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Abstract 

 

The subject of the present work is the study of the unanticipated response of 

common (but specific) polymer solutions (polybutadiene and polyisoprene in a variety of 

solvents) to red light laser irradiation. Mild red laser irradiation leads to a local change of 

the refractive index and the formation of microstructures along the direction of beam 

propagation. We try to establish the phenomenology of the effect, reproduce by means 

of numerical simulations the response of solutions to irradiation, discover the origin of 

the response and explore possible practical applications of the effect. To do so, we 

investigate the dependence of the response on conditions like the solvent environment, 

the irradiation conditions, and the effect of other physico-chemical parameters, such as 

polymer microstructure and molecular weight or even the presence of dissolved oxygen 

in the solutions. We characterize the irradiated structures materials through spectroscopy 

to observe possible changes in microstructure. Based on the spectroscopic results, which 

point towards discernible changes in the material and the possibility of photo-reactive 

type of process, we propose a possible chemical mechanism. Finally, we investigate 

possibilities offered by these materials in terms of patterning application and in terms of 

device making use of the self-written waveguides. 
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Περίληψη 

 

Το αντικείμενό της παρούσας διατριβής είναι η μελέτη της μη αναμενόμενης 

απόκρισης διαυγών πολυμερικών διαλυμάτων πολυβουταδιενίου και πολυισοπρενίου, 

σε διάφορους οργανικούς διαλύτες, σε ασθενή ακτινοβολία LASER στο ορατό. Η 

ακτινοβόληση αυτών των διαλυμάτων οδηγεί σε τοπικές αλλαγές του δείκτη διάθλασης 

και στο σχηματισμό μικροδομών, κατά μήκος της πορείας διάδοσης του φωτός. 

Μελετώντας το φαινόμενο αυτό, προσπαθούμε να εξακριβώσουμε τη λεπτομερή του 

φαινομενολογία, να προβλέψουμε την απόκριση των πολυμερικών διαλυμάτων στην 

ακτινοβόλησή τους μέσω προσομοιώσεων, να ανακαλύψουμε την προέλευση της 

αλληλεπίδρασης του πολυμερούς με το φως και να διερευνήσουμε πιθανές εφαρμογές 

του. Για την επίτευξη των παραπάνω, ερευνούμε το πως αποκρίνεται το πολυμερές σε 

διάφορες συνθήκες, όπως το διαφορετικό περιβάλλον διαλυτών, οι διαφορετικές 

συνθήκες ακτινοβόλησης, οι διαφορετικές φυσικο-χημικές παράμετροι (όπως η 

μικροδομή ή το μοριακό βάρος του πολυμερούς) ή και την ύπαρξη οξυγόνου στο 

διαλύτη. Με τη χρήση φασματοσκοπικών τεχνικών, χαρακτηρίζουμε τις 

φωτοεπαγώμενες δομές που λαμβάνουμε από τα πολυμερικά διαλύματα μετά από 

ακτινοβόληση, με σκοπό την ανίχνευση πιθανών αλλαγών στη μικροδομή και βάσει 

αυτών προτείνουμε πιθανές χημικές οδούς μέσω των οποίων λαμβάνει χώρα το 

φαινόμενο. Τέλος, εξετάζουμε τις πιθανές δυνατότητες που μπορεί να παρέχουν τα 

υλικά που μελετούμε, στη δημιουργία εγγραφών σε μικροσκοπικό επίπεδο, αλλά και 

στην κατασκευή κυματοδηγών φωτός.  
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Foreword 

 

The present thesis treats the case of irradiation of polydienes solutions by red 

laser light. The aim of this work is to gain a better insight of the observed phenomenon, 

to understand the role of the constituents, to investigate patterning and to propose 

possible applications. 

Chapter 1 starts with a brief discussion of the optical response of soft materials to 

external fields and the subject of the present study, which is the light-induced patterning 

in polydienes solutions, is described.  

Chapter 2 presents the experimental techniques employed during this study and 

introduces the local in space and integrating over time nonlinearity model, used for 

simulating the experimental evolution of refractive index and light distribution along the 

propagation axis in polydiene systems under irradiation.  

Chapter 3 addresses the optical response of polydiene solutions in 

tetrahydrofuran (THF) to irradiation. We describe the phenomenology of the response 

and we show that the response can be modeled as a time integrating nonlinearity, but of 

the defocusing type. The observed patterns are well matched by the simulated ones using 

light propagation modeling. As to the reason of the local decrease of refractive index, we 

speculate about the possibility of gas formation during the process that will decrease 

locally the refractive index.  The patterning in THF solutions is of a different nature than 

in other solvents.  The response of solutions prepared in mixed solvent is well reproduced 

by a simple model based on coexistence of the self-focusing and defocusing.   

Chapter 4 provides details on the kinetics of the positive pattern formation with 

different monomer – solvent couples. In particular it is shown that the light-induced 

structure formation was found to depend on the combined influence of the solvent as 

well the chemical nature and the relative concentration of the monomer of the 1,4-
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butadiene. The use of butadiene-based copolymers bearing mechanochemical groups, 

not only shows that there are no sufficient involved mechanical stresses to activate these 

groups, but also their use can inhibit the laser writing effect in certain solvent.  

Chapter 5 details the experiments performed to investigate the role of dissolved 

oxygen in the patterning effect. We report the rate of patterning to be strongly dependent 

of O2 content, concluding that oxygen is an important ingredient of the process. By means 

of infrared spectroscopy, we found clear evidences of chemical modifications in the 

molecular structure of the polymer after irradiation.  

Chapter 6 depicts the importance of chemistry and in particular the possibility of 

photochemistry. We present results of the effect of irradiation on the molecular weight 

and molecular weight distribution of polydiene solutions. Irradiation conditions were 

such, where no pattern will form. Chain scission, and chain recombination appear to be 

both present. Further spectroscopic measurements revealed specific chemical 

modifications suggesting photooxidation of the polymer. A possible chemical mechanism 

as adapted from photooxidation of polydienes is presented. 

Chapter 7 explains why polydienes provide a unique photoreactive material as 

candidate for applications in the field of photonics. A preliminary investigation of self-

written waveguide from optical fiber and the successful establishment of flexible 

interconnections between optical fibers, are presented. The results are very encouraging 

as they seem to be as good as other materials. 
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Chapter 1 
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1.1 Optical response of Soft Materials 

Soft Matter is a highly active research area and a crossroad between chemistry 

physics and engineering, where experiments meet with computer simulations and theory. 

One of the distinctive feature of systems belongs to this class, is their large response to 

external fields that can be complex, often in a nonlinear way. The response to external 

mechanical, chemical, thermal and electrical fields has been the main focus of interest. 1 

Optical response, including nonlinear response, can also be triggered in soft matter 

systems. For nonlinear response, the application of optical fields results in modifications 

of the refractive index and consequently of the light propagation. 2 In most optical 

nonlinear systems, the nonlinear response originates in changes of electronic structure. 

In soft matter systems, the optical manipulation can be achieved via other parameters, 

such as the polarizability or the concentration, having as a result the nonlinearities to be 

present even in transparent dielectric materials. 3,4 

Ashkin in the eighties, through his groundbreaking work on nonlinear interactions 

between light and fluids, firstly referred to artificial Kerr media. 5 Nonlinear colloidal 

systems has been recently in the center of interest for the study of nonlinear optical 

processes such as self-induced transparency or self-focusing. 2-4,6,7 Self-induced 

transparency can render a medium transparent which often is opaque, 8 while self-

focusing can lead to the formation of self-trapped light beams of constant diameter 

(optical spatial solitons - OSS) as has been predicted and observed in such types of 

systems. 9 

Other examples of soft systems which possess nonlinear optical properties are 

nematic liquid crystals or colloidal suspensions in the dilute regime. 10,11 Nonlinear 

response have been also investigated in soft systems such as polymer blends close to the 

phase boundary or emulsions, due to thermodiffusive coupling and temperature 

gradients. 12-15 Filament growth as a result of beam self-trapping has been observed in 

photopolymerizable media such as diacrylate photopolymers or organosiloxanes. 16,17 All 

of the above mentioned soft materials exhibit self-focusing, allowing the light to 
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propagate over a long distance without spreading in the transverse directions, since self-

focusing nonlinearity counteracting the natural diffraction of light. 9,18,19 

 

1.2 Polydienes 

All the experiments carried out in this thesis have been done by utilizing 

polydienes, which are typical organic macromolecules of natural or synthetic origin. The 

synthetic ones are resulting from polymerization of diene monomers, which contain two 

double bonds (C=C). The most important polydiene elastomers (synthetic rubbers) are 

polybutadiene (PB) and polyisoprene (PI). In synthetic polydienes, different 

microstructures can be obtained, after varying polymerization conditions, as they are 

presented in Figure 1.1. 20,21 

 

Figure 1.1: Different polymer microstructures resulting from the polymerization of isoprene and butadiene. 

 

Polybutadiene and polyisoprene are model polymers, which have been subject of 

extensive studies, such as rheological, dielectric and light scattering studies, both in the 

melt and solution state. 22 They can be dissolved in many non-polar solvents and more 

particularly in alkanes and form solutions well described by polymer physics. 

They are also polymer widely used in many daily life products, such as tires, 

rubbers, latex gloves, dental dams and more. What makes these polymers extremely 

popular, is their low cost, the high availability and their unique properties.  
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The presence of double bonds in the polymer chain bring chemical instability to 

these macromolecules, which are very susceptible to oxidative degradation, causing 

deterioration of their physical properties (temperature and light sensitive materials). This 

reactivity is mainly due to their unsaturation. However, the use of additives such as 

antioxidant agents (i.e. butylated hydroxytoluene/ a.k.a. BHT), can protect polydienes 

from degradation. 23-25 

 

1.3 Response of polydiene solutions to red light 

An unanticipated nonlinear response of common (but specific) polymer solutions, 

as polybutadiene and polyisoprene, in a variety of solvents, has been observed. 26,27 Fully 

transparent non-dilute polymer solutions are expected to show simple light propagation 

with low scattering, as often semidilute non-absorbing polymer solutions do.  

Nevertheless, in the case of non-dilute polydiene solutions in organic solvents, the 

transmitted beam (projected on a white screen) was observed to be non-steady with an 

evolving concentric pattern (Figure 1.2a), quite different comparing to the initial Gaussian 

profile of the laser beam.  

 

Figure 1.2: (a) Transmitted beam spot and (b) phase contrast images of solvent-rich stripe formed in a cis-

1, 4 PB (390k) solution in chlorobenzene (c= 8 wt %). 
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Mild laser irradiation leads to local change of the polymer concentration and 

consequently to local change of the refractive index. By blocking the laser beam with a 

filter and illuminating with white light, a string-like structure is imaged in the CCD camera, 

as shown in Figure 1.2b. A light-induced pattern is ‘written’ along the propagation 

direction of the laser beam and is optically detected due the existence of a refractive 

index contrast between the formed filament and the background solution. The diameter 

of the filament is about 10 μm, while its length extends from the one wall of the cell to 

the other (~ a few mm). 

 

Figure 1.3: Self-focusing and self-propagation of the light through fiber-like structure in PI (1090) solution 

in decane (c = 6.6 wt %). (a) Spreading of the beam due to natural diffraction at t = 0 s and (b) 

waveguiding of the laser beam as observed after a few minutes of irradiation.  

 

This patterning effect strongly affects the light propagation. After a few seconds 

of irradiation, the beam is clearly self-trapped into the filament and self-propagation of 

the light is allowed through the structure. This is reminiscent of self-focusing, a non-linear 

optical process induced by the change in refractive index of materials exposed to intense 

electromagnetic radiation. 

 

1.4 State of the art of this work 

The formation fibrillar structures upon mild laser irradiation has been confirmed 

for the most of polydiene solutions in several organic solvents. The effect is not limited 
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not limited only to homopolymer polydiene solutions, but also occurs in more complex 

macromolecular architectures. Depending on the solvent, the viscous polydiene solutions 

respond either by an increase or decrease of both polymer concentration (c) and 

refractive index (RI), independently of the solution contrast, as can be seen in Figure 1.4. 

28 This can lead to a variety of light-induced patterns. 

 

Figure 1.4: Diverse light-induced patterns, as imaged by phase contrast microscopy. (a) PI/decane (Δn > 0, 

δn > 0). (b) PI/bromonaphthalene (Δn < 0, δn > 0). (c) PB/tetrahydronaphthalene (Δn < 0, δn < 0). (d) 

PI/tetrahydrofuran (Δn > 0, δn < 0). Δn = np - n0 is the polymer solution optical contrast with np and n0 

being the refractive index of bulk polymers and the neat solvents, respectively. δn = nstr - ns is the light 

induced local pattern contrast with nstr, and ns denoting the RI of the irradiated (pattern) and non-

irradiated (surrounding) solution. 

