized polymer. Sample swelling driven by the diminished
surface energy of thewater wet sample relative to the dry sample is
evidently insignificant, most probably due to the high cross-linking
degree of the polymer matrix. If all the oxygen were fixed in
a 0.5e0.6 nm thick polymer layer around the pores (see Scheme 2),
an average density of 1.4e1.3 g cm�3 for this layer in the dry state
would leave enough pore volume for the observed water uptake
given in Table 1. Now, densities in the range 1.3e1.4 g cm�3 are quite
realistic for oxygen-rich polymers, even in the absence of cross-
linking; for example bulk density values for poly(acrylic acid)s are
in excess of 1.5 g cm�3, while 1.3 g cm�3 is the reported value for
polyvinyl alcohol [20,21]. Methanol swells the oxidized polymer by
about 9% (v/v). It’s possible that in addition to the pore volume,
methanol also partially penetrates the cross-linked matrix, which
causes sample swelling. A 9% swelling increases the initial 1.72 cm3

(per gram of unmodified polymer) into 1.87 cm3, of which 1.09 cm3

is photo-oxidized polymer. The rest 0.78 cm3 is available to meth-
anol, which is close to the observed 0.80 cm3 listed in Table 1.
Assuming affine swelling, the pore volume increases from 0.64 cm3

(fromwater uptake) to 0.70 cm3. The remaining 0.10 cm3 of the total
gained methanol is then entering the matrix. It’s not possible to
decide the distribution of methanol within the polymer matrix. The
typical uncertainty of the datamentioned in this discussion is of the
order of few percent. The observation that water probes about 93%
of the carboxylic groups combined with exclusive water confine-
ment within the pores demonstrates that the big majority of
carboxylic groups are distributed within a very narrow layer at the
polymereair interface. As mentioned above a layer thickness of the
order of 0.5 nm, comparable to one monomer extension, is plau-
sible; this is shown by a step function distribution in Scheme 2,
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Scheme 1. Photo-oxidation reactions of 1,2-PB after the formation of alkoxy free
radicals (see Introduction) forming first carbonyl and afterwards carboxyl groups.

Table 2
Three solvent systems probing carboxylic groups in UV modified nanoporous
polymer.

Solvent Volume uptake
(%)a

Peak ratio
front sideb

Peak ratio
back sidec

NaOHþH2O 63.5� 0.2 2.40� 0.3 0.53� 0.05
NaOHþH2Oþmethanol 80.00� 0.5 2.57� 0.3 0.57� 0.05
NaOHþH2Oþ THF 108.7� 0.5 2.54� 0.7 0.58 � 0.05

a Volume uptake (%)¼ 100�Dm/(r�m), wherem is the dry mass of the oxidized
sample and Dm the mass uptake of solution with density r.

b Peak ratio on the side facing UV for the FTIR absorbance peaks at 1568 cm�1

(carboxylate ion peak) and at 2917 cm�1 (CeH sp3 peak), see Figs. 5 and 6.
c Peak ratio calculated as in table footnote b, but on the back side of the sample,

see Fig. 6.

Fig. 5. FTIR transmission spectra of photo-oxidized samples treated with: water
þNaOH, methanolþwaterþNaOH and THFþwaterþNaOH, normalized relative to
the hydrocarbon peak at 2917 cm�1. The spectra are vertically offset for the sake of
clarity. The height ratios between the two groups of highlighted peaks are listed in the
2nd data column of Table 2.
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while a more realistic distribution would have been exponential
concentration decay from the polymereair interface into the poly-
mer matrix. The narrow oxidation skin can be a consequence of the
high degree of cross-linking of the 1,2-PB matrix [14]; the resulting
poor permeability of oxygen into the cross-linked matrix virtually
limits itsmodification to the very interface region afterUVexposure.

3.2.1. Average surface density of carboxylic groups by gravimetry
and titrimetry

As already mentioned the mass increases by 5.5� 0.1% relative
to the native nanoporous polymer (or 4.7� 0.1% relative to the
oxidized sample), when hydrogen is exchanged by sodium in the
photo-oxidized nanoporous polymer. The mass increase can be
expressed as an average surface density of 5.4� 0.7 nm�2

carboxylic groups in the polymer, by evenly ‘distributing’ the
groups onto the 280� 40 m2 of surface area in 1 g of native
nanoporous polymer. Alternatively, the surface density of carbox-
ylic acid groups is determined by titrimetry. It was carried out by
first neutralizing all the COOH groups formed due to photo-
oxidation by a base (NaOH) in excess and then titrating the base
excess by potassium hydrogen phthalate (PHP). The solid form of
PHP facilitates accurate preparation of fixed molar concentration
solutions, which is essential while performing sensitive titration
reactions. MilliQ water is used as a solvent. The surface density of
carboxylic groups calculated by titrimetry on 5 samples was
5.5� 0.9 nm�2, which is in very good agreement with the gravi-
metric result (5.4� 0.7 nm�2).

3.3. Distribution of oxygen and carboxylic groups relative to sample
depth by EDX-SEM and FTIR

13C NMR, gravimetric and titration analyses provide average
concentrations of photo-oxidation groups in UV treated nano-
porous samples. The actual concentration of reacted oxygen is
heterogeneous across the sample thickness [3], decreasing from the

side which faces the UV source to the back side of the sample.
Therefore, the rest of the manuscript addresses the concentration
distribution of oxygen in general and carboxylic groups in partic-
ular across the thickness of the nanoporous sample. This was
carried out using Energy Dispersive X-ray Spectroscopy (EDX) [22]
in SEM and by ATR-FTIR. EDX uses a Si chip detector to measure the
incoming X-ray generated by an electron gun. The detector
measures photon energy and photon count and performs quanti-
tative analysis of elements in the sample along with its normal SEM
imaging. The scanning is carried out across the thickness with 10
equally spaced points and the elements C, O, Na are mapped. The
absolute values obtained by EDX for the three elements are not
expected to reflect the actual abundance, as the technique is not
quantitative for the light elements. However, in the following we
assume that the atomic abundance of O relative to Na reflects the
real ratio of these two elements. The assumption allows us to
estimate the fraction of oxygen fixed in the form of carboxylic
groups during photo-oxidation as a function of sample depth
relative to the surface facing UV. Fig. 6a and b compares the results
on the atomic % of oxygen (left axis in 6a) and sodium (right axis in
6b) obtained by EDX with the concentration of carboxylic groups
determined by ATR-FTIR, both as plotted against the sample depth.
0 microns corresponds to the side facing UV irradiation. The right
(left) vertical axis in Fig. 6a (b) shows the ratio between intensities
of carboxylic acid peak and CeH sp3 hybridized stretch peak; this
last is used as an internal reference. Even though the CeH peak is
changing as the nanoporous surface gets modified, as discussed
earlier the modification is restricted mainly to the polymereair
interface. Statistically, the majority of CeH peak contribution is
coming from the unmodified bulk polybutadiene, which justifies its
use as an approximate internal reference in FTIR.

Both EDX and FTIR show a significant decay in oxygen concen-
tration as a function of sample depth away from the UV source. In
the case of the EDX, the oxygen concentration falls by a factor of 4
within the first 100 mm of the cross-section. Both analyses indicate

Scheme 2. Carboxylic group distribution in nanoporous polymer system, schematically represented by a step function of width 0.5 nm at the pore wall.
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that oxygen is highly concentrated at the top layer, few tens of
microns thick, which is directly exposed to the UV source. The
oxygen concentration reduces to a much lower and rather homo-
geneous value across the rest of the sample thickness. From the
very start of photo-oxidation the most energetic photons show
a much shorter penetration depth in the material, as already
observed from the UVevis absorption data in Fig. 1. Therefore the
flux of reactive photons is expected to fall significantly with the
depth. It is only the photons at longer wavelengths that can effec-
tively react deeper in the polymer. The FTIR analysis on both sides
of the samples treated with NaOH gives rise to very similar spectra
(not shown), just the intensity of the bands related to photo-
oxidation is significantly reduced on the back side of the sample.
Therefore the chemistry throughout the sample seems to be the
same, with the caveat of reduced concentration of photo-oxidation
groups away from the front surface.