 

Extended lengths of irradiation time in polydiene solutions, often show strong 

instabilities leading to the formation of many secondary fiber-like structures and finally 

to complex patterns. 28,29 Self-trapped beams are prone to optical instabilities, which 

often referred to as modulation instabilities (MI), a process that appears in most nonlinear 

wave systems. The question of the nature of the mechanism remains open. 
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Prolonged irradiation leads to irreversible patterning, indicating the presence of 

crosslinking. The insoluble material could be extracted through a rinsing procedure with 

good solvents. This allowed characterization of the irradiated material. 

Single fibers could nicely be imaged by Scanning Electron Microscopy (SEM) as can be 

seen in Figure 1.5. Swelling and Rheology experiments revealed a gel‐like structure in the 

written material, which is due to crosslinking. 

 

Figure 1.5: SEM images of extracted fibers from long-irradiated PB solution.  

 

The utilization of real-time phase contrast microscopy allowed for the 

quantification of the kinetics of the fibrilar pattern formations. The pattern formation 

growth rate as a function of material parameters and irradiation conditions has been 

investigated in detail. 

Patterning formation was shown to depend on the used solvent. For different 

solvents, the pattern contrast and pattern formation growth rates exhibited variations, 

for a constant laser power and similar polymer concentrations. Moreover, the polymeric 

response seemed complex for a series of other parameters, such as laser power, 

molecular weight and concentration, which found also to affect the kinetics. In particular, 

the growth rates found to depended linearly on the laser power (excluding the highly 

viscoelastic concentrated solutions). The photon flux was found to control the time 

evolution of the refractive index increase. Furthermore, formation rate was not that much 
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affected by the monomer concentration but rather by the molecular weight of the used 

polymer. 31 

The relevance and importance of chemical modification have also been signed. In-

situ EPR (electron paramagnetic resonance) experiments have revealed the presence of 

long lasting free radicals in the irradiated solutions, which is a hint in the direction of 

photo-induced chemistry, Moreover, micro-Raman spectroscopic experiments of the 

irradiated samples which have evidenced a series of chemical modifications between the 

material before and after irradiation. 32 

 

1.5 Motivation and goals 

The response of polydiene solutions to red light is a typical case of soft matter 

response. Despite the rich and clear phenomenology, the nature and the physical origin 

of the effect remains unclear, since none of the expected soft matter couplings can 

provide (even qualitative) explanation for the observed response. Common effects, such 

as electrostriction, alignment and thermodiffusion fail to provide a satisfactory 

explanation for the observed behavior of polydiene solutions under red light irradiation. 

31,33 

Many of the experimental observations have been done in polydiene solutions are 

similar to photoreactive soft matter systems (particularly photopolymers). The nonlinear 

optical properties of photopolymers opened a new area in the crossroad of nonlinear 

optics and photoreactive systems, completely distinct from the traditional nonlinear 

optical materials studied before. 34 

The main objective of this is to gain a more detailed understanding of this 

unexpected patterning effect and the present mechanism at work, with the hope to 

identify the main components of the mechanism, and mostly the origin of the effect. 

Polydiene solutions is a spectacular case of self-written waveguides, which typically can 

be observed in photoreactive polymers. 29,30 Elucidation of the mechanism of this specific 
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light-matter interaction in polydiene solutions may offer new perspectives in light 

responsive materials and in Soft Matter manipulation. 

Identifying the materials ingredients necessary for the “writing” response to be 

present, may allow us to optimize the “formulation” of polymer solutions for controlled 

response, and offer the possibility to create controlled patterns. The availability of 

transparent materials for self-written waveguide owes to be relevant in fields like 

lithography and photonics. 
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2.1 Introduction 

In this chapter we list the techniques that were employed for the work reported 

in this thesis, in order to irradiate the systems and evaluate the effect of the irradiation. 

We give the necessary background to understand our use of the different techniques.  

Concerning characterization during irradiation, one of our main approaches has 

been to follow the formation of the light-induced patterns. For this reason we used a 

variant of Quantitative Phase Contrast Optical Microscopy that is well adapted to monitor 

the time evolution of the refractive index profile of the patterns.  

The effect of the irradiation on the material was checked through the use of 

several spectroscopic techniques. Infrared and Raman spectroscopies were employed to 

sense the molecular vibrational modes of the irradiated material and therefore to detect 

the precise chemical composition and potential alterations due to the laser irradiation. In 

this spirit, Gel Permeation Chromatography (GPC), Dynamic Light Scattering (DLS) and 

Nuclear Magnetic Resonance (NMR) spectroscopy were also utilized. 

 

2.2 Experimental setup for irradiation and observation 

The experimental set-up, which was allowing pattern formation and simultaneous 

real-time imaging of the light-induced structures is illustrated in Figure 2.1. A Zeiss 

Axioskop 2 optical microscope was used, put in an up-right position to allow the 

simultaneous irradiation and observation of the polymer solutions, placed in the sample 

cell. A DPSS cw laser (wavelength 671 nm and Pmax = 170 mW) was placed on the modified 

stage of the microscope. The laser beam was focused through a 4x (Melles Griot, NA = 

0.12) microscope objective on the entrance wall of the sample cell. The beam diameter 

at the focal point was about 20 μm and was set at the entry of the sample cell. The 

transmitted beam spot exiting the sample cell was projected on a paper screen. This 

allowed the detection of the changes were occurring to the shape of the spot during 

irradiation, corresponding to the light-induced patterning of the polymer solution. 
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The imaging of the light‐induced structures was implemented by means of the 

white light Köhler illumination unit of the microscope, in order to produce a collimated 

white light beam impinging on the sample. A 5x microscope objective (Zeiss, NA = 0.15) 

was used for imaging, which was slightly defocused (up to 100 µm above the focal plane 

in the z axis) allowing the structures to acquire enhanced contrast and facilitating 

quantitative analysis. By using a blue filter, the scattered light could be blocked and the 

real time imaging of the structures could take place by using a CCD camera (8 bit, black & 

white) that was attached on the microscope.  

 

Figure 2.1: A schematic illustration of the experimental setup used for the irradiation and the 

simultaneous imaging of the polymer solutions: L, laser source (671nm); W, writing lens; S, polymer 

sample; I, microscope illumination; O, microscope objective; C, CCD imaging camera; T, the spot of the 

transmitted incident beam through the solution. 

 

The sample cells should have specific optical quality in order to allow simultaneous 

laser irradiation (in x-direction) and transmission microscopy observation (in z-direction), 

during the experiments. For this reason, the cells were varying from standard 

spectroscopy quartz cuvettes (Hellma, 2, 4 or 10 mm path length), to NMR tubes (4 path 

length) or either square borosilicate glass capillaries (1 mm path length), using each time 

the corresponding holder, attached on the modified stage of the microscope. In the case 

of NMR tubes, due to their cylindrical geometry, they were immersed into a 10mm square 
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quartz cuvette, which was containing glycerol, as an index matching fluid, in order to 

avoid potential reflections or distortions during observation on the optical microscope.  

 

2.3 Phase Contrast Microscopy 

2.3.1 Quantitative Phase Contrast Microscopy  

When light passes through a medium, the wave amplitude but also the phase 

changes in a medium dependent way. Light scattering and absorption cause changes in 

the amplitude that may be seen even by human eye (e.g. color changes). Phase variations, 

which often carry important information, are difficult to be seen. Phase contrast 

microscopy is an optical microscopy technique that helps to extract information from 

phase shifts, by producing high-contrast images of transparent samples. This technique 

first described in 1934 by Dutch physicist Frits Zernike and for his achievement, in 1953, 

he won the Nobel Prize for Physics. 1 

In this study, a variant of quantitative phase contrast microscopy was used to 

quantify the evolution of the refractive index during irradiation. 2-4 The method is based 

on the transport of intensity equation describing a paraxial optical field travelling in the 

z-direction: 5 

𝛻⊥ • (𝐼(𝑥, 𝑦, 𝑧)𝛻⊥𝜙(𝑥, 𝑦, 𝑧)) = −
𝑘𝜕𝐼(𝑥, 𝑦, 𝑧)

𝜕𝑧
 

where 𝑘 = 2𝜋/𝜆 is the wavenumber of the optical field, λ is the wavelength, 𝐼(𝑥, 𝑦, 𝑧) the 

intensity of the optical field measured in a transverse plane z and 𝛥⊥ is the transverse 

gradient operator 𝛻⊥ =
𝜕

𝜕𝑥
�̂� +

𝜕

𝜕𝑦
𝑦̂. 

As a consequence, the off-focus image relates to the gradient of refractive index 

in a relatively simple way that can be inverted. The measure of the out of focus image can 

be used to determine the refractive index variations. 



33 
 

The acquired intensity I(x, y) at a distance from the focal plane Δz relates to the 

phase shift φ(y),    
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where z is the propagation axis of the microscope illumination light with the phase 

gradient being along the radial dimension of the cylindrically symmetric object and I(0) is 

the intensity of the in-focus image. The phase shift due to the refractive index radial 

profile is calculated through an Abel transform:  
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The technique provides a simple and general method to image refractive index 

inhomogeneities and it is well adapted to the cylindrical geometry of the formed 

structures. It can also be applied decently in the case of the conical structures. In such 

conditions the imaged intensity is related to the phase shift of the white light beam which 

is induced by the refractive index difference between formed pattern and the surrounding 

unperturbed solution.  

The phase contrast image is acquired with a slightly defocused imaging system, 

combined with a collimated white light beam. The collected intensity on the CCD camera 

can be quantitatively related to the refractive index variation.  

In the present work, we assume a Gaussian functional form for the refractive index 

profile 
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and its Laplacian, which is proportional to the imaged intensity 
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Practically, we reconstituted the phase by double integration of the experimental 

imaged intensity profile. The obtained profile was compatible with the Gaussian profile. 

We then obtained the refractive index profile as
b

y
rn

)(
~)(


 .  

 

Figure 2.2: (a) Time series images of fiber formation in polybutadiene solution in tetradecane. In the image 

for t = 100 s, the analysis box for the averaging of intensity profile, is shown. (b) Intensity profile of a 

written structure. The maximum contrast value (Imax) and the fiber diameter (d) are shown. 

 

The proportionality constant (k) was determined through the use of a calibrated 

sample, namely a well characterized optical fiber (see below) that also provided a check 

of the validity of the approach. The measured image I(x, y, t) was first normalized as
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averaged over a range of x (~ 60 lines of the CCD image) (Figure 2.2a), to improve statistics 

and lead to ),( tyIN . The maximum of the profile corresponding ),0()(* tyItI N  . 

Assuming a Gaussian refractive index profile, the reported maximum )(* tI  is directly 

proportional to )(rn , and more specifically they are connected by the relation
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 . I*(t) provides a measure of an averaged refractive index 

gradient 
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2.3.2 Technique calibration and sensitivity 

Quantitative phase contrast microscopy was calibrated using a well characterized 

optical fiber of known refractive index profile to obtain δn in refractive index units (RIU). 

A Corning SMF-28 optical fiber, with an 8.2 μm core of n = 1.4643, in a cladding of 125 μm 

with n = 1.4607 (δn = 0.0036 or 0.36%), was immersed in an index-matching fluid 

(glycerol/ water mixture) for the fiber cladding, in order to achieve the best image 

contrast between the core and the cladding. Images were acquired at several defocusing 

distances (Figure 2.3). The values of I* as a function of Δz, used in this study, were 

confirmed up to the 100 μm defocus from the focal plane. The values of the 

proportionality constant (k) for the most used defocusing distances are shown in Table 

2.1, as taken through the latest equation of the section above. 
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Figure 2.3: Image of the optical fiber used for phase contrast microscopy calibration, at the focal plane of 

the microscope objective (Δz = 0 μm) and at different defocus distances. The in-focus image is almost not 

visible. Slight defocusing allowing images to acquire enhanced contrast. 

 

Table 2.1: Proportionality constant (k) values, calculated for the most used defocus distances (Δz) in this 

study, using the imaged contrast (I*) of Corning SMF-28 optical fiber, measured by Quantitative Phase 

Contrast Microscopy. 