The similar trends in Fig. 6a for total oxygen monitored by EDX
and carboxylic groups monitored by FTIR show that the fraction of
COOH relative to the total fixed oxygen are roughly constant
throughout the sample cross-section. Similar trends are also
observed for the monitoring of carboxylic groups by EDX (double
concentration of sodium) and FTIR, as illustrated in Fig. 6b. Again,
the quantitative determination by EDX of the light elements C, O
and Na is difficult, however the similarity in the trends of
concentration of carboxylic groups measured by the two methods
shown in Fig. 6b allows some confidence that the concentration
profiles of O and Na measured by EDX can be useful in a relative

scale, at least for semi-quantitative analyses. The relative areas
under the concentration profiles of O and 2�Na give an indepen-
dent estimate of the average fraction of oxygen in the form of COOH
relative to the total oxygen in the sample. The value found is 0.61,
which is very similar to the value 0.60 obtained by 13C NMR and
comparable to the estimation of 0.57 given earlier in the paper on
the basis of NaOH staining and gravimetric. The depth profile of
photo-oxidation shown in Fig. 6a and b very clearly illustrates the
heterogeneity of the oxidative modification across the sample
thickness. The photo-oxidation degree on a 0.5 mm thick nano-
porous sample realized by the UV source of the present study
diminishes by a factor of 3.3 from the surface facing the UV source
to the back surface, as estimated from the variation of Sodium
concentration in Fig. 6b. As the sample is hydrophilic throughout
the whole thickness, this means that the density of hydrophilic
groups close to the frontal outer surface is at least 3.3 times larger
than needed for spontaneous water acceptance into the nanopores.
The critical pore surface density of carboxylic groups for sponta-
neous water uptake can be estimated to be 3 nm�2 from time-
dependent photo-oxidation experiments (data not shown). The
excessive photo-oxidation on the most exposed side of the sample
can compromise the mechanical stability of the sample due to
chain scission accompanying the formation of e.g., carboxylic
groups. This is relevant for certain possible applications of the
present materials and can be reduced, as discussed below.

Before concluding, we briefly consider the application potential
of the photo-oxidized nanoporous polymers presented here. In two
separate reports [2,23] we have already demonstrated hydrophilic
patterning and wave guiding by UV irradiation applied in the
presence of a UV mask. Such samples take up water exclusively in
the patterned volume of nanopores exposed to UV, this creating the
refractive index contrast that allows wave guiding. We have also
demonstrated that a ‘hydrophilized’ sample behaves exactly in the
same way after 6 months of dry storage under Argon [2], showing
no sign of (irreversible) hydrophobic recovery, as is typical formany
hydrophilically modified polymers [24]. The mechanical stability of
the material has not been an issue in the above mentioned appli-
cations. However we have observed noticeable material embrit-
tlement for irradiation times exceeding 30 h, even though the
gyroid structure apparently remains intact for radiation times of up
to 40 h [2]. From preliminary results, mechanical weakening can be
minimized by diminishing the heterogeneity of photo-oxidation
observed in Fig. 6a and b by: (1) changing the UV source to e.g.,
a monochromatic source with a wavelength of long penetration
depth relative to sample thickness (such as the 365 nm I-line of
Mercury); (2) reducing the sample thickness (for most applications
thicknesses below 50 mm are sufficient); (3) if possible, irradiating
the sample symmetrically from both sides. Such measures are
necessary, especially for applications requiring materials with good
mechanical stability, such asmembranes for ultrafiltration. Another
strategy that fully conserves the mechanical properties of the
nanoporous samples is to use much more efficient reactions than
the photo-oxidation reaction of the present study, e.g., thiol-ene
photochemistry [25].

4. Conclusions

Photo-oxidation of gyroid nanoporous 1,2-polybutadiene has
been performed in the presence of oxygen by exposure to UV of
wavelength in the range 300e400 nm. Limited absorption of at
least the photons of wavelength exceeding 350 nm combined with
a relatively high permeability of oxygen through the nanopores
create good conditions for photo fixation of oxygen throughout
500 mm thick films of nanoporous polymer. The most detailed
information on the nature and overall concentration of the photo-

a

b

Fig. 6. Distribution of total oxygen and COOH groups across the thickness of photo-
oxidized nanoporous polymer mapped by EDX-SEM and ATR-FTIR.
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oxidation groups is obtained by solid-state 13C NMR. It reveals that
about 11% of the carbon atoms are directly bond to oxygen, 43% of
the oxygen-containing groups are carboxyls, 24% hydroxyls, 23%
ethers and 10% saturated ketones. About 60% of the bound oxygen
is found as carboxylic groups. Within the sensitivity of the analyses
aldehydes and a, b-unsaturated ketones are absent. The localization
study of carboxylic groups reveals that virtually all hydrophilic
groups are found within 0.5e0.6 nm at the matrixeair interface of
the pore walls. The overall concentration of carboxylic groups
obtained by 13C NMR is very well in line with the results from
gravimetry, NaOH staining and titrimetry. An average carboxyl
surface concentration of 5.5� 0.9 nm�2 is estimated by these
techniques. It is also shown by EDX-SEM and FTIR on spots
uniformly distributed along the cross-section of the oxidized
samples that the photo-oxidation process is highly non uniform. A
high concentration of carboxylic groups is formed in the first few
tens of micrometres from the polymer surface facing UV. The
concentration drops by a factor of 4 within the first 100 mm from
the surface and then shows little change for the remaining 400 mm
of sample thickness. A consistent picture of the type, abundance
and distribution of photo-oxidation products of nanoporous 1,2-PB
was presented, by combining a number of experimental tech-
niques. Some ‘routine’ techniques used, like gravimetry, FTIR and
titrimetry, provided essential and independent information on
surface chemistry, which is only possible due to the ‘unusually’ high
concentration of surface in nanoporous materials. Controlled
photo-oxidation of hydrophobic nanoporous polymers is
a straightforward route for rendering the porous volume readily
accessible to water; patterned hydrophilicity can be realized by use
of appropriate masks. Such materials hold great application
promise as ultrafiltration membranes, as hydrophilicity contrasted
materials for many biological applications or as refractive index
contrasted materials for diagnostics, microfluidics and sensors.
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Abstract Nanoporous Solid-Liquid core waveguides were prepared by UV 
induced surface modification of hydrophobic nanoporous polymers. With 
this method, the index contrast ( n = 0.20) is a result of selective water 
infiltration. The waveguide core is defined by UV light, rendering the 
exposed part of a nanoporous polymer block hydrophilic. A propagation 
loss of 0.62 dB/mm and a bend loss of 0.81 dB/90° for bend radius as low 
as 1.75 mm was obtained in these multimode waveguides. 

©2010 Optical Society of America 

OCIS codes (160.5470) Polymer; (230.7370) Waveguides. 
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1. Introduction 

Optofluidics combine optics and fluidics, opening new frontiers in developing optical systems 
that exploit fluidic properties [1] and analyse the properties of fluids [2,3]. Integration of 
liquid and optical elements on the same platform is essential for a more compact and robust 
optofluidic device [4,5]. Liquid-Core waveguides (LCW) confine light and liquid in the same 
volume providing large interaction length and reduced sample volume. Highly sensitive 
optofluidics devices can be designed using LCWs. Total internal reflection (TIR) [6] 
techniques are usually employed to guide light in the LCWs. As water or aqueous solutions (n 

1.33) forms the core of LCW, the major challenge is in finding a suitable solid cladding 
material with refractive index below 1.33. Most applied technologies in this field include 
Teflon AF cladded LCWs [7], Anti Resonant Reflecting Optical Waveguides (ARROWs) [8] 
and nanoporous clad LCWs [9,10]. Although Teflon AF is widely used, low surface energy 
and inertness to chemical functionalization present challenges to use this material in planar 
chip fabrication. 

This work presents nanoporous waveguides, consisting of a clad of hydrophobic 
nanoporous polymer (NP) and a core of hydrophilic NP infiltrated by liquid. The typical pore 
size (14 nm) and spacing of the nanoporous polymer is significantly smaller than the 
wavelength of guided light. Therefore, the core of our waveguides is a solid-liquid 'alloy', 
hence an appropriate acronym for these waveguides would be Solid-Liquid Core Waveguides 
(SLCW). We also report losses (propagation, bending and coupling loss) observed in these 
waveguides studied with cutback techniques. 

2. Device fabrication 

An attractive way to obtain NP polymers is by total or partial removal of one block from self-
assembled block copolymers. The morphology of the self-assembled material is determined 
by the block's volume fraction in block copolymers and by thermodynamical variables  
[11–13]. In our work, the starting material is a self-assembled diblock copolymer of 
Polybutadiene and Polydimethylsiloxane (PB-PDMS) [Fig. 1(a)]. PB-PDMS was synthesized 
by anionic polymerization [14]. The schematic illustration of the working principle of SLCW 
in 1,2 Polybutadine (PB) nanoporous polymers is shown in Fig. 1. NP polymers were 
prepared initially by solvent casting the PB-PDMS block copolymer in tetrahydrofuran (THF) 
with 1 mol % of the cross-linker dicumyl peroxide with respect to the number of double bonds 
of the PB component. The morphology of the self assembly determines the distribution of 
pores in the polymer matrix. The material was further cross-linked at 140°C in an 
argon/nitrogen atmosphere for 2 hours in order to provide mechanical stability to the PB 
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matrix. A volume fraction of 0.60 for the PB block in the original block polymer was 
controlled by the polymer synthesis and the obtained self-assembled morphology was of the 
cubic symmetry 3Ia d , known also as gyroid morphology [11,15]. This morphology provides 
bicontinuous porosity and high transparency, which are important for the liquid transport and 
for waveguiding characteristics of the obtained device. The cross-linked PB-PDMS block 
copolymer was rendered nanoporous by selectively etching the PDMS minority block from 
the bulk system, using tetrabutyl ammonium fluoride (TBAF) at three times molar excess, 
relative to the repeating unit of PDMS. Etching took 36 h and was followed by cleaning of the 
PB matrix in THF and methanol for a total of 16 h. A porosity of 0.44 [Fig. 1(b)] was 
determined by methanol uptake [13] from the obtained material. The volume fraction of cross-
linked PB (0.56) is lower than that of the uncrosslinked PB (0.60) due to increase of density 
induced by cross-linking. 

 

Fig. 1. Schematic illustration of working principle of Liquid Core waveguiding n 1,2-PB 
nanoporous polymers (a) Polymer self assembly of PB-PDMS, (b) Minority block etched 
hydrophobic NP polymer, (c) Selectivity UV exposure using a UV mask in presence of oxygen, 
(d) Hydrophillic NP polymer formed at exposed regions, (e) Exposed region infiltrated with 
water have changed effective refractive index. 

The self-assembled block copolymer and the nanoporous polymer obtained from it can be 
considered as binary alloys with heterogeneity length scale much lower than the wavelength 
of visible light. An effective refractive index neff of the block copolymer or NP can be 
calculated by the Lorentz-Lorenz relation 

 
2 2 2 2

1 2 1
22 2

2

,
2 2

eff

eff

n n n n
V

n n
  (1) 

where n1, n2 are the refractive indices of the matrix and the minory component respectively, 
and V2 is the volume fraction of the minority component (PDMS or air). In the NP polymer, 
PDMS minority block (n2 = 1.40) [16] is replaced with air (n2 = 1). Thus a 44% porosity (V2 = 
0.44) induces an neff change from 1.46 for the block copolymer to 1.26 for the NP [Fig. 1(b)]. 
Photo oxidation [17] in the presence of UV light (300-350 nm) changes the surface wetting 
property of the naturally hydrophobic 1,2-PB NP polymer [13]. The resultant hydroxyl and 
carboxyl groups on the matrix air interface, render the exposed region hydrophilic [Fig. 1(c), 
1(d)]. On immersion in aqueous solution, water infiltrates the pores in the exposed regions, 
increasing its effective refractive index ( neff = 0.20). The index mismatch obtained was 
exploited to confine light within the solid-liquid core [Fig. 1(e)]. Water evaporation does 
happen from the surface of the porous waveguide on a timescale of 10-15 minutes. This does 
not affect our experiments, which are done much faster, and in the future, when we expect to 
add a cladding, this should further minimize evaporation. When the waveguides dry they seize 
to guide light. To verify water infiltration we used an organic fluorescent dye (Rhodamine 
6G), in aqueous solution. These molecules are smaller than the pores, and thus they infiltrate 
the exposed regions. As the index mismatch induced is governed by the liquid infiltration of 

#127743 - $15.00 USD Received 3 May 2010; revised 27 May 2010; accepted 28 May 2010; published 1 Jun 2010
(C) 2010 OSA 07 June 2010 / Vol. 18,  No. 12 / OPTICS EXPRESS 12905

84

100



nanopores, the liquid core will always confine light in these systems. For instance, even if the 
initial NP polymer (owing to less porosity) had a neff >1.33, the liquid filled NP region (solid-
liquid core) will always have an effective index of refraction higher than the cladding 
material. We call this type of waveguide a nanoporous solid-liquid core waveguide, shortly 
NP SLCW or simply SLCW. 

 

Fig. 2. (a) Experimental setup for measuring propagation and bend loss in the NP LCW, (b) 
Loss (L) in waveguides with different lengths as a function of propagation length (PL). The 
solid curve is a linear fit to the measured data. (Inset) 1.5 × 1.5 cm UV mask designed for 
measuring propagation loss in NP polymer LCW. 

3. Results and discussions 

The SLCWs were characterized by measuring the losses in the waveguide. Four types of 
losses occur in rectangular waveguides with bends: input and output coupling, transition, 
radiation and propagation loss [18,19]. Since the shape of the waveguide is not optimized we 
have chosen not to focus on transition and coupling losses. Transition losses depend on the 
waveguide design, e.g. when changing from a curved to a straight section. This can be 
minimized in the design phase, but cannot be avoided completely in any integrated system. 
Coupling losses from outside the chip might be an issue, especially if water evaporates from 
the ends [20,21]. We have not experienced water evaporation causing bubbles, perhaps due to 
the nanoporous nature of our cladding. Evaporation from the ends is not more pronounced 
than from the sides in our case. 

In this work, propagation loss in 1,2-PB SLCW was studied using the cutback technique. 
Waveguides of cross section 200 × 200μm were defined with UV patterning using lithography 
masks as shown in Fig. 2(b). A He-Ne laser (632.8nm) was butt coupled into the SLCW using 
a 62.5/125μm multimode (MM) fiber. The output from the waveguide was collected with 
similar MM fibers into an Optical Spectrum Analyser (OSA) (Ando AQ-6315A). The 
experimental setup is shown in Fig. 2(a). Each waveguide was designed with a 90° bend of 
radius R = 2mm sandwiched between straight waveguides of varying length. The loss in 
straight waveguide was obtained by subtracting the loss from 90° bend waveguide of radius, R 
= 2mm. This removes the coupling and radiation losses. The propagation loss was evaluated 
by plotting straight waveguide loss as a function of propagation length [Fig. 2(b)]. A linear fit 
[straight line in Fig. 2(b)] to the data, gives the propagation losses in these waveguides. The 
constant A [Fig. 2(b)] represents the transition losses when light propagates through different 
types of waveguides (straight and bend). A transition loss of 3.8 ± 0.5dB and a propagation 
loss of 0.62 ± 0.03 dB/mm were obtained in the NP SLCWs. 