Δz(μm) Ι* k (μm RIU-1) 

20 0.048 112.457 

100 0.1128 264.309 

 

The sensitivity and the range of the technique as implemented here are limited by 

the relatively dynamic range of the used CCD camera (8 bit). The smallest measurable 

intensity variation is of the order of 1% that would correspond to a refractive index change 

of δn ~ 10-4 RIU. On the higher δn limit, for a fiber diameter 2b = 8.2 μm and a typical 

defocusing distance Δz = 100 μm, the maximum refractive index increase accessible in the 

dynamic range is estimated to be δn ~ 5x10-2 RIU.  
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2.3.3 From refractive index profile to concentration profile 

Assuming that the change of refractive index is due to a change of polymer 

concentration











dc

dn

n
c


 , the range of the measured δn can be translated to a range of a 

concentration change. Assuming dn/dc=0.1 ml/g, then the minimum refractive index 

change, that have been measured with the technique in the polymer solution samples of 

this study, is δnmin~ 2.5x10-4 RIU, which translates into δcmin~ 2.5x10-3 g/ml (~ 0.25%), as a 

change of polymer concentration. Correspondingly, the maximum refractive index change 

is δnmax~ 5x10-2 RIU, which is translated into a concentration change δcmax~ 0.5 g/ml. The 

variation are to be compared to initial solution.  

 

2.4 Infrared and Raman Spectroscopy 

2.4.1 General 

Infrared and Raman Spectroscopic techniques are the most important among 

different methods of vibrational spectroscopy and they are valuable tools in observing 

vibrational spectra of different compounds. These two methods provide complementary 

images of molecular vibrations. In the infrared spectrum, vibrations which modulate the 

molecular dipole moment are visible, while in the Raman spectrum appear those 

vibrations which modulate the polarizability. Depending on the nature of the vibration, 

which is determined by the symmetry of the molecule, vibrations may be active or 

forbidden in the infrared or Raman spectrum, while there are also vibrations that may be 

“silent” in both spectra. 6 

In this study Infrared and Raman spectroscopy were utilized to characterize not 

only the structures extracted from the irradiated polydiene solutions, but also irradiated 

areas in these solutions, even in the absence of patterning (very early stages of 

irradiation). More specifically, both techniques were employed to trace potential 

alterations in molecules vibrations, in infrared and Raman spectra, which could be 



38 
 

assigned to chemical modifications in the induced structures and polymer solutions, due 

to the laser irradiation. Typical Infrared and Raman spectra for high cis-1,4 polybutadiene, 

can be seen in Figures 2.7 and 2.9, correspondingly.  

 

2.4.2 Infrared Spectroscopy 

Infrared spectroscopy is a technique based on the vibrations of the bonds of a 

molecule. When infrared radiation passes through a sample, a fraction of the incident 

light is absorbed at a specific energy, due to the interaction of light with the sample 

molecules. For being infrared active a vibrational mode in a sample, it must be associated 

with changes in the dipole moment. The absorbed energy corresponds to a frequency 

characteristic of the occurring bond vibration. These vibrations can be visually 

represented as peaks in an absorption spectrum which are a unique reflection of the 

molecular structure of the examined sample, since each peak corresponds to the 

vibration of a specific bond. Once an absorption spectrum is acquired, the assignment of 

certain patterns to characteristic groups can be done.  

Infrared radiation is electromagnetic radiation with longer wavelengths than 

those of visible light and carries largely thermal energy. Interactions of infrared radiation 

with matter may be understood in terms of changes in molecular dipoles associated with 

vibrations and rotations. A diatomic molecule can be considered as two spherical masses 

joined by a bond with spring-like properties. The atoms in the molecules can also move 

relative to one other or one atom can move out of its present plane. These stretching and 

bending movements are collectively referred to as vibrations. The bond between the two 

molecules can be modeled as a spring and the stiffness of the bond can be characterized 

by a proportionality constant termed the force constant, k (derived from Hooke’s law).  

 

If infrared light will be shined on a molecule, it’s possible from the molecule to 

absorb energy. This can cause bond vibrations which can be compared to the oscillation 
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of a spring of a harmonic oscillator. The energy that absorbs the bond depends on the 

frequency of the radiation (each bond does not absorb at all wavelengths) and from the 

bipolar moment of the molecule. The absorption frequency of a bond (ν) can be related 

to the bond force constant (k) and the masses of the atoms at the ends of the bond (m1& 

m2), can be calculated as:  



k
v

2

1
  

where µ is the reduced mass of the individual atomic masses of the atoms at the ends of 

the bond:
21

21

mm

mm




 .  

The above absorption frequency equation may also be expressed in wavenumber 

values (cm-1), if divided by the speed of light in cm/s: 
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Molecules can vibrate in various ways (Figure 2.4). The most important of these 

can involve either a change in bond length (stretching) or in bond angle (bending). 

Stretching vibrations require more energy than bending vibrations, so the first ones 

appear at shorter wavelength values comparing to the latest which appear at longer 

wavelength. 7 

Concerning the instrumentation of the technique, there are two basic types of 

infrared spectrometers, dispersive infrared spectrometers and Fourier transform infrared 

(FTIR) spectrometers. Dispersive infrared spectrometers emerged in the 1940’s. This kind 

of infrared spectrometers use visible lasers, a grating, and charged coupled device (CCD) 

detectors for collecting the data. The laser acts as a light source and irradiates the sample. 

Most of the infrared radiation scatters elastically at the same energy as the incoming 

radiation. A small amount of radiation, approximately one photon in a million (0.00001%), 

scatters from the sample at a wavelength shifted slightly from the original wavelength.  
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Figure 2.4: Different types of molecular vibrations in Infrared Spectroscopy. Wagging & twisting are out of 

plane bending vibrations, where (+) refers to the movement of atoms above the bond plane, while (-) 

refers to the movement below the plane (adapted from: chem.libretexts.org). 

 

Infrared spectroscopy provides information about the presence or the absence of 

specific functional groups that are active in the infrared. A typical infrared spectrum 

(4000-400 cm-1: mid-IR region, typical absorption range for covalent bonds) can be 

divided in two general regions. The 1450–400 cm−1 region in the spectra is quite complex 

and it's difficult to pick out individual bands and assign them reliably to a particular 

functional group or bond. This region of spectrum is called fingerprint region because is 

almost unique for any given compound. The 4000-1450 cm-1 region is the functional group 

region where absorption peaks, characteristic of specific kinds of bonds, are located and 

can be used to identify whether a specific functional group is present. Within this region 

we can distinguish the X–H stretching region (4000–2500 cm−1), the triple-bond region 

(2500–2000 cm−1) and the double-bond region (2000–1450 cm−1). 7 
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 Figure 2.5: Schematic of an FTIR spectrometer (adapted from: https://umich.edu). 

 

    In this study, FTIR experiments were carried out using a Bruker Vertex 70v FT-IR 

spectrometer which was connected with a Hyperion 2000 FT-IR microscope. Two different 

methods of infrared absorption spectroscopy were used depending on the examined 

sample state. For the polymer solutions, the transmission mode was utilized (Figure 2.6a). 

In this case, the polydiene solutions were placed in zinc selenide (ZnSe) windows and after 

irradiation were transferred to the FT-IR microscope for characterization. With the use of 

a 15x objective lens (working distance of 24mm) the IR beam was focused at the sample. 

A number of 132 scans were taken in order to achieve a very good signal to noise ratio. 

For the dried structures that has been extracted from the polydiene solutions, 

after prolonged irradiation, attenuated total reflection (ATR) technique (Figure 2.6b) was 

used for the molecular characterization. This sampling technique utilizes the 

phenomenon of total internal reflection. The IR beam is entering a crystal and when the 

angle of incidence at the interface between the crystal and the sample is greater than the 

critical angle, the beam undergoes a total internal reflection. A fraction of a wavelength 

beyond the reflecting surface is penetrated by the beam when a material that selectively 

absorbs radiation is in close contact with the reflecting surface, the beam loses energy at 
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the wavelength where the material absorbs. The resultant attenuated radiation is 

measured and plotted as a function of wavelength by the spectrometer and gives rise to 

the absorption spectral characteristics of the sample.  

 

Figure 2.6: Fourier transform infrared sampling methods for: (a) transmission mode experiments; (b) 

attenuated total reflection (ATR) mode experiments. 

 

For achieving the highest possible quality spectrum, two important requirements 

must be fulfilled. The first one is that has to be ensured the good contact between the 

sample and  the ATR crystal, as the evanescent wave penetrates only up to a specific 

number of microns into the sample. The second one is that the crystal refractive index 

has to be significantly higher than that of the sample. Typical refractive indices for ATR 

crystals are between 2 and 4 and typical values for organic substances such as polymers 

range from 1.2 to 1.5. This give the possibility a large number of IR-active samples to be 

measured. 
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Figure 2.7: Infrared spectrum of high cis-1,4 polybutadiene polymer. 8 

 

2.4.3 Raman Spectroscopy 

Raman spectroscopy is another vibrational technique which gains popularity due 

to recent technological advances that have made the instrumentation more accessible. 

This was the main reason why up until recently Raman spectroscopy was essentially 

restricted to academic purposes, while Infrared spectroscopy had become the 

“workhorse” of vibrational spectroscopy in industrial analytical laboratories, apart from 

research institutes. The technique relies on inelastic scattering of monochromatic light, 

known as Raman scattering, a completely different mechanism of exciting molecular 

vibrations, comparing to light radiation absorption where infrared spectroscopy relies on. 

Raman scattering was discovered by the Indian physicist C. V. Raman and his student K. 

S. Krishnan in 1928. Raman was awarded the 1930 Nobel Prize in Physics for the discovery, 

that when light traverses a transparent material, some of the deflected light changes 

wavelength and amplitude. 6,9 

The experimental setup used during this study was a Nicolet Almega XR Dispersive 

Raman Spectrometer. The system is equipped with an Olympus BX51 confocal microscope 

with motorized stage, mapping capabilities, and spatial resolution down to 1 μm. The 

spectrometer featured an Almega XR 780 nm (NIR) laser (100-3100 cm-1 Raman shift, P = 
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15 mW) which was focused on a micron-sized spot in the sample through an Olympus 

MPlan 10x BD microscope objective (NA=0.25). The use of an NIR laser instead of a visible 

laser (green or red) was done in order to avoid any fluorescence signal that could probably 

come from the potential existence of impurities in the sample, which could prevent the 

observation of any Raman scattering of interest.  

 

Figure 2.8: Schematic representation of typical experimental micro-Raman setup. 10 

 

A schematic representation of a typical micro-Raman setup is shown in Figure 2.8. 

Light scattered from this spot in backward direction was collected and collimated by the 

same objective lens. The Rayleigh line was blocked by an appropriate notch filter. The 

different frequency components of the inelastically scattered light were dispersed in a 

monochromator, whose entrance slit was replaced with a pinhole. A CCD detector was 

placed in its exit focal plane so the whole Raman spectrum was recorded. Due to the 

confocal scheme of the setup, only light from the focus can penetrate through the 

pinhole. Light from other depths in the sample is efficiently blocked. As a consequence, 

out-of-focus regions do not blur the signal, but are dark. 
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Figure 2.9: Raman spectrum of high cis-1,4 polybutadiene polymer. 11 

 

2.5 Gel permeation chromatography (GPC) 

Size exclusion chromatography (SEC) refers to the process of molecules separation 

according to their size when a solution flows through a packed bed of porous packing. Gel 

permeation chromatography (GPC) is a type of Size Exclusion Chromatography, used for 

the chromatographic separation of synthetic macromolecules based on size, with the use 

of porous gels or rigid inorganic packing particles. GPC is the most convenient technique 

to characterize natural and synthetic macromolecules, providing information about 

molecular weight, intrinsic viscosity and hydrodynamic radius. 

The technique involves passing a dissolved sample in a mobile phase (solvent) 

through a stationary phase, which is located inside the column. Important prerequisites 

for GPC is the full dissolution of the sample and no interaction should occur between the 

stationary phase and the sample. The sample is introduced in the column and the mobile 

phase will begin to move the sample components through the stationary phase which is 

composed by a microporous packing material (gel). Ideally, size separation is achieved by 
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differential pore permeation. The individual components of the sample will travel through 

the column at different rates. Larger molecules have shorter retention times in the pores 

of the packing comparing to the smaller ones and are eluted from the column earlier, 

while molecules with smaller hydrodynamic volume exhibit a longer retention time. 12,13 

 

Figure 2.10: Schematic of a typical Gel Permeation Chromatography (GPC) instrumentation (adapted from 

slideplayer.com). 