Bending loss evaluation was carried out on waveguides with 90° bend of different bend 
radius ranging from 1.75 to 11.75 mm. Each of the bend waveguides were sandwiched 
between 2mm long straight waveguides. The total loss in the bend region was plotted as a 
function of bend radii in Fig. 3. The loss is obtained by removing coupling and propagation 

#127743 - $15.00 USD Received 3 May 2010; revised 27 May 2010; accepted 28 May 2010; published 1 Jun 2010
(C) 2010 OSA 07 June 2010 / Vol. 18,  No. 12 / OPTICS EXPRESS 12906

85

101



losses from the straight waveguide section in the design. Transition loss, propagation loss and 
radiation loss in the bend waveguides were interpreted by fitting a polynomial to the data. The 
intercept A1 partially indicates transition losses in the waveguide while the linear coefficient 
B1 contributes to propagation and radiation losses. Each bend waveguide has a propagation 
length of ( /2) × R, (bend radius). Thus the B1 coefficient in Fig. 3 would be expected to be 

/2 times larger than the B coefficient from Fig. 2. That it is somewhat larger in this case is 
attributed to fabrication differences. With increasing bend radius, a bend waveguide has 
longer propagation length and lesser degree of bend. This reduces the radiation loss in the 
waveguide, giving more prominence to propagation losses. The magnitude of the total loss for 
large bend waveguides is in good agreement with losses from straight waveguides of similar 
length. B2  corresponds to the radiation losses in these waveguides. 

 

Fig. 3. Total loss (L) is plotted as a function of bend radius (R) for 90° bend waveguides. The 
solid curve is a polynomial fit to the measured data. (Inset) 1.5 × 1.5 cm UV mask designed 
with 90° bend waveguides with different bend radii ranging from 1.75 to 11.75 mm. 

Since B2  is very small, propagation loss dominates in our device designs. In NP LCW 
devices, bend loss of 0.81 dB/90° bend for a small bend radius of 1.75 mm was observed. In 
the current work, the optimum coupling and transition loss is not discussed. Even with present 
loss values compared with Teflon AF 2400 waveguides (loss = 0.03 dB/mm) [22], UV 
modified NP materials could be an alternative for LCW. As typical lengths of optofluidic 
devices in detection systems are of order of centimeters, high surface area for 
functionalization and high numerical aperture (NA = 0.74) make UV modified NP a very 
viable material. In comparison with other types of LCWs [23,24], NP SLCW currently have 
slightly higher losses. We anticipate that with improved lithography techniques and 
optimization the losses in these waveguides can be reduced due to smoother surfaces. 
Optimized lithography should also make it possible to define single mode waveguides. It is 
also noted that our fabrication technique enables tuning of the index contrast, which can be 
minimized to lower the number of supported modes. 

4. Conclusion 

We have illustrated the working principle behind NP SLCWs, where the waveguide core is 
defined by UV induced hydrophilization of a nanoporous polymer matrix. A quantitative 
analysis of losses observed in these devices has also been performed. With SLCWs, the major 
challenges faced in liquid core waveguiding technology can be addressed, in particular simple 
fabrication and the possibility of having an effective core index above that of the analyte. In 
addition to the refractive index tuning flexibility, these systems have very high surface area. If 
the surface is chemically functionalized the interaction between optical field and analyte 
bound to the surface is vastly enhanced compared to a conventional liquid core waveguide. 
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Light and water confinement in the same microchannel as well as nanoporosity makes NP 
SLCWs very promising devices for new applications in optofluidics [25]. 
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Patterned Hydrophilization of Nanoporous 1,2-
PB by Thiol-ene Photochemistry

Anton Berthold,a Kaushal Sagar,a Sokol Ndoni*

Introduction

Block copolymers are known to form different ordered

morphologies depending upon the composition and

thermodynamic conditions.[1] Nanoporous polymers (NP)

derived from such self assembled block copolymer pre-

cursors are materials with large internal surface area

(50–500m2 � g�1) and high level of structural order.[2,3] NP

exhibit crystal-like symmetry elements of characteristic

length scale in the range of 15–200nm and pore diameters

in the range of 5–50nm. NPs hold great potential in areas

such as catalysis, sensing, and membrane technology.[4,5]

The length scale of the structural order also allows touseNP

for optical applications.[6] The vast internal surface area of

the NP can be modified by different functionalities

covalentlyattached[7,8] orphysisorbed[9] to theair–polymer

interface.Hydrophilicity of thepolymer–air interface in the

nanopores can be selectively tuned to suit for opto-fluidic

applications, i.e., liquid-core waveguides.[6,10] In our group

we have previously reported on the successful hydrophi-

lization of nanoporous 1,2-polybutadiene (1,2-PB) by photo

oxidation.[8] In this communication a new, much more

efficient, specific, and versatile hydrophilization method is

reported using thiol-ene chemistry tomodify the polymer–

air interface with thiols having terminal hydrophilic

groups. The highly efficient reaction of thiols with

carbon–carbon double bonds is reported for the first time

in 1905.[11] In 2001, Sharpless and coworkers[12] introduced

the concept of ‘‘click’’ reactions. It encompasses reactions

with high yield that, among others, are regio- and stereo

specific, insensitive to oxygen orwater and amenable with

many different starting compounds.[13–15] The copper (I)

catalyzed 1,3-dipolar cycloaddition of azides and alkynes is

Communication
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We present an efficient method for functionalizing the large polymer–air interface of a gyroid
nanoporous polymer. The hydrophilicity of nanoporous cross-linked 1,2-polybutadiene is
tuned by thiol-ene photo-grafting of mercaptosuccinic acid or sodium 2-mercaptoethanesul-
fonate. The reaction is monitored by FT-IR, UV–Vis,
contact angle, and gravimetry. Overall quantum yields
are calculated for the two thiol-ene ‘‘click’’ reactions in
nano-confinement, neatly revealing their chain-like
nature. Top–down photolithographic patterning is
demonstrated, realizing hydrophilic nanoporous ‘‘cor-
ridors’’ exclusively hosting water. The presented
approach can be relevant formany applicationswhere,
e.g., high control and contrast in hydrophilicity, chemi-
cal functionality or refractive index are needed.

Macromol. Rapid Commun. 2011, 32, 1259–1263

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com DOI: 10.1002/marc.201100243 1259

106



the most known example,[16] but thiol-ene chemistry also

meets the criteria. In polymer science, thiol-ene chemistry

is applied both in photo[17] and thermo[18,19] initiated

polymerization, and as a tool for surfacemodification[20–21]

and polymer crosslinking.[22–24] The chemistry involves a

step-growth additionmechanismwhere the initiated thiyl

radicals (by a thermal or photochemical initiator) adds to

ene functionalities and the generated carbon centered

radicals abstract hydrogen from free thiols creating new

thiyl radicals. In-chain C�C double bonds react at least one

order of magnitude slower than pendant vinyls.[25,26]

In the present work we modified by thiol-ene photo-

chemistry, nanoporous 1,2-PB derived from an anionically

synthesized 1,2-PB-b-PDMS di-block copolymer precursor.