 

A conventional GPC system is not much different from other techniques of liquid 

chromatography. The instrumentation (Figure 2.10) is mainly consisted by a pump, an 

injection system, the column set and the detector(s). Pump delivers the eluent through 

the system in a constant flow rate, while the injection system introduces the sample 

solution into the eluent stream at a known concentration. The column set contains the 

microporous packing material and provides the chromatographic separation, resolving 

the sample solution on the basis of size. Detector monitors and records the separation 

and responds to individual components of the sample as they elute from the column. 
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The most common detectors used in GPC instrumentation are refractive index (RI) 

detectors which respond to sample concentration, UV/Vis or photodiode array (PDA) 

detectors which respond to sample concentration and light absorption, light scattering 

detectors which respond to the molecular weight of the sample and viscometer detectors 

which are influenced by the molecular density of the sample. Various combinations of 

them can be used, depending on a specific data desired. Data acquisition accessories 

control the test automatically, record the results, and calculate the molecular weight 

averages.  

During the analysis, the detector gives information about how much material 

elutes from the column at a given time. That is then converted into a molecular weight 

and then into a molecular weight distribution by reference to a calibration curve of 

molecular weight as a function of the retention time. In order to build the calibration 

curve, a series of well characterized standards must be run. These standards should cover 

a wide size and molecular weight range so the entire breadth of the column distribution 

range is mapped. If the standards used in the calibration and the sample are of the same 

chemistry, then accurate molecular weights are obtained. However, if the standards and 

the sample vary chemically, the results are only comparative.  

In this study, Gel Permeation Chromatography (GPC) was conducted in order to 

evaluate the photons influence of the laser light, on polymer molecular weight 

distribution, in “non-writing” conditions. The experimental setup used was a Shimadzu 

Prominence-i LC-2030C 3D system with a PLgel 5μm mixed D and mixed C column 

(Polymer Laboratories) and equipped with refractive index (RI) and UV/vis detectors 

(Shimadzu RID-10A and Shimadzu SPD-M10A photodiode array detector respectively). For 

the calibration curve, polystyrene (PS) standard was used and THF used as an eluent, with 

a flow rate of 1 mL min−1. 
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2.6 Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical 

chemistry technique used in research and quality control, for determining the molecular 

structure of organic compounds, but also their content and purity. NMR was first 

experimentally observed by F. Bloch (Stanford University) and E.M. Purcell (Harvard 

University) in 1946, who independently developed the technique and shared the 1952 

Nobel Prize in Physics for this discovery. This technique detects the energy absorbed by 

changes in the nuclear spin state of a sample and can quantitatively analyze mixtures 

containing known or unknown compounds. Except from molecular conformation, NMR 

can be used for studying physical properties at the molecular level, phase changes, 

solubility, or diffusion of the examined samples. The applications of NMR spectroscopy 

expand in various fields of physics, chemistry, biology and medicine.  

The elementary idea of NMR spectroscopy is similar to other forms of 

spectroscopy. Such as in visible spectroscopy a photon of light can cause a transition from 

the ground state to the excited state, in NMR a radio-frequency photon can promote a 

nuclear spin from the ground to the excited state. Nevertheless, NMR differs from visible 

spectroscopic techniques in a number of aspects. The generation of ground and excited 

states in NMR requires the presence of external magnetic field. This requirement is an 

important distinction of the technique since the characteristic frequencies of the 

transition from ground to excited state can change if simply there is a change in the 

applied magnetic field strength. Another important difference is that in NMR the lifetime 

of the excited state is on the order of 109 times longer than the lifetime of excited 

electronic states. A long lifetime provides three important benefits which are the narrow 

resonance lines, the experimental manipulation of the excited state in multi-dimensional 

experiments and also the sensitivity to molecular motion over a wide time scale. 14,15 

Nuclear Magnetic Resonance (NMR) spectroscopy is based on the fundamental 

property of the atomic nucleus which is the “nuclear spin” (I). In the absence of an 

externally applied magnetic field, the nuclear spins are randomly oriented. However in 
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the presence of an external applied magnetic field (B0) nuclei are oriented with or against 

this applied field. More nuclei are oriented in the direction of applied field because this 

arrangement is lower in energy. In a magnetic field there are now two energy states for a 

proton; a lower energy state (nucleus aligned in the same direction with B0) and a higher 

energy state (nucleus aligned against B0). With an external energy source (hv), that 

matches the energy difference (ΔΕ) between these two states, when a magnetic field is 

applied, energy is absorbed, causing the nucleus to "spin flip" from lower energy state to 

the higher. When the nuclei fall back to their lower energy state, the detector measures 

the energy released and a spectrum is recorded. Only nuclei with non-zero spins (I ≠ 0) 

can absorb and emit electromagnetic radiation and undergo "resonance" when placed in 

a magnetic field. Important common nuclei (e.g. 12C, 14N, 16O and 32S) have even mass 

numbers and even atomic numbers and therefore zero spin. For this reason such nuclei 

remain NMR-blind and can be specified as NMR-inactive.  On the contrary certain nuclei 

(e.g.  1H, 13C, 15N and 19F) possess non-zero spin and can be seen by the NMR spectroscopy. 

For these nuclei, the spin number is not zero because they have more than one energy 

states in a magnetic field and as a consequence energy transitions are possible for such 

nuclei. 

Two types of NMR spectroscopy are commonly used to characterize organic 

compounds. Proton Magnetic Resonance (1H-NMR) is used to determine the type and 

number of H atoms in a molecule and Carbon Magnetic Resonance (13C-NMR) is used to 

determine the type of carbon atoms in the molecule. The relative position of absorption 

in NMR spectrum is called chemical shift (ppm or δ units). For 1H the usual scale of NMR 

spectra is 0-10 ppm, while in the usual 13C spectra is 0-220 ppm. The last decades, with 

the advent of Fourier-Transform NMR (FT) spectrometers, the technique has become 

extremely sensitive and good spectra can be taken with microgram quantities and in 100-

1000 shorter times comparing to Continuous Wave NMR (CW) spectrometers used in the 

past. In Figure 2.11 a schematic of a typical NMR spectrometer can be seen.  
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Figure 2.11: Schematic of a typical NMR spectrometer (taken from slideplayer.com). 

 

For the liquid state NMR experiments of this study, a Bruker Avance III NMR 

spectrometer was used, operating at 500 MHz for the proton (1H) nucleus, at 293.2 Κ. 

Deuterated chloroform (CDCl3) was mainly used as a solvent and the chemical shifts in 

this solvent were reported relative to tetramethylsilane (TMS), which was the internal 

standard for calibrating chemical shift. 

 

2.7 Photon Correlation Spectroscopy 

Photon Correlation Spectroscopy (PCS) or Dynamic Light Scattering (DLS) is a very 

popular technique for the characterization of small particles in suspension or polymers in 

solution, in single-scattering regime, since it provides a wealth of structural and dynamical 

information on mesoscopic length scales. In the classical theory of light scattering 

experiment, the light from a laser source passes through a polarizer that defines the 

polarization of the incident beam and then impinges on the scattering medium, which 

most of the radiation being transmitted and a small portion being scattered. The scattered 

light then passes through an analyzer, which selects a given polarization, and finally enters 

a detector (photomultiplier tube). The position of the detector defines the scattering 

angle θ. Moreover, the intersection of the incident beam and the beam intercepted by 

the detector defines the scattering volume V. Then, the scattered intensity can be related 
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to the structure of the particles, whereas the intensity fluctuations reveal the dynamical 

motion of particles over an extended range of time scales. 16 

 

Figure 2.12: Schematic representation of the light scattering experiment. 16 

 

The basic theory of light scattering was developed more than a half century ago 

by Rayleigh, Mie, Smoluchowski, Einstein and Debye. Based on Einstein’s theory, light 

scattering is a result of local fluctuations in the dielectric constant of the medium, which 

originate from the constant translational and rotational motion of molecules. Then, the 

instantaneous dielectric constant of a given subregion of the illuminated volume, which 

depends on the positions and orientations of the molecules, will fluctuate and thus give 

rise to light scattering. 17 

The scattering of light can be considered as the redirection of light when the 

incident light ray, which consists of an electromagnetic (EM) wave, encounters an 

obstacle or non-homogeneity that in our case is the scattering particle. The mode of the 

interaction of light with the particle depends on the electronic structure of the particle’s 

material as determined by its quantum mechanical properties. If the energy of the 

incident photon (hω0/2π, where h is the Planck’s constant) is equal to the difference in 

energy between two states in the system, then the photon might be absorbed by the 

system. As an oscillating electric field, light distorts the distribution of the charges in the 

system, which when they are accelerated emit radiation in the form of scattered light. If 
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there is no exchange of energy between the photon and the system, then the frequency 

of the scattered light, ωs, is equal to the frequency of the incident light ω0 (elastic 

scattering). On the contrary, if energy is exchanged between the photon and the system, 

ωs differs from ω0 (inelastic scattering). The characteristic length scale of an elastic light 

scattering experiment is determined by the wavelength λ of the light used to probe the 

system and is proportional to q2 . Here, q denotes the scattering vector given by

   2sin4 nq  , where n is the refractive index of the solvent. 18 

Photon Correlation spectroscopy entails the “mathematical translation” of the 

temporal intensity fluctuations of the scattered light in a single coherence area into the 

temporal normalized autocorrelation function of the scattered intensity, using a digital 

correlator. The time-dependent scattered intensity is multiplied with itself after it has 

been shifted by a distance τ in time and then they are averaged over the total 

measurement time. For scattering particles suspended in a medium which undergo 

Brownian motion, the normalized autocorrelation function of the scattered intensity 

should be a single exponential decay according to the equation: 
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while the respective normalized autocorrelation function of the electric field is written: 
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Under the assumption of a Gaussian distribution of the scattering intensity profile, 

g(2) (q,τ) is related to the electric field autocorrelation function g(1) (q,τ) through the Siegert 

relation: 

         2*21*2 ,1,1,  qCfqagfqg   

where f* is the coherence factor, α the fraction of the scattered intensity with dynamics 

inside the correlator window and C(q,τ) the normalized correlation function. In 
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experimental practice, several coherence areas or speckles are detected simultaneously. 

Therefore, the intercept of the normalized intensity correlation function (coherence 

factor f*) deviates from the theoretically expected value of unit, which corresponds to 

the case of one speckle detected. 16 

In the simplest case of dilute suspension of monodisperse spherical particles, 

C(q,τ) is used to deduce the relaxation time τ related to the q-independent translational 

diffusion coefficient D according to:       DqtqC 2expexp,  . Then the 

hydrodynamic radius RH is obtained according to the Stokes-Einstein relation: 

H

B

R

Tk
D

6
  

where kB is Boltzmann’s constant, T the temperature and η the viscosity.  

 

 

Figure 2.13: Temporal fluctuations of the scattered intensity and normalized intensity autocorrelation 

function, which should single-exponential decaying from 1 to 0. 

 

The experimental set-up used in this study was a typical photon correlation 

spectrometer, equipped by a 130mW/ 532nm wavelength He-Ne laser, an automated ALV 

goniometer that varies the scattering angle, a photomultiplier tube as a detector and an 

ALV-5100 digital correlator. For this set-up, the coherence factor is equal to f* = 0.36. 

Once the autocorrelation function is obtained, we can use the Kohlrausch-

Williams-Watts (KWW) function (stretched-exponential function) in order to fit relaxation 
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processes that are for the determination of the translational diffusion coefficient of each 

process: 

    ]exp[,


 WWtAqC   

where τww is a characteristic relaxation time, β is the stretching exponent ranging between 

0 and 1 and A the amplitude of the correlation function. 

 

2.8 Modelling of light propagation in materials with time integrating 

optical nonlinearities 

2.8.1 Time integrating nonlinearities 

To compare the experimental evolution of refractive index and light distribution 

along the propagation axis in polydiene systems under irradiation observed in 

experiments, we implemented a simulation method that computes the light propagation 

in the presence of intensity dependent refractive index. We used local in space and 

integrating over time nonlinearity model for the cases of self-focusing and defocusing 

nonlinearities. 

Polydienes solutions respond to irradiation by a local change of refractive index. 

The apparent irreversibility of the formation and the specific dependence of the kinetics 

on power make us a believe that the evolution can be characterized as a type of 

integrating nonlinearity, where the change of refractive index at a given point in space is 

proportional to the amount of irradiation received at that point 

Integrating optical nonlinearity have been introduced to model light propagation 

in photo-reactive materials. 19,20 In particular photoreactive polymers theoretically and 

experimentally possess an integrating non-linearity as a result of the irreversibility of the 

involved photochemical reaction, the local refractive index is the sum of all changes that 

occurred from the beginning of irradiation.  According to this mechanism, the refractive 

index variation depends on the intensity of the light, the inherent efficiency of the 
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photochemical reaction, the molecules concentration initiating the photochemical 

reaction, their absorbance and initiating efficiency, the overall polymerization rate and 

the inherent polymer molecular structure and density.  

The form δ𝑛 = δ𝑛𝑠 (1 − exp (−
1

𝑈0
∫ |𝐸(𝑡′)|2𝑡

0
𝑑𝑡′))  was proposed as a simple 

model for photopolymerized materials. 20 It involves two parameters, a maximum 

saturation refractive index Δ𝑛𝑠 and an energy density 𝑈0 that controls the “efficiency” of 

the photo-responsive material. For incoming intensity lower than 𝑈0, the material is not 

expected to show change of refractive index. If the intensity distribution does not vary 

with time, as it should do at the cell entry, then∫ |𝐸(𝑡′)|2𝑡

0
𝑑𝑡′ = 𝐸0

2𝑡, and we obtainδ𝑛 =

δ𝑛𝑠 (1 − exp (−
𝐸0

2

𝑈0
𝑡)). In such case, the refractive index shows a first order type growth 

with a rate of  
𝐸0

2

𝑈0
 . 

This type of evolution does not correspond to our experimentally determined 

kinetics, which are found to be more on the form of the form δ𝑛 =
δ𝑛𝑠

1+𝐴 exp(−
𝐸0

2

𝑈0
𝑡)

 . To 

capture such an evolution, we adapted the phenomenological kinetic model (for the 

positive case)   δ𝑛 =
δ𝑛𝑠

1+𝐴 exp(−
1

𝑈0
∫ |𝐸(𝑡′)|2𝑡

0 𝑑𝑡′)
 . 

 

2.8.2 Simulation of light propagation 

The light propagation in the integrating medium was calculated using simulation. 

Our starting point is the linear paraxial equation of diffraction in the presence of a z-

dependent and time-dependent potential coupled to an evolution equation for the 

refractive index change: 
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where  wavenumberk 
0

0

2




 , 0n background bulk refractive index, x~ transverse 

direction, z~ longitudinal direction. 

Equation (1) is the paraxial equation of diffraction as it takes the following form in 

normalized units (x, z): 
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where 𝑉𝑠  =  𝛿𝑛𝑠 / 𝛥. 

Equation (2) ) is solved numerically (using a method described in the next section) 

at every time step, the solution Φ(𝑥, 𝑧) provides a map of the light intensity, which in turn 

is used  to calculate 𝛿𝑛( 𝑥, 𝑧) and then Equation (1) is solved again for the next time step. 

 

2.8.3 Numerical integration method 

For the split step Fourier method, the basic idea was to separate the action of the 

linear and nonlinear steps. Now we will explain more thoroughly the algorithm, for the 

following paraxial equation of diffraction (local in time and space): 

0)(
2

2










uxV

x

u

z

u
i  



57 
 

In the above analysis everything was presented in terms of continuous Fourier 

transforms, but in order to numerically calculate the solution we need to transfer to the 

discrete domain, thus the discrete Fourier transforms (DFT) must be introduced. The 

discrete Fourier transform of a sequence is computed by a fast Fourier transform (FFT) 

algorithm or its inverse (IFFT). The first step (linear) of the final algorithm is: 

 )2/exp()],([)2/,( 2

001 zikzxnFFTIFFTzzxn m   

the second step (nonlinear) is: 

)2/,())(exp()2/,( 01

2

02 zzxnxnzVizizzxn    

and the third step (linear) is: 

 )2/exp()]2/,([),( 2

003 zikzzxnFFTIFFTzzxn m   

At this point, it has to be highlighted that the SSF method was preferred in the 

present analysis due to the fact that it performs faster calculations with greater accuracy. 

For the non-local in time problem the SSF algorithm was applied for every step in time. 

First the time was discretized. Then, given an initial condition for the field, the diffraction 

pattern was calculated and this pattern was stored and provided us with the potential (z-

dependent) for the next step in time. In every step everything was added from the 

previous steps. After many steps in time we arrive at the final result. The integral of 

Equation (3) was calculated numerically by an approximate Riemann sum or by applying 

the trapezoidal rule. 

 

2.8.4 Examples 

In the figures below we show typical results of simulation obtained and for the 

exponential growth with saturation:  

δ𝑛 =
δ𝑛𝑠

1 + 𝐴 exp (−
1

𝑈0
∫ |𝐸(𝑡′)|2𝑡

0
𝑑𝑡′)
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and for the linear growth with saturation: 

δ𝑛 = δ𝑛𝑠 (1 − exp (
1

𝑈0
∫ |𝐸(𝑡′)|2

𝑡

0

𝑑𝑡′)) 

with parameters δ𝑛𝑠: the value of refractive index variation at the saturation level and 

𝑈0: the critical exposure intensity (energy per area units).  

In Figure 2.14, the implementation of the model for the solely self-focusing case 

is presented, for different values of incoming intensities (uin0 which corresponds to 𝐸0
2 - 

representing the laser power in the model).    
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Figure 2.14: Numerical simulations: refractive index contrast change as a function of laser illumination 

time step at different incoming intensities. 

 

Correspondingly, for the case of defocusing response (negative patterning), 

refractive index variation is given by the equation: 
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where δnS’ is the value of refractive index variation, Γ’ is the characteristic pattern growth 

rate and t is the irradiation time. In Figure 2.15 we can see the implementation of the 

model for the solely defocusing case, for different values of incoming intensities.   
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Figure 2.15: Numerical simulations: refractive index contrast change as a function of laser illumination 

time step at different incoming intensities. 

 

In the case of concurrent existence of both nonlinearities (discussed in Chapter 3), 

they are combined with a simple mixing law and the total effective potential that 

describes the induced refractive index differences is given by the equation:  

  nxnxtzxn  )1()
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Chapter 3 

 

Coexisting self-focusing and 

defocusing in polydiene solutions* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* In preparation: A. Bogris, N. Burger, K. G. Makris, B. Loppinet, G. Fytas, “Coexisting self-

focusing and defocusing in polymer solutions”. 
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3.1 Introduction 

When light impinges a nonlinear material with refractive index (RI) n, a feedback 

on its propagation will exert self-focusing (defocusing) in the case of a local increase 

(decrease), δn. The specific light-matter interaction defines the mechanism through 

which photon influx modifies the refractive index of the material. Known cases are 

photorefractive materials undergoing electronic configurations (Kerr effect); 1 liquid 

crystals reorienting the molecular axis; 2 photochemical systems triggering chemical 

modifications (cis-trans conformation transitions, reactions) 3,4 and photothermal media 

exhibit either mass transport (thermophoresis) or local temperature modulation of the 

refractive index, dn/dT. 5-7 The different mechanisms relate to different spatiotemporal 

scales and amplitude of the refractive index modulation. Standard Kerr effect results in 

relatively low refractive index variations compared to the much larger changes when 

chemical reactions are involved. Hence, non-linear light propagation in light responsive 

media requires high input power always manifested in nonlocal (in space and time) self-

focusing.  

In the last ten years, various reports have depicted in detail the response of 

polydiene solutions to weak laser irradiation, establishing an unexpected class of 

photoreactive polymer solutions. 8-10 The transparent (in the visible light) polymer 

solutions have shown a spectacular effect of self-focusing and self-propagating/ self-

written waveguides. Very strikingly, changing the solvent, for the same polymer solute, 

can switch the self-focusing to a defocusing response, in spite of the higher refractive 

index of the polymer.11 

In this chapter, we present the defocusing phenomenon in polydiene solutions in 

tetrahydrofuran (THF) and we describe the specifics of the effect. We show that the 

defocusing and self-focusing phenomena are distinct and can therefore both cases 

coexist. Finally we show that the overall optical response is also well captured by linear 

propagation phenomenological model.  
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3.2 Defocusing response: pattern formation phenomenology and 

kinetics 

In order to study the defocusing phenomenon, polybutadiene (molecular weight 

of 390kDa) solutions (20 wt %) in THF were prepared and irradiated with a 671nm laser 

beam, focused at the entrance of a 2 mm cuvette, by a 4x lens (focal length f =35mm, NA 

= 0.12), as schematically shown In Figure 2.1 (Chapter 2). Irradiation took place at ambient 

conditions and various laser powers (up to 110 mW).  

 

Figure 3.1: Time evolution of the transmitted beam spot imaged on a screen (a), the scattering laser beam 

at the angle of 90o (b) and the patterning formation (c) by using a blue filter to block the scattered laser 

light, for polybutadiene (390k) 20 wt % solution in THF. Laser power: 60 mW. Laser propagation axis: right 

to left. 

 

The transmitted beam, imaged on a far field screen, opens up with time and 

quickly assumes a speckled structure (Figure 3.1a) before it reaches a steady state after 

about 600s. A side view (90o) of the scattered light shows the initially well collimated 

beam to open into a divergent beam (Figure 3.1b), clearly apparent after 300s. Phase 
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contrast imaging reveals (Figure 3.1c) the formation of a conical stripe-like pattern with 

lower refractive index than the surrounding non-illuminated solution (darker region in the 

interior). The solution responds to the light irradiation by a local decrease of refractive 

index (δn<0) and acts as a diverging lens. The patterns in Figure 3.1c do not fade away 

when the light illumination is stopped, signaling irreversible change in the material. 

In order to quantify the local refractive index variations, induced by the laser 

irradiation, a variant of quantitative phase contrast microscopy was used, well adapted 

to the cylindrical symmetry of the irradiation and patterning. 12-14The refractive index 

pattern is imaged using a transmission optical microscope with a collimated beam 

illumination and a slightly defocused objective (x5) lens. A local increase (decrease) of the 

refractive index leads to a brighter (darker) stripe for negative defocusing (i.e., below the 

focal plane of the objective). Every image in a recorded time series was normalized by the 

first one (t = 0) and a normalized image intensity was computed. The imaged intensity of 

the written patterns is directly proportional to the second derivative of the phase shift, 

induced by the formed structure and the refractive index profile of the pattern can be 

thus deduced, as described in Chapter 2. Typical refractive index profiles at the beam 

entrance can be obtained in refractive index units (RIU). The reconstructed refractive 

index profiles for the written patterns in PB (390k) 20 wt% solution in THF, after 300 s of 

illumination for different laser powers, are shown in Figure 3.2a. A double integration and 

a reverse Abel transform on the phase images were used. 

The increase of the refractive index contrast as a function of the laser power is 

clear. The RI profile deviated from the initial Gaussian-like distribution for increasing the 

laser power. The lower power led to slower evolution of the refractive index and also 

thinner patterns. The negative pattern (δn < 0) had a larger lateral dimension than the 

beam size used (beam diameter ~20 μm) and did not decay when irradiation was stopped, 

signaling irreversible change in the material. The pattern full width at half maximum 

(FWHM) at the beam entrance initially increased before reaching a steady state value. 

Similar behavior was observed for all examined laser powers, reaching a value of about 

32μm at 60 mW (Figure 3.2b).  
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Figure 3.2: (a) Refractive index profiles for the written patterns in PB (390k) 20 wt% solution in THF after 

300 s of illumination. The colored symbols refer to different laser power used as indicated in the plot.  (b) 

Time evolution of FWHM of the light induced patterns close to the focal point (entrance wall of the sample 

cell), for the same as above PB solutions, at different laser powers (P). FWHM* refers to the resized full 

width half maximum of the induced patterns, resized by the beam waist. 

 

The kinetics of the response were characterized by phase contrast microscopy. 

The normalized image contrast, I* used as a simple measure of the refractive index 

variation, is shown in Figure 3.3a as a function of the illumination time at different light 

powers.  
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In fact, a reasonable overlap of the different kinetics is obtained when I* is 

reported as a function of the laser dose/ energy (Figure 3.3b). That implies that the 

refractive index variation depends on the total number of photons through the irradiated 

area, denoting the time integrating character of the response.  The overall evolution of 𝐼∗ 

is well captured by a first order type of kinetics,𝐼∗ = 𝐼∞
∗ (1 − exp −

𝛽𝑃𝑡

𝐸0
), where 𝐼∞

∗  is the 

intensity contrast at saturation infinite time, P is the laser power and E0 is an energy influx 

(line in Figure 3.4a). This first order kinetics with a rate proportional to the laser power is 

similar to kinetics model proposed for photoreactive materials. 15,16 It refers to a nonlocal 

in time and local in space optical nonlinearity, also referred to as time integrating 

nonlinearity, as the local change of refractive index is proportional to the total number of 

photons impinging the region of interest. However instead of an increase, a local decrease 

of the refractive index with irradiation dose is observed (Figure 3.3b).  