TheNPwasobtainedbyfirstly cross-linkingatahighdegree

the 1,2-PB block and subsequently removing the PDMS

block, as described elsewhere.[27] The morphology of the

block copolymer at the cross-linking temperature (140 8C) is
gyroid; PDMS is the minority block with a 0.40 volume

fraction. After the selective and quantitative removal of

PDMS, gyroid porosity is generated in the space previously

occupied by PDMS. The internal surface area of the NP is

estimated to 283� 14m2 � g�1 by isothermal nitrogen

adsorption.[27] 30–50% of the original double bonds in 1,2-

PB typically survive the cross-linking reaction[2] and are

preferred loci for coupling of thiols by thiol-ene chemistry.

Mercaptosuccinic acid (MSA) and sodium 2-mercaptoetha-

nesulfonate (MESNA) (Scheme 1) are grafted onto the

pendant vinyl groups of nanoporous 1,2-PB by the

following procedure. Films with 195� 5mm thickness

and without skin layer are first prepared according to a

method earlier reported by our group.[28] Solutions of

500mM thiol (MSA or MESNA) and 10mM of the photo

initiator (2,2-dimethoxy-2-phenylacetophenone, DMPA)

are prepared. For the MSA system ethanol is used as

solventand for theMESNAsystemthe solvent isa25/75v/v

mixture of water and methanol. Nanoporous samples (8–

20mgand0.68–1.70 cm2) are immersed in the solutions for

2–3h. The samples are placed on filter papers (3� 3 cm)

soaked with the same solution and covered with a

borosilicate glass wafer (diameter 10 cm, thickness

500mm). This method allows homogenous wetting of the

sampleswhile preventing them fromdrying out during the

photoreaction.All preparationsareperformed in thedarkor

in yellow light (l> 500nm) in the cleanroom. The irradia-

tion source is a collimated 1 000W high Hg (Xe) pressure

lamp(Newport)filteredat367� 20nmwavelengthwithan

irradiation intensity at the sample position of

7.65� 0.05mW � cm�2. The absorption at 367� 20nm by

theNP loadedwith the reactive solution is used to calculate

the absorbedmoles of photons (in Einsteins E) per g of NP. It

is measured by using as reference a similar piece of NP

immersed in the solvent alone. After exposure all samples

are ultrasonicated in the respective solvents three times to

remove non-reacted compounds and dried for 8h under

vacuum. Mass uptake in the dry state is measured on a

precision balance (�0.01mg) and calculated as groups

per nm2.

Results and Discussion

Scheme 1 illustrates the overall reaction of the thiols by

photo grafting onto the pendant unsaturated groups in the

nanopores. The photoinitiator DMPA triggers the initiation

of radical formation upon UV excitation. It generates thiyl

radicals by hydrogen abstraction.21 The propagation

reaction begins where the thiyl radical attacks pendant

double bonds and generates a vinyl radical which abstracts

hydrogen fromanew thiolmolecule, and so on.21 ATR FT-IR

spectra of theNPbefore andafter the thiol-ene reactions are

shown in the left panel of Figure 1. The modified polymer

showsnewlydevelopedabsorptionpeaksat1710 cm�1due

to carbonyl groups in the case of MSA and 1 050 and 1

220 cm�1 due to S¼O (symmetric and antisymmetric)

stretching, respectively, in the case of MESNA. The

reduction of C¼C absorption peak at 904 cm�1 in the case

of MSA and MESNA modified samples compared to

untreated NP also confirms the consumption of the

unsaturations. The right panel of Figure 1 shows static

contact angle (CA) images for unmodified hydrophobic

polymer and thiol treated (MSA and MESNA) samples. The

images showawaterdroplet onflat outer surfaces of theNP

samples. Images are recorded within 10 s from the

deposition of a 1ml de-ionized water droplet onto the

surface. The average values over a span of 3 samples (on

both sides of each sample) are reported. The average CA

values both for MSA (35� 28) and MESNA (24� 28) are

considerably lower than for the unmodified NP polymer

(101� 38). Within 25 s the water droplet is absorbed by

capillary suction from the surface into the hydrophilic

nanopores of the modified systems. In the case of

RSUV,365nm
DMPA

RHS

O
OH

O
HO

R = S

O

O Na

O

OR

RS

Scheme 1. Reaction scheme for thiol click reaction with the
pendant unsaturation of nanoporous 1,2-PB.
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unmodified sample, it takes more than 1min for the water

droplet to evaporate without being able to wet the pores.

Some insight on the nature of the photo-reaction is

gained by the calculation of the reaction’s quantum yield.

The initial overall quantum yield Q
0
thiol is the average

number of thiol molecules clicked onto the pore walls per

photon absorbed by the NP film loaded with thiol solution

at the initial stageof reaction.[8,29] It canbecalculatedbythe

ratio between the initial rate of grafted mass uptake of NP

expressed as ‘‘moles of grafted thiol per second per g ofNP,’’

and the initial rate of photonabsorbed, expressed as ‘‘moles

of absorbed photons (Einsteins) per second per g of NP.’’ In

more formal notation Q
0
thiol can be expressed as:

Q
0
thiol ¼

dnthiol=dtð Þ
dnphoton=dt
� �

" #
t¼0

; l ¼ 367� 20 nm (1)

The numerator and the denominator are the rates of

grafted thiol and of photons absorbed, respectively, both

expressed inmol � s�1 � g�1. The rate of photon absorption is

calculated by first converting the UV photon count data at

the sample position from arbitrary units into absolute

incident photon mole intensity (n0 (l) in Einsteins). This is

done by converting the measured incident power

(7.65� 0.05mW � cm�2) into moles of photons for each

wavelength in the range 367� 20nm, with the single

photon energy given by the product of the Planck’s

constant h with the speed of light c and the inverse of

wavelength in vacuum: h� c� l�1. The specific surface

area defining the flux of incident photons is

85.5� 2 cm2 � g�1 for a 195� 5mm thick NP film. Secondly,

the rate of absorbed photons nphotons is calculated by the

numeric sum of n0 (l) weighed by the fraction of absorbed

irradiation at that wavelength, as measured by UV

spectroscopy:

nphotons ¼
X

l
½1�TðlÞ	n0ðlÞ (2)

T (l) is the transmission at a particular

wavelength and the summation is car-

ried over the discrete wavelength values

provided by the photon count and the

UV–Vis transmission data in the range of

l¼ 367� 20nm (see Figure 2). The cal-

culated rates of photon absorption

are 1.06� 10�7 and 1.35� 10�7

Einsteins � g�1 � s�1, respectively, for the

MSA and MESNA systems (see Figure 2).

The numerator in Equation (1) can be

estimated from the initial slope of the

mass uptake data in Figure 3a and b. The

values for the initial grafting ratesofMSA

and MESNA are 2.17� 10�6 and 1.02� 10�5mol � g�1 � s�1,

respectively. Thus by combining Equations (1) and (2) the

quantum yield obtained for MSA is 21� 3 and 76� 6 for

MESNA. The high quantum yield (Q
0
thiol > 1) reflects the

nature of thephoto-grafting as a chain reaction of the thiols

with the pendant vinyl groups of 1,2PB. It is possible that

the increase ofmass uptake, after 20min forMSA and after

200 s for MESNA, is due to slower reaction with the 10% of

double bonds in the form of 1,4-unsaturations in PB.[25,26]

The difference in the grafting kinetics observed by

inspection of the panels (a) and (b) of Figure 3 for the two

thiols is most probably related to steric effects, MESNA

Figure 1. FT-IR spectra and static CAs of water on NP before modification (NP), and after
modification with MSA or MESNA.
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Figure 2. Incident radiation intensity onto the NP film and
absorbed fraction of radiation for the two thiol systems as a
function of wavelength. The incident intensity is expressed in
mEinstein per second per gram of NP film (1 g of 195mm thick NP
film exposes to UV an area of 85.5 cm2). The absorbed fraction of
incident photons (right axes) is derived from UV–Vis spec-
troscopy. T(l) is the transmittance at l nm. The integration
wavelength region used for the calculation of the overall quan-
tum yield (Equation 1) is marked by the gray background.
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being a primary andMSA a secondary thiol. For the sake of

comparison, a much lower initial quantum yield of

0.24� 0.03 was estimated for the reaction of oxygen

photo-fixation onto the nanopore walls of a similar NP.[8]

The typical reaction time was in that case 20–30h and

the modification was very heterogeneous, with a high

photo-oxidation degree close to the surface facing the UV

source and a significant decrease at depths beyond some

30–40mm in the sample.[8] A number of different and

uncontrolled functional groups were created in that case.