 

Figure 3.3: Normalized image contrast (I*) for PB (390k) 20 wt % solution in THF, illuminated at different 

laser powers at 671nm, plotted either as a function of laser illumination time (a) or energy influx (b). The 

colored symbols indicated different laser powers given in the inset of (b). A shift factor has been used for 

the superimposition of the experimental normalized image contrast (I*) as a function of laser power (P) in 

the inset of (a). 
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3.3 Co-existing of self-focusing and defocusing 

The presence of the two independent processes and a cross over between them 

was proven in the case of a binary solvent mixture. Figure 3.4 illustrates the realization of 

the two light–matter interactions in the pure solvents (THF, n-hexane) and in the 70% THF 

and 30% hexane mixture, irradiated at 671nm and 60mw. THF and n-hexane are both 

good solvents for the polydienes with similar refractive indices.  

 

Figure 3.4: Time evolution of the scattering laser beam at the angle of 90o (a) and patterning formation (b) 

in irradiated PB (390k) 20 wt % solution in binary solvent mixture (THF and hexane), at hexane fraction of 

0.3, where the switch from the self-focusing to the self-defocusing nonlinearity was observed. Laser power: 

60 mW. Laser propagation axis: right to left. 

 

The curves in Figure 3.5 represent the phase image contrast I* as a function of 

time at the entrance of the beam. For the solvent mixture (Figure 3.5, red curve), a striking 

change of the slope from initially negative, as in pure THF (blue curve) to a positive, as in 
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n-hexane (black curve) occurred in the solvent mixture rich in THF (70%). The 

corresponding scattered light patterns (Figure 3.4a) clearly revealed an early opening 

followed by the increase of the central part which is typical of the self-written patterns. 

10,17,18 Consistently, the phase contrast image of Figure 3.4b resembled the THF-like 

(negative) pattern at early times and transformed to n-hexane-like (positive pattern 

growing in the middle of the negative at later times as the irradiation proceeded. 

 

Figure 3.5: Kinetics curves I*(t) for PB (390k) 20 wt % solutions in THF/ hexane mixtures, at different 

solvent fractions. Laser power: 60 mW. 

 

This observation makes distinct the concurrent appearance of the two different 

kind of light propagation, during laser illumination. Depending on the relative amount of 

the two solvents, a switch from dominantly defocusing to dominantly self-focusing 

behavior was observed when adding hexane. 
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3.4 Modelling of non-local nonlinearities in time 

In the attempt to verify the simulation results, we implemented the 1-D 

propagation model of Chapter 2, including an integrating nonlinearity, in order to 

compare intensity contrast kinetics, the evolution of the refractive index and the light 

distribution along the propagation axis. The model was implemented for the defocusing 

nonlinearity, but also for the case of the concurrent existence of self-focusing and 

defocusing nonlinearities, which correspond to the cases of polydiene solutions in 

tetrahydrofuran and polydiene solutions in binary mixture of solvents (hexane and THF) 

respectively.  

The first order kinetics with a rate proportional to the laser power is similar to 

kinetics model, produced to capture evolution of photoreactive material. The nonlinearity 

is nonlocal in time (sometimes referred to as integrating nonlinearity) and local in space. 

The evolution of δn was empirically taken as:  

𝛿𝑛(𝑡) = 𝛿𝑛𝑠 [1 − exp (−
1

𝐸0
∫ 𝐼(𝑡′)𝑑𝑡′

′

𝑡′=0

)] 

The simulation results for the evolution of the optical field and the phase image 

are respectively shown in Figure 3.6a and 3.6b. The beam opening clearly shows 

defocusing (Figure 3.6a) and the irradiation leads to the formation of a conical pattern of 

reduced refractive index. The agreement with the experiments is good, as both the phase 

image and the intensity distribution from simulations are qualitatively similar to the 

experimental evolutions. 

The cosolvency effect on the particular light-matter interaction suggests the 

applicability of a coexistence model assuming simple addition of the two, positive and 

negative, processes. In this proposition, both mechanisms occur independently and 

simultaneously. For the negative case we used the integrating nonlinearity model 

described above. For the positive case, we adopted a model of exponential growth 

followed by a saturation as observed in the experiments: 18 



72 
 

𝛿𝑛(𝑡) =
𝛿𝑛𝑠

1 + (
𝛿𝑛𝑠

𝛿𝑛0
− 1)exp (−

1

𝐼0
∫ 𝐼(𝑡′)𝑑𝑡

𝑡

𝑡′=0
′)

 

where𝐼0 is an “efficiency” parameter controlling the early exponential growth rate, 𝛿𝑛𝑠 is 

the maximum increase of the refractive index at saturation and 𝛿𝑛0 is a minimum 

refractive index change at time t=0 and its physical meaning is not that clear. It 

corresponds to the initial value that is amplified by the mechanism, empirically 

found
𝛿𝑛𝑠

𝛿𝑛0
~ 10−4.  

 

Figure 3.6: Numerical simulations of time evolution of the propagation beam (a) and phase images (b). 

Laser propagation axis: right to left 

 

This model reproduces well typical kinetics (Figure 3.7) reported in previous works 

in typical polydiene/ hexane solutions, with in particular the proper power dependence. 

When imputed into the nonlinear Schrödinger propagation model, it reproduces self-

focusing and self-written waveguide (Figure 3.9b). 
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 Figure 3.7: Theoretical values of effective image intensity (second derivative of refractive index changes 

δn) for self-defocusing case (negative), self-focusing case (positive) and co-existence of two cases 

(mixtures) in polydiene solutions.  

 

We simply combine the two nonlinearities through a mixing law: 𝛿𝑛 = 𝑎+𝛿𝑛+ +

𝑎−𝛿𝑛−. Results of the simulation are shown in Figure 3.8a & 3.8b. The refractive index at 

the entrance of the beam is the sum of the two contributions and the proper choice of 

parameters provides the observed U shaped curve. At early time, the faster defocusing 

dominates whereas the self-focusing dominates at a later time and further away from the 

entrance. The pattern shows first the growth of the defocused pattern with a self-written 

waveguide appearing in the middle. Away from the beam entrance, the self-written 

waveguide leads to self-propagation at larger distances, where the defocusing has only 

little effect there. The pattern and its time evolution compare reasonably well to the 

experimental observation in mixtures, where the linear negative pattern emerges first, 

but a positive response is soon growing and eventually "collect the light" through self-

focusing. The model of sum of two integrating nonlinearities, with different sign and 

different kinetics, provide a good phenomenological description of the observed 
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patterning in the solvent mixture, bringing extra proof of the existence of two 

independent integrating non-linearity in the solutions. 

 

Figure 3.8: Evolution in different time steps of the propagation beam (a) and phase images (b), taken from 

numerical simulations for the co-existence of two linearities. Laser propagation axis: right to left. 

 

In Figure 3.9, an overall representation of what the model can reproduce for phase 

contrast image and the intensity distribution, further away from the beam entrance in the 

cell, for the three cases after similar irradiation time. The defocusing case leads to the 

formation of a conical-like pattern (Figure 3.9a) not unlike the one reported in Figure 3.1. 

The self-focusing leads to the formation of the self-written waveguide (Figure 3.9b) 

observed in the phase image and the field picture. The coexisting case shows the early 

formation of a conical pattern where a self-written waveguide grows in a subsequent step 

(Figure 3.9c).  
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Figure 3.9: Schematic representation of phase images (left row) and propagation beam (right row) taken 

from numerical simulations (t0 = 150) for (a) self-defocusing case (negative case), (b) self-focusing case 

(positive case) & (c) co-existence of two cases (solvent mixtures). 

 

3.5 Negative δn pattern irreversibility 

As discussed above, the laser-induced patterns from polydiene solutions in THF, 

were observed to exhibit a lowering of the refractive index (δn<0). At the same time, 

these structures are irreversible, after prolonged irradiation, indicating the presence of 

crosslinking. As a result, the written structures could be extracted, through a rinsing 

procedure with good solvents. One such extracted structure, resulted from prolonged 

irradiation (10 h) of a PB (390k)/ THF solution, is shown in Figure 3.10. 
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Figure 3.10: Pattern extracted from a PB (390k)/ THF solution, formed after long irradiation (10 h), and 

using a 4x objective lens for focusing the laser beam. Laser power: 60mW. 

 

The suggested decrease of the local and time–integrating of the solution refractive 

index by the phenomenological model can be hardly associated to a decrease of the 

polymer concentration, in view of the formation of a permanent material pattern. Since 

the latter is the consequence of polymer crosslinking, it inevitably leads to a 

concentration increase. 19 

We can conjecture that the photochemical response is specific to the THF, an 

organic compound which is not very stable since it easily forms peroxides. 20 Then 

crosslinking through a free radical generation mechanism could be a possible scenario, 

but it should be of a different type/ nature than the increase of refractive index observed 

in other solvents. Therefore THF molecules, free radicals and peroxides may be integral 

part of the process. Chemical alterations of the polymer microstructure due to laser 

irradiation could lead to a change in the dn/dc. Chemical changes of the polymer, albeit 

detectable by FTIR spectroscopy, are not large enough to lead to a considerable decrease 

of the solution refractive index.  

Instead, it is likely a local decrease of the solution density caused by the formation 

of small pocket of gas or vapor. Such cavitation, as the consequence of large local pressure 

gradient, is known to lead to decrease of refractive index in solids. 21 In the present case 
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of low power and only marginal absorption, photochemical processes could be at the 

origin of cavitation in the concentrated polymer solutions. In such cases, the vapor can be 

trapped in the viscous solution and thereby lead to a decrease of its refractive index. 

Observation of gas inclusion (bubbles), which made during irradiation of 

semidilute polybutadiene solutions in THF (20 wt %), provide indirect support of this 

assumption. When the laser beam hit the bubbles, which have been probably formed 

during solution preparation, it has been observed that during irradiation they 

immediately tend to expand their volume, almost 50% comparing to the initial one before 

irradiation, as can be seen in Figure 3.11. It is worth noticing that no such bubbles were 

observed in irradiated PB solutions in alkane or other solvents.  

 

Figure 3.11: Air inclusion in semidilute PB (390k) solution in THF (20 wt %). Left: non-irradiated solution. 

Right: Expansion of air inclusion after being hit by the red laser beam. Laser power: 60mW.  

 

Another observation in favor of gas inclusion in THF solutions under irradiation, 

has been made in polyisoprene (1090k) solutions in THF, at a lower concentration, slightly 

above the overlap concentration (1 wt % / 2.5 c*). Multiple scattering centers were 

observed sparkling, randomly placed in the scattering volume (Figure 3.12). No such 

sparkling during irradiation were observed in hexane solutions under similar conditions. 

The incorporation of gas in THF solutions would certainly decrease the refractive index, 

which is consistent with the experimental observations.   
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Figure 3.12: Scattering centers in PI (1090k) solutions in THF (1 wt %) under irradiation. The whole field of 

view of the image is inside the scattering volume. The two different images are different illumination 

moments (difference of seconds) and red arrows are pointing out scattering centers that doesn’t exist in 

the other image. 

 

3.6 Concluding remarks 

The defocusing response of polydiene solutions in THF to irradiation is of a 

different nature from the self-focusing one, observed in solutions of the same polymer in 

alkane solvents, under mild laser irradiation. The phenomenology of the effect was 

thoroughly described and through the study of the pattern formation kinetics, different 

parameters, such as the laser power dependence, were examined.  

A simple empirical, local in space and integrating over time, nonlinearity model 

was used to predict the propagation of light and the refractive index changes, in the case 

where both type of nonlinearities are combined for photoreactive polymers. The model 

results were in good agreement with the experimental observations.  

The observed decrease of the refractive index in the solutions is unlikely to be due 

to a change (decrease) of polymer concentration. In the present case of low power and 

only marginal absorption we are most likely in presence of formation of gas domain that 

would result from a photochemical process. The most probable is a local decrease of 

“density” of the solution as a result of formation of small pocket of gas or vapor as in 
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cavitation. We therefore propose that the decrease of the refractive index is the result of 

a specific photochemical process and consequently of a different type/ nature than the 

increase of refractive index observed in other solvents. This increase is related to a local 

increase of polymer concentration. 
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4.1 Introduction 

A wide range of physical properties of polymers is directly influenced by their 

microstructure, such as the structural isomerism that is in polymers with double bonds 

along their backbone. In the case of copolymers, the fraction and the sequence of the two 

different monomers define both the properties and the response to external stimuli. It is 

known since the 19th century that mechanical forces (e.g., milling, sonication, tension) 

can trigger chemical reactions distinct from the reactions induced by heat. 1 

Light of any frequency can also exert, albeit weak, forces on illuminated surfaces 

as predicted by Maxwell. 2 After the advent of lasers, the application of optical forces to 

manipulate 3 and deform materials 4,5 led to the new field of optomechanics. 6 So far, it is 

restricted to hard dielectrics, whereas the optomechanics of soft materials (polymer and 

colloids) is essentially unexplored. 7 Given the ease of deformability and the readily 

available plethora of functionalities, the potential of soft dielectrics is large. 8-10 

 Moreover, the knowledge of mechanical response by light, through 

photochemical effects, such as photoactuation in soft systems, is advanced. 11-13 In the 

recent years, functional groups (mechanophores) with relatively weak covalent bonds, 

that can change the fluorescent emission or become luminescent upon mechanically 

induced bond scission, have been synthesized. 14-17 This strain-induced optical response 

has been therefore utilized as a sensitive indicator of the stress-softening and toughening 

behavior of different polymer networks. 18,19 It is conceivable that light-induced matter 

deformation could activate the mechanophore action in the absence of external 

mechanical stress. Such deformations could be present in the matter association along 

the laser beam, 20-24 during the not conforming to known-types of electrostriction, 2,9 light 

effect in transparent viscoelastic polydiene solutions of this study. 

In this chapter, the possibility of light-driven post-synthetic modification in 

butadiene based copolymers, bearing mechanophore groups, is investigated at first place. 

The combined influence of the solvent and the polymer microstructure on the strength 

of the light-matter effect, in different polydiene solutions, is studied as well. Qualitative 
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and quantitative information were acquired by the evaluation of the pattern formation 

kinetics, by the means of phase contrast microscopy.  

 

4.2 Materials 

The copolymer used for probing potential mechanical stresses, induced by matter 

association to the laser beam during irradiation, was a cis-polybutadiene (PB),  specifically 

synthesized to contain about 15% covalently bonded gem-dichlorocyclopropane (gDCC 

mechanophore) groups (Scheme 4.1), randomly placed across the backbone of PB. 25 The 

gDCC groups can undergo mechanically assisted ring-opening reactions and produce 

alkene products. The polybutadiene (PB) homopolymer which was used as the precursor 

polymer for the synthesis of gem-dichlorocyclopropanated (gDCC) PB, was received from 

Sigma Aldrich.  

 

Scheme 4.1: Structure of gem-dichlorocyclopropanated polybutadiene (gDCC-PB). The application of 

mechanical force to the g polymer subchain accelerates the ring opening of a dichlorocyclopropane to its 

corresponding 2,3-dichloroalkene. 25 

 

All the butadiene based copolymers used in this study and their characteristic 

properties are listed in Table 4.1. The styrene butadiene rubber (SBR) copolymer was 

received from Polimeri Europa (Eni S.p.A.) and both 1,2 PB were purchased from Polymer 

Standards Service. The solvents were purchased from Sigma Aldrich and used as received. 

All polymer solutions in cyclohexane (C6H12) and chloroform (CHCl3) were prepared in 

ambient conditions, at a fixed polymer concentration (10 wt %) but the lowest molecular 
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weight 1,2 PB copolymer was prepared at a higher concentration (20 wt %), in order to 

assure similar semidilute solution conditions.  

 

Table 4.1: Polymers molecular characteristics. 

polymer 
code 
name 

Mw (g/mol) 
vinyl 

content 
(%) 

1,4 content 
(%) 

composition (%) 

precursor PB PB 270k  >90 - 

gDCC-PB gPB 300k  76 gem-dichlorocyclopropane:  15 

SBR SBR 162k 66 12.9 styrene:  21.1 

1,2 PB (1%) PB1 317k 99 1 - 

1,2 PB (30%) PB30 88k 70 30 - 

 

 

Figure 4.1: Refractive index increments (dn/dc) for the two polymers in C6H12 and CHCl3. 
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The refractive indices of precursor PB, and the two solvents measured by an Abbe 

refractometer amount to nPB = 1.522, nCHCl3 = 1.446, nC6H12 = 1.426 and nC10H22 = 1.411. The 

refractive index increment (dn/dc) in the two solvents (three dilute polymer 

concentrations between 0.08 - 0.34 wt%) were measured with an interferometric 

technique at 632.8 nm. 26 For gDCC-PB, dn/dc decreases from 0.114 cm3/g in C6H12 to 0.09 

cm3/g in CHCl3, whereas for the precursor PB, dn/dc increases from 0.093 cm3/g in C6H12 

to 0.111 cm3/g in CHCl3 (Figure 4.1). 

 

4.3 Mechanophore and precursor PB under irradiation in C6H12 and CHCl3 

In order to probe potential activation of the mechanophore groups, solutions of 

gPB copolymer and PB homopolymer in C6H12 and CHCl3 were irradiated. All solutions 

were prepared at 10 wt% polymer concentration, well above the overlap concentration 

(c* = 0.18 wt % in CHCl3) and at 20oC. In both solutions of PB and gPB in C6H12, the light-

induced patterns were appeared qualitatively similar (insets of Figure 4.2) but displayed 

different refractive index contrasts (δn(y=0)) as seen in the different refractive index 

profiles of these images (Figure 4.2), which indicated weaker by about 25% patterns in 

the gPB than in PB in C6H12. The observed refractive index changes in the PB/CHCl3 

solution after 300s irradiation are shown (blue triangles) in Figure 4.2. The pattern was 

noticeably broader than in C6H12 solution, 9.5 μm compared to 5.7 μm. The refractive 

index contrast was more than twice lower in CHCl3 than in C6H12. The “written” structures 

for both polymers (in C6H12) were permanent, in the sense that they did not fade out after 

cessation of the laser illumination. The structures formed after prolonged irradiation 

(Figure 4.4) were extracted from the solutions and were then immersed in good organic 

solvents (e.g. hexane). The fact that they remained undissolved for longer than 3 weeks 

corroborates the notion that crosslinking has occurred. Remarkably, the writing effect 

was totally absent in the gPB/CHCl3 solution (magenta triangles) even after prolonged 

illumination (~17 h) (Figure 4.3).  
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Figure 4.2: Phase contrast images (inset image size 169 μm x 90 μm) and corresponding refractive index 

profiles in PB and gPB solutions in C6H12 (10 wt %) and in PB and gPB solutions in CHCl3 (10 wt %) after 

300s of laser illumination. 

 

 

Figure 4.3: Different response of gPB solutions in laser red light for C6H12 and CHCl3. 
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Figure 4.4: Microscope image of the induced structure (bundle of fibers) after 17hrs of laser irradiation of 

gPB/ C6H12 (10 wt%) solution. 

 

4.4 Characterization of mechanophore and precursor PB 

The response of the two polymers to visible light illumination under identical 

conditions became dramatically different since the solvent defined whether the light 

effect occurred or not. For all other cases, the light effect took place except gPB when 

CHCl3 was used as the solvent. In order to investigate the solvent quality of gPB and PB 

samples, dilute solutions of the two polymers in CHCl3 were characterized by dynamic 

(DLS) and static (SLS) light scattering measurements. 

Characterization measurements performed on an ALV-5000 digital correlator 

equipped with an automated ALV goniometer and a 130mW/ 532nm solid state laser. The 

polarized light scattering intensity autocorrelation function  
 

  2
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)0,(,
,

I

qItqI
tqG   was 

recorded at different scattering wave vectors, 
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 sn
q   with ns being the refractive 

index of the solvent, λο the wavelength of the incident laser light in vacuum and θ is the 
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scattering angle. The decay of the relaxation function,      2/1
1,,  tqGtqC , in dilute 

solution is dominated by a single decay due to the polymer diffusion. However, the DLS 

experiment of both polymers in CHCl3 revealed two step decays. The fast one was 

attributed to the translational diffusion of the polymer chains. The slow decay was 

attributed to the presence of large aggregates in the solutions leading to a q-dependent 

light scattering intensity (Figure 4.5). The contribution of the slow process (intensity and 

dynamics) was found to be very similar in both polymer solutions and it was not 

considered further.  

 

Figure 4.5: (a), (b) Relaxation functions C (q,t) for the two polymers with same concentration in CHCl3 

along with their representations (solid line) by two exponential decay functions. (c), (d) The scattering 

intensities associated with the fast and slow processes are shown as a function of the scattering wave 

vector q. 
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The intensity I(q) of the fast process was found to be weakly q-dependent and 

helped assign it to the polymer chains. It could be used to estimate the molecular weight 

using  
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number; A2represents the inter-polymer interaction in the solvent. This fast process is 

used to estimate both A2 (Figure 4.6) and compute the hydrodynamic radius from the fast 

diffusion coefficient (Table 4.2). 

 

 

Figure 4.6: Kc/Rvv for the two polymers in CHCl3 as a function of concentration (c). 
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The hydrodynamic radius pertaining to the fast process was determined as

D

kT
R

s

h
6

 , where D is the translational chain diffusion, k is the Boltzmann’s constant 

and ηs the solvent viscosity. The overlap concentration c*, above which the polymer 

solution is in semidilute regime, is estimated from
34

3
*

hA

w

RN

M
c


 . The molecular 

characteristics (Rh, Rg, A2 and Mw) are summarized in Table 4.2.  

 

Table 4.2: Characteristic physical parameters table of the two copolymers in CHCl3. 

 
c  

(g/L) 
Rh  

(nm) 
Rg  

(nm) 
Rvv/cK  

(kg/mol) 
A2  (mol ml 

/g2) 
Mw  

(kg/mol) 

PB 

5.0 10.4 14.3 53.2 

1.6 E-3 261.6 2.9 12.3 22.1 74.6 

1.2 15.3 37.4 141.8 

gPB 

5.0 10.2 14.7 36.3 

2.4 E-3 316.1 2.9 13.2 20.2 58.1 

1.2 15.2 36.4 104.2 

 

In fact, CHCl3 is a good solvent for both PB homopolymer and the gPB copolymer, 

based on the second virial coefficient A2 and the radius of gyration Rg. The higher A2 value 

(by about 40%) of the gPB solution implies stronger interchain repulsion than for the PB 

precursor chains and notably it follows the polarizability trend of the dn/dc values. The 

PB has a higher dn/dc (by 22%) in C6H12 than in CHCl3 but, gPB shows the opposite trend 

being more than 10% higher in CHCl3. This trend suggests that dn/dc cannot account for 

the erase of the effect. Nevertheless, it's clear that the solvent environment plays an 

important role in the materials response on laser irradiation. 
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4.5 Probing mechanophore activation on gPB solutions in C6D12 

In order to detect a possible activation of mechanophore groups, we utilized 

solution 1H NMR spectroscopy, which is often used as a sensitive tool for evaluation of 

the ring-opening 25 of the mechanophore gDCC groups. The solution used for these 

measurements was the gPB in C6D12 since it was the patterning active one. A NMR tube 5 

mm diameter with the solution was irradiated by laser light at many different spots. NMR 

measurements were conducted using a Bruker Advance II NMR Spectrometer (500 MHz). 

No chemical changes were inferred by the NMR spectra of the irradiated gPB/ 

C6D12 solution (c = 5 wt %) shown along the corresponding spectra of non-irradiated 

solution in Figure 4.7. Both solutions were diluted to the concentration of 1 wt%, for 

acquiring better resolution spectrum. The spectra reveals no evidence of mechanophore 

activation which should otherwise detect shifts at the 5.85 and 4.46 ppm. 25 This suggests 

that the irradiation did not produce stresses large enough for the ring-opening. 