All these disadvantages have disappeared by applying

the thiol-ene modification procedure of the same NPs. The

reactions here are fast, specific, quantitative, and homo-

geneous; also there is no sample coloration occurring. In the

following two paragraphs we substantiate the important

issues of homogeneity and quantitative reaction of the

double bonds at the pore surface by thiol-ene photo-

grafting.

Figure 3c and d illustrate water mass uptake of modified

NP plotted against the surface density of grafted thiol

groups in the nanopores. The equilibrium water uptake is

calculated with reference to the mass of the pristine

nanoporous sample. The surface density is calculated as:

rthiolgroups ¼
nthiol

SNP
� 6:022� 1023 (3)

where, rthiol groups is the surface density

of thiol groups per nm2, nthiol is the

moles of thiol groups grafted per g of NP,

and SNP is the specific internal surface

area of the NP,which is 283� 14m2 � g�1.

The hydrophilicity transition, i.e., the

transition from minor water uptake to

virtually full water uptake is rather

sharp for both thiols (Figure 3c and d).

This suggests that the photo grafting

process is quite homogeneous through-

out the sample thickness of 195� 5mm.

In the case of MSA the water uptake

changes abruptly from less than 15% of

the porosity after 4min of photo-graft-

ing to more than 82% of the pore volume

after 5min of photo-grafting. In the case

of MESNA the hydrophilic ‘‘jump’’ hap-

pens between 10 and 40 s of irradiation.

Approximate critical surface densities

for hydrophilic conversion of 0.95 and

0.53nm�2 can be estimated for MSA and

MESNA, respectively, as the interpolated

value for 50% filling of pore volumewith

water. MESNA needed lower degree of

surface grafting compared to MSA,

probably due to the more hydrophilic

nature of the terminal sodium sulfonate

group in MESNA than the carboxylic groups in MSA. The

uniformity of modification of the final dry samples is

independently supported by virtually identical ATR-FTIR

spectra recorded at different points across the cross section

of the modified samples (data not shown). The internal

surface areas of grafted samples as measured by nitrogen

adsorption are practically unchanged relative to the

surface area of the unmodified sample: 282� 14m2 � g�1

for the MSA-modified and 276� 14m2 � g�1 for the MESNA

modified samples, as compared to 283� 14m2 � g�1 for the

unmodified sample.

The initial density of pendant vinyl groups on the

polymer–air interface is 1.80nm�2, as calculated from the

amount of double bonds disappeared during cross-linking

and the initial amount of double bonds.[2] Thus in the case of

MESNA virtually all interface double bonds are consumed

after10minofphoto-grafting. In thecaseofMSA, thesurface

density recorded after 60min of reaction is 1.5nm�2,

corresponding to 83% of the available surface double bonds.

These results demonstrate the quantitative or nearly

quantitative nature of the thiol-ene reaction,[18] this time

in nanopore-confined conditions. The maximum volume

occupied by water after hydrophilization is 0.65 cm3 � g�1,

which constitutes 91% of the porosity of the unmodifiedNP.

The remaining 9% are occupied by the photo-grafted thiols,

ignoring some possible slight sample swelling.
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Figure 3.Drymass uptake (upper row) and equilibriumwater mass uptake (bottom row)
for the NPs modified by (a, c) MSA and (b, d) MESNA. The x-axes are either irradiation
time or surface density of grafted thiols onto the nanopore walls. The arrow couples
connecting corresponding data points highlight the dramatic increase in water uptake,
from 15 to 80% of porosity, at narrow irradiation time intervals; from 4 to 5min in the
case of MSA and from 10 to 40 s in the case of MESNA.
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Finally Figure 4 shows a hydrophilically patterned NP

fabricated by using a photolithographic mask in the course

of thiol-ene photoreaction. An alternating pattern of

hydrophilic and hydrophobic ‘‘corridors’’ (each 5mmwide)

is formed with the help of MSA thiol photo grafting in the

nanopores. Water is self-confined in the hydrophilized

fraction of pores. This can be interesting for several

applications in biological or diagnostics areas involving

for example cell culturing.

Conclusion

We have presented UV assisted thiol-ene chemistry using

MSA and MESNA for rapid hydrophilization of 1,2-PB. The

thiol-ene approach for hydrophilization is efficient, easy,

does not require special reaction conditions, homogeneous,

and quantitative. Overall quantum yields of 21 and 76 are

calculated for the MSA and MESNA systems, reflecting the

chain-like nature of the thiol-ene reaction. The higher value

for the MESNA grafting is probably related to the lower

steric hindrance around the primary thiol group inMESNA

as compared to the secondary thiol group in MSA.

Nanoporosity and the precise control of chemical function-

ality of the vast polymer–air interface create possibilities

for interesting applications in sensing and optofludics. The

demonstrated hydrophilic patterning on NP by thiol-ene

photochemistry can also be useful for biochemical and

diagnostics applications.
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Abstract
In this work we demonstrate an efficient and cleanroom compatible method for the fabrication
of solid–liquid core waveguides based on nanoporous polymers. We have used thiol-ene
photo-grafting to tune and pattern the hydrophilicity of an originally hydrophobic nanoporous
1, 2-polybutadiene. The generated refractive index contrast between the patterned water-filled
volume and the surrounding empty hydrophobic porous polymer allows for light confinement
within the water-filled volume—the solid–liquid core. The presented fabrication process is
simple and fast. It allows a high degree of flexibility on the type and grade of surface
chemistry imparted to the large nanoporous area depending upon the application. The
fabrication does not need demanding chemical reaction conditions. Thus, it can be readily
used on a standard silicon lithography bench. The propagation loss values reported in this
work are comparable with literature values for state-of-the-art liquid-core waveguide devices.
The demonstrated waveguide function added to the nanoporous polymer with a very high
internal surface area makes the system interesting for many applications in different areas,
such as diagnostics and bio-chemical sensing.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Growing interest in the field of optofluidics has resulted in a
continuous thrust toward more compact and robust lab-on-a-
chip devices. This requires the integration of both fluidics and
optical elements on the same chip. For maximum integration
and functionality, fluidic channels are used for guiding light
and liquid through the same physical volume known as liquid-
core waveguides (LCWs) [1, 2]. The overwhelming majority
of LCWs is based on the principle of total internal reflection
with the liquid core having a higher refractive index than
the surrounding cladding material. A class of fluorinated
polymers, such as Teflon AF, has been successfully used
as cladding in LCWs by many research groups for various
chemical and biological applications [3]. Other index-guiding
LCWs are fabricated using nanoporous cladding, liquid–liquid
core (L2) waveguides and slot waveguides [4]. Another class

of LCWs based on interference is photonic crystal fibers and
antiresonant reflecting optical waveguides (ARROWs) [5].

In previous work, we have demonstrated a novel approach
for the fabrication of solid–liquid core waveguides (SLCWs)
made from nanoporous polymers [6]. The original SLCWs
were prepared by hydrophilizing a selective part of the
large polymer–air interface of an originally hydrophobic
nanoporous polymer by photo-oxidation in the presence of
an appropriate lithographic mask under UV. Water exclusively
fills the hydrophilic region generating refractive index contrast
with the surrounding hydrophobic nanoporous volume filled
with air, due to the low-refractive-index air-filled nanoporous
polymer surrounding the high-refractive-index water-filled
nanoporous core; light guiding takes place under the
conditions of total internal reflection. In the present work,
we use thiol-ene photo-grafting replacing photo-oxidation
approach for hydrophilization of the polymer surface. Surface
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modification of the pore wall is done in a nanoporous 1, 2-
polybutadiene polymer. Compared to the original SLCWs, the
performance of the SLCWs prepared by thiol-ene chemistry
has been improved (up to 60%). Thiol-ene reaction is
increasingly finding applications in photolithography and
micro device fabrications due to its ability to form uniform
networks, lower shrinkage and shrinkage stress [7, 8]. The
reaction is also quantitative in nature with low oxygen
inhibition [9]. Thiol-ene-assisted surface modification has
been used for patterning by self-assembled structures using
UV photolithography [10, 11].

Photo-grafting of thiol compounds containing hydrophilic
groups onto the nanopores’ wall results in tuning the
hydrophilicity of the polymer. It is performed using standard
UV I-line exposure and appropriate lithographic masks. Thus,
the process is cleanroom compatible and can be carried out
on a standard photolithography bench. It is a fast, clean
and robust approach to waveguide fabrication compared to
our previous approach of photo-oxidation. It does not need
stringent reaction conditions like many traditional chemical
reactions. The advantage of using this system is the great
degree of flexibility. Thus, it can be used for a variety
of thiol molecules depending upon the application without
considerable changes in the fabrication protocol.

2. Waveguide fabrication

SLCW fabrication is carried out in three major steps: (1)
fabrication of nanoporous 1, 2-polybutadiene polymer films,
(2) thiol-ene grafting on the polymer–air interface in the
selective volume and (3) a washing step to remove the
unreacted thiol from the nanoporous polymer. The second
and third steps are performed in a class 100 cleanroom-
UV lithography section to avoid contamination and possible
overexposure.

2.1. Nanoporous 1, 2-polybutadiene film preparation

The detailed procedure of preparation of a nanoporous
polymer can be found elsewhere [12]. A nanoporous
polymer is derived from an anionically synthesized 1, 2-
polybutadiene-b-polydimethylsiloxane (1,2-PB-b-PDMS) di-
block copolymer. The copolymer solution is prepared in
tetrahydrofuran, THF (Sigma Aldrich), with dicumyl peroxide
(DCP) (Sigma Aldrich) which acts as a thermal cross-linking
agent. Upon adequate mixing, the solution is solvent-casted
over a single-side-polished 10 cm diameter silicon wafer
(figure 1(a)). The silicon wafer is coated with a low-surface-
energy fluorinated organosilane layer (tridecafluoro-(1,1,2,2)-
tetrahydrooctyl-trichlorosilane or FDTS) using molecular
vapor deposition (Applied Microstructures Inc. MVD 100).
The low-surface-energy coating of 1–2 nm will avoid adhesion
of the contacting polymer to the wafer surface. The silicon
wafer is subjected to vacuum drying for 7 h in order to
ensure complete drying of the polymer [12]. A dry block
copolymer is sandwiched by placing another MVD-coated
silicon wafer with 100 μm steel spacers in between to control
the resulting polymer film thickness (figure 1(b)). The
sandwich is pressed in a custom-built pneumatic compression

press built in-house under vacuum for 30 min at 4 bar. In
the next step, the silicon wafer sandwich is sealed in a steel
cylinder filled with nitrogen and heated in an oven at 140 ◦C
for 100 min to carry out cross-linking of the majority block
1,2-PB. At this temperature, the di-block copolymer self-
assembles into a gyroid morphology which is captured by
the cross-linking reaction. Inert atmosphere in the cross-
linking cylinder is desired to avoid thermal oxidation of the
polymer from oxygen radicals. The cross-linked polymer
is subjected to chemical etching of the PDMS block using
tetrabutylammonium fluoride (Sigma Aldrich, 1 M) in THF
for 5 h. The film is further washed sequentially in THF and
methanol and dried in vacuum (figure 1(c)).

2.2. Thiol-ene grafting on the polymer–air interface

Figure 2 shows chemical formulas for mercaptosuccinic acid
(MSA) (Sigma Aldrich) and sodium mercaptoethanesulfonate
(MESNA) (Sigma Aldrich) used for modification of the
nanoporous polymer. 2, 2-dimethoxy-2-phenylacetophenone
(DMPA) (Sigma Aldrich) is used as a photoinitiator [13]. MSA
with two terminal carboxylic groups is a hydrophilic molecule
along with a thiol group. Similarly MESNA consists of a
sulfonated salt end group which makes it hydrophilic with
a terminal thiol group on the other end. The MSA thiol
solution is prepared in ethanol, whereas the MESNA solution is
prepared in a 3:1 methanol and water mixture. Concentration
of both the thiols is maintained at 500 mM and that of DMPA
at 10 mM. Due care is taken to prevent any light contact with
the thiol solution to avoid side reactions. The nanoporous
polymer is immersed in the thiol solution for 30 min to
facilitate loading of solution into the nanopores. Further,
the thiol-loaded polymer is aligned with a photolithographic
mask and placed in a chamber to carry out photochemistry
(figure 3(a)). A flood exposure collimated source 1000 W Hg
(Xe) (Newport) at I-line (7.65 ± 0.05 mW cm−2) is used for
the thiol-ene grafting.

As can be seen in figure 3(b), an oxidized black aluminum
chuck is used to hold the lithography mask. This will
ensure absorption of UV light passing through the 100 μm
thick polymer film by an antireflecting surface. This avoids
uncontrolled exposure of the sample from the rear side. The
reaction is carried out at 22 ± 1 ◦C in the cleanroom.

The thiol-ene reaction is schematically depicted in
figure 1(d). The photo-grafting reaction begins in the
nanopores loaded with thiol and photoinitiator in the region
exposed to UV. UV light at 365 nm excites DMPA generating
radicals which trigger thiol radical formation. The thiol
radicals selectively attack the pendant double bond in the
1, 2-polybutadiene polymer available at the pore wall. Upon
grafting thiols onto the pore wall, the opened double bond
results in the generation of another thiol radical by the
hydrogen abstraction mechanism. The reaction is insensitive
to oxygen which makes the conditions less stringent. The
reaction time for MSA is 30 min and for MESNA it is
5 min. During the course of reaction, the polymer is in
constant contact with an excess of thiol solution in the case
of MSA. This prevents crystallization of MSA and DMPA in
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(b)(a) (c) (d)

(e)(g) (f )

Figure 1. Fabrication process of SLCWs derived from a nanoporous polymer. (a) Solvent casting of the polymer on the silicon wafer. (b)
Sandwiching polymer between silicon wafers and thermal cross-linking. (c) Chemical etching of the polymer. (d) Thiol-ene photo-grafting
under UV. (e) Washing of the unreacted thiol solution. (f ) Filling of water in the hydrophilic core volume. (g) Light guiding through the
SLCW.

Mercaptosuccinic acid (MSA)              Sodium mercaptoethanesulfonate (MESNA) 

 Thiol group-binds to polymer 

 Terminal Hydrophilic group 

O

OH

OH

O

SH
HS

S

O

O

O-
Na+

Figure 2. Chemical formulas of the thiol molecules used for photo-grafting.

the pore volume. The same MSA and DMPA concentration
is maintained in the excess solution to prevent possible
concentration-driven transport of chemicals out of nanopores.
In the case of MESNA, no excess solution is required to keep
the polymer in wet condition due to limited solvent evaporation
during the much shorter irradiation time needed.

2.3. Washing of the nanoporous polymer for excess of thiol
solution

After UV exposure, the polymer is removed from the mask and
subjected to the washing step. The exposed polymer sample
in the MSA solution is ultrasonicated in pure ethanol for 1 h
(figure 1(e)). This process is carried out in the cleanroom or in
a dark room outside with due care to avoid any post-reaction.
It is further washed in fresh ethanol for 1 h followed by final

THF sonication for 30 min. A similar washing procedure is
followed for MESNA in a methanol water mixture and the final
wash is done in THF. After adequate drying under vacuum, the
samples are loaded with water for waveguiding.

3. Results on surface modification

To measure the degree of completion for the reaction,
percentage water uptake is plotted against the exposure time
in figure 4. Water uptake is used as a measure of development
of the thiol-ene reaction; the results are presented in the form
of a contrast curve. This kind of study will provide valuable
information about the hydrophobic to hydrophilic transition.
The transition from no water uptake to full water uptake
will allow us to predict its suitability for photolithographic
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Lithographic mask 

Aluminium chuck 

(a) (b)

2 cm

Quartz window 
Fused silica lens 

Figure 3. Setup for thiol-ene photochemistry. (a) Dedicated chamber for thiol-ene photo-grafting subjected to a collimated UV source. (b)
Chuck containing a lithographic mask and an aligned polymer in the thiol solution.
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Figure 4. Contrast curves for MSA and MESNA.

patterning. All the reaction conditions are identical to the
procedure described in the preceding section. The sample is
aligned under the transparent part of the mask which results
in a complete exposure of the sample to UV. Water uptake at
different exposure times is obtained by gravimetry using the
following relation:

Water uptake after exposure time t=mw,t − mn

mn

,

where mw,t is the mass after equilibrium water uptake for the
sample exposed to UV for a time interval t, and mn is the mass
of the original nanoporous polymer.

The water uptake is calculated with reference to the mass
of the pristine nanoporous sample. The estimated specific
porosity of the nanoporous polymer after PDMS etching
is 0.67 cm3 g−1. Figure 4(a) represents the MSA system
for irradiation times between 0 and 60 min. There is no
considerable water uptake between 0 and 4 min of exposure
time. After 5 min of UV exposure, the samples register a
water uptake of 0.55. This demonstrates a sharp contrast for
MSA. Water uptake saturates at about 0.67 after 30 min of
irradiation time. In the case of MESNA (figure 4(b)), the
contrast curve shows that the water uptake value reaches to
0.61 after 60 s of irradiation. The rate of uptake reduces after

that and reaches to the value of 0.67 after 4 min. Thus, the
MESNA thiol system results in a faster reaction compared to
MSA. The saturation level of water uptake is the same for both
the MSA and MESNA modified samples; it is compatible with
complete filling of the available pore volume with water when
account is taken of the volume occupied by the grafted thiols.

4. Results on optical characterization

The propagation loss of the waveguides is determined using
cutback techniques [6]. In our case, a UV mask is designed
with a series of repeating 90◦ bend waveguides. The radius of
curvature is 3 mm for all waveguides, which have different
straight propagation lengths. The cross sections of the
waveguides are 100 μm × 100 μm, and total lengths range
from 4 to 32 mm (see the inset of figure 6).

When immersed in DI water for 5 min, the pores in
the UV exposed regions get filled with water, changing the
effective refractive index from 1.26 to 1.43. The device
is sandwiched between two 100 μm thick low-refractive-
index (1.38) fluorinated ethylene propylene (FEP) sheets.
These sheets are supported on both sides by 5 mm thick
polycarbonate blocks. Such a sandwich design makes
handling of the 100 μm thin devices easier. In addition to
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Figure 5. Experimental setup used for the propagation loss
measurement of the SLCW. The waveguide device is placed
between FEP sheets in a polycarbonate holder.
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Figure 6. Loss in SLCWs with different lengths as a function of the
propagation length. (Inset) 2 cm × 2 cm UV mask design used for
loss measurement.

robustness to the system, evaporation problems observed [6]
are also considerably reduced with a solid cladding. Moreover,
the FEP sheets also reduce the clad–core index mismatch in
the Y-direction.

A He–Ne laser beam (632.8 nm) is butt-coupled into the
waveguide using a 62.5/125 μm multimode (MM) fiber. The
light from the waveguide is collected using a 400 μm core MM
fiber and guided to a photodiode (Ophir Electronics, PD 300)
connected to a computer. Figure 5 shows the experimental
setup used.

Propagation loss is evaluated by plotting losses (in dB)
from waveguides as a function of the propagation length
(figure 6). A linear fit to the data gives the propagation
losses in these waveguides. The Y-intercept represents the
coupling losses and transition losses due to propagation of
light in different segments of waveguides (straight and bend
sections). A propagation loss of 0.24 ± 0.01 dB mm−1 and
coupling losses of 2.5 ± 0.2 are obtained in the MSA modified
nanoporous SLCWs. In the case of MESNA modification, a
propagation loss of 0.54 ± 0.03 dB mm−1 and coupling losses
of 2.5 ± 0.5 are recorded. The polymer itself is transparent in
the entire visible part of the spectrum. However, the attached
molecules, in particular MESNA, absorb some light in the
blue part of the spectrum, thus increasing the loss at short
wavelengths.

5. Discussion and conclusion

In this work, thiol-ene photo-grafting is performed on
nanoporous 1, 2- polybutadiene to induce selective
hydrophilicity. The thiol-ene approach allows for an easy
and efficient surface modification. Thiol-ene photo-grafting
is very selective to double bonds. The compatibility of the
SLCW fabrication process with cleanroom setup has been
shown. It provides a considerable improvement over the
photo-oxidation approach used in the previous work [6]. The
method has reduced UV exposure time from 24 h in the
case of photo-oxidation to 5–30 min in the present case,
which is a considerable improvement in the fabrication of the
devices. The simplicity of the surface modification approach
and the huge surface area of the nanoporous polymer (283 ±
14 m2 g−1) allow for a high degree of grafting (up to 13 wt%)
of thiol groups. The surface density of thiol molecules in
the nanoporous system at full water uptake is 1.4–1.8 groups
nm−2 [13]. The contrast curves in figures 4(a) and (b) show a
rather sharp transition from the condition of almost no water
uptake to 80% in MSA and 90% of available porosity in
MESNA. The sharpness of the curve indicates a homogeneous
process of surface modification, taking place in the entire
sample simultaneously. The initial slow water uptake increase
(more visible in figure 4(a), but also present in figure 4(b))
indicates that a certain critical surface density of hydrophilic
groups is required for water uptake. Above this limit, the
water fills considerable pore volume in the polymer. The
high slope of the contrast curve is beneficial for achieving
better edge definition after photolithography. This effect is
observed in the propagation loss values. The propagation
loss value reported in the case of MSA is 0.24 ± 0.01, and
in the case of MESNA, it is 0.54 ± 0.03 dB mm−1. These
values are lower than those reported earlier (0.62 ± 0.03 dB
mm−1) by us with a photo-oxidation approach for surface
modification [6]. This might be due to a number of reasons:
reduced light scattering attributable to better edge definition
could be one of them. Another reason may also be related to
better control of the chemical reaction. The photo-oxidation
approach formerly used yielded both a strongly heterogeneous
modification degree relative to the sample depth and a number
of undesired side reactions, which in some cases resulted
in absorbed light in the blue part of the spectrum. The
propagation loss values reported here are comparable with
other state-of-the-art LCWs [14, 15].

Hydrophilization with MESNA is more efficient than in
the case of MSA. However, the carboxylic acid end groups
of MSA can serve as a favorable starting point for further
chemical modification. The thiol-ene approach is versatile
with a possibility of grafting different thiol molecules with
varied functionality depending upon the application. In this
way, the inner surface chemistry of the nanopores can be
tailored, e.g. to provide selectivity in optical sensors.
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