 

Figure 4.7: 1H spectra of irradiated and non-irradiated gPB - C6D12 solutions (c = 1 wt %). 
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4.6 Pattern diameter and kinetics of different copolymer solvent pairs 

To further investigate the importance of the copolymer structure and composition 

on the observed pattern, we also used three additional random copolymers containing 

cis-1,4 butadiene: One styrene-butadiene rubber (SBR, 12.9% cis-1,4) and two 1,2 PB 

copolymers (30% and 1% cis-1,4) to be compared to the gPB copolymer (76% cis-1,4) and 

PB precursor homopolymer (>90% cis-1,4) (Materials Section, Table 4.1). We used the five 

copolymers dispersed in both C6H12 and CHCl3. Three of these copolymers (PB, PB1 and 

PB30) were also dispersed in decane (C10H22) for comparison; linear alkanes resulted in 

the fastest responses of the maximum normalized intensity value (I*). 27 Noticeably, all 

irradiated solutions (with the noticeable exception of gPB in CHCl3) responded to laser 

illumination by forming fibrillar patterns (Figure 4.8), though with different diameters and 

a broad range of kinetics. In an attempt to quantify the importance of the cis-1,4 content 

in the pattern formation and its kinetics, we report the diameters measured by phase 

contrast (Figure 4.9) and the estimated rates of formation as a function of the 1,4 content 

(Figure 4.10b). 

For a given sample, the visible pattern did not change diameter over time (within 

the resolution of the technique), sign that the diameter was set early on in the process. 

The input laser beam had a FWHM (full width at half maximum) of ~ 20 μm at the 

entrance of the sample cell. Pattern diameters were found to vary from sample to sample. 

The smaller diameters were around 5 μm, observed in for PB and gPB solutions in alkane 

solvents. The solutions in CHCl3 showed patterns with diameter larger than the alkane 

solvents, up to more than 20 μm in PB1 and PB30. SBR patterns showed the same 

diameter in both C6H12 and CHCl3. In all cases the pattern FWHM was less or equal than 

the beam FWHM. This is an indication of the locality of the process. The diameter lower 

than FWHM reveals the self-focusing of the beam. The large difference of radius means 

there was also a large difference of photon flux per unit area, up to a factor of ~ 20 

between the narrower pattern (gPB in C6H12) and the larger (PB30 in CHCl3). Possible 

origin for the large differences are discussed below.  
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Figure 4.8: Phase contrast images of the irradiated samples after 300 s. 
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Figure 4.9: Diameters of the fibril patterns as a function of 1.4 content. 

 

We evaluated the kinetics of the pattern evolution by measuring the image 

contrast I* as a function of irradiation time (t). As mentioned above, it measures the 

formation of refractive index gradient. The observed I* kinetics is displayed in Figure 

4.10a, where PB and gPB in C6H12 showed an exponential-like growth, as previously 

reported for similar samples. 27 The kinetics appeared to quickly reach saturation as I* 

reached a quasi-plateau after about 300 s under laser irradiation (I* ~ 0.20 corresponding 

to δn ~ 5 10-3 RIU). Notably, this saturation was generally not observed in previous 

reports. 27The pattern formation in CHCl3 exhibited a qualitatively different type of 

kinetics with a more linear increase of I*with time for all copolymers. Noticeably, we did 

not observe any patterning for gPB in CHCl3. 
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Figure 4.10: (a) Averaged normalized image intensity (I*) as a function of laser illumination time for PB, 

gPB, SBR and 1,2 PB solutions in C6H12 and CHCl3. (b) Dependence of the growth rate Γ for formation of the 

structure on the 1,4 content of all the used polymer solutions in C6H12, CHCl3 and C10H22. 

 

The kinetics of SBR solutions was also found to be more linear, with very similar 

behavior in both solvents (diameter and contrast). The 1,2-PB copolymer solutions 

showed only very low contrast of the written pattern (I* < 0.02); therefore, the type of 

kinetics observed was hard to establish. 

Characteristic growth rates of I*(t) were obtained by fitting the experimental 

contrast results, which were rather well captured by an exponential growth followed by 

a saturation, described by the following empirical kinetic equation:  

)t-t(

*

s1





e

S
I , 

where S is the value of imaged contrast at the saturation level, Γ is the characteristic 

pattern growth rate, t is the irradiation time and ts the time for reaching saturation.  The 

characteristic rates are reported in Figure 4.10b as a function of the 1,4 content. Solutions 

in CHCl3 exhibited a slower I* growth rate (red circles in Figure 4.10b) compared to the 

corresponding solutions in C6H12. All polymer solutions in C10H22 displayed the fastest 

growth rates (blue triangles in Figure 4.10b). Full 1,4 polymer in alkanes showed the faster 

formed patterns with large refractive index gradient (large refractive index contrast and 
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small dimension). The I* rate showed that the faster developing gradients are observed 

in higher content of 1,4. Very low 1,4 content showed clearly much slowed down 

formation and larger pattern. The amount of 1,4 monomer seems to affect the kinetics 

mostly in the very low amount regime (few %). This is in qualitative agreement with the 

little influence of the polymer (monomer) concentration on the kinetics. 27 There is always 

an excess of 1,4 content and this is not the rate determining step. 

 

Figure 4.11: Evolution of integrated refractive index as a function of irradiation time for PB, gPB, SBR and 

1,2 PB solutions in C6H12 and CHCl3. 

 

Alternatively, we also report at the time evolution of integrated refractive index 

change, as characterized by a2I* (Figures 4.11 & 4.12), where “a” is the size (FWHM) of 

the refractive index pattern. Whereas I* characterizes the refractive index gradient which 

relates to optical properties, a2 I* represents the growth of refractive index integrated 

over the pattern section and provides a measure of the overall concentration evolution. 

The general conclusions as to the role of the 1,4 content in kinetics remain similar.  
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Figure 4.12: Dependence of the growth rates Γ (open symbols) & a2Γ (solid symbols) for formation 

of the structure on the 1,4 content of all the used polymer solutions in C6H12, CHCl3 and C10H22. Compare to 

I* rate, the a2I* analysis emphasize the larger patterns. 

 

4.7 Mixtures of gPB and PB 

The above observations lead to the conclusion that the chemical environment is 

very important for the patterning effect. The importance of the chemical composition of 

the solutions is reinforced when going back to the specifics of gPB/ CHCl3 solution, where 

no patterning was observed. In order to address the remarkable impact of the 

comonomer-solvent effect, several mixtures of the mechanophore and precursor 

polymer were tested. 

We increased the relative concentration of 1,4 active units by mixing the gPB with 

its precursor homopolymer (PB) in different weight ratios (9:1, 5:5 and 1:9), keeping the 

total polymer concentration in these solutions constant (10 wt%). Surprisingly for all 
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ratios we observed no pattern formation, even after 24 hours of irradiation, as shown in 

Table 4.3; even 10% gPB addition can inhibit the laser writing effect. 

 

Table 4.3: Pattern inhibition in ternary gPB and PB solutions (c = 10 wt %) in CHCl3 with 50% and 10% gPB 

composition. 

 

 

4.8 Concluding remarks 

This latest observation of the gPB and PB mixtures is reminiscent of the 

cononsolvency according to which of solvent mixtures becomes non-solvent for a given 

polymer, while both cosolvents are good solvents for this polymer. 28-30  In the widespread 

cononsolvency phenomenon, a preferential absorption of one of the solvents can account 

for the different polymer assembly 28 or phase separation 30 at certain cosolvent 

compositions. In the present case, an analogue conjecture would be the preferential 

solvation of PB chains by the minority gPB that could inhibit light induced cluster 

formation in CHCl3. 

By varying the solvent and the comonomer, we uncovered a broad range of 

diameter and time scales, showing the importance of the chemical environment. The 

observed variation of the pattern diameter lead to different beam dimension despite the 

same exciting beam. It is not clear to us what should define the pattern size. Drawing 

parallel with nonlinear optical materials, one may expect the pattern diameter to depend 
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on the beam dimension, the laser wavelength and power and on the nonlinearity. For 

example, in the case of Kerr medium with nonlinearity n2, the steady state diameter of 

the wave-guiding pattern is determined by the coefficient of the nonlinear response and 

varies as 2/1

2 )(~ In . 31 Slower and broader patterns could therefore be the result of 

weaker nonlinearity, with less self-focusing.  

Based on the presented results, we here have an integrating nonlinearity 

(irreversible increase of the refractive index under irradiation), possibly with saturation. 

Concentration gradients are expected to be unstable in polymer solutions, as they will 

create osmotic pressure gradients that should relax in solutions. The ability to sustain 

such gradient is a sign of an attractive force/ energy that remains after the light is turned 

off.  This is reminiscent of some photoreactive systems. 9 The phenomenological 

nonlinear optical model that was developed and discussed in the previous chapters, can 

capture well the time evolution of the pattern. Concerning the pattern sizes, the model 

could help to understand the observed behavior. However, proper simulations will 

require a good knowledge of the nonlinearity type that is not fully available yet. In 

particular, the size of the propagating beam is a transient and the refractive index 

evolution can be calculated. 

In this context, we should mention that the effect is not related to the optical 

trapping in aqueous solutions of various polymers near phase separation. 32-34 A similar 

electrostriction 4,5,35,36 based laser induced phase separation was reported in binary liquid 

mixture near the binodal phase region. 37 

These observations point towards the importance of local length scales. The 

observed increase of concentration, following the irradiation, has to be the consequence 

of locally attractive forces between polymer chains. Given the importance of the precise 

distribution of solvent and comonomer, one may expect that a molecular or 

supramolecular assembly process might be triggered by the light. Specific monomer–

solvent interactions, responsible for this “clustering”, are conceivably different in 

different solvents and comonomers. For example, the much larger dipole moment of 
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CHCl3 compared to C6H12 will certainly affect the local monomer-solvent interaction. This 

different interaction between the solvent and the monomer possibly plays a role in both 

pattern size and kinetics. The solvent quality does not provide a good measure of the 

specifics of the interactions as the two good solvents can lead to different pattern.  
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Chapter 5 

 

Influence of O2 in patterning kinetics 
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5.1 Introduction 

Experimental results point towards an important role of chemical reaction in the 

process. The fact that patterning is irreversible and even more the fact that written 

irradiated material does not redissolve in solvent, indicates the presence of irreversible 

permanent crosslinking. 1 Moreover, previous in-situ EPR (electron paramagnetic 

resonance) experiments on polyisoprene (PI) solutions in various organic solvents, have 

revealed the presence of long lasting free radicals in the irradiated solutions and chemical 

alteration of the irradiated material have been reported. 2Patterning in polydiene 

solutions presents many signs of a (free) radical process. In such case the presence of O2 

is expected to play a significant role. 

If so, the presence or absence of dissolved oxygen owes to have a strong influence 

on the observed response. All the results so far were obtained from ambient condition, 

as neither the solvents, nor the polymers were degassed. Oxygen molecules are soluble 

in most organic solvents, with concentration typically of the order of  10−3 𝑚𝑜𝑙

𝐿
  at 25 oC 

and 1 atm, to be compared to the monomer concentration of the order of 2 
𝑚𝑜𝑙

𝐿
 for a 10% 

by weight concentration (molar fraction 
𝑂2

𝑚𝑜𝑛𝑜𝑚𝑒𝑟
 ~10−3). 3,4 

Photodegradation of polydienes has long been studied, but mostly under UV 

radiation and polymer melt. The effect of irradiation at long wavelengths (λ> 300 nm), 

through a free radical generation mechanism can happen as a result of a photooxidation 

reactions. 5-7 

We therefore explore the importance of presence of dissolved O2in polydiene 

solutions. By controlling the amount of dissolved O2 into the solutions, we first checked 

the influence on the kinetics of the writing process. We then checked possible presence 

of O2 in the irradiated material by using FTIR spectroscopy.  
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5.2 Materials & Experimental Methods 

In these series of experiments, polybutadiene (PB) of different 1, 4 content and 

high cis-1,4 polyisoprene (PI) polymers were used (Table 5.1). High cis-1,4 polybutadiene 

(397k) samples were commercial polydisperse samples and were received from Polimeri 

Europa (Eni S.p.A.), while both 1,2 PB were purchased from Polymer Standards Service. 

Monodisperse high cis-1,4 polyisoprene (1090k), synthesized by anionic polymerization, 

was obtained by Dr. S. Pispas lab (TPCI - NHRF). The polymer solutions in different solvents 

were prepared by adding the desired mass of solvent to a known mass of polymer in a 

glass vial.  Tetradecane and decane were the solvents used in this study. Semidilute 

solutions were prepared well above the overlap concentration c*. Tetradecane was 

chosen as it is a non-volatile solvent in ambient conditions, so potential changes of 

polymer concentration during the different phases of the experiments could be avoided. 

Decane was used for the solution prepared in glove box (more details about the 

preparation are given in the next section).  

 

Table 5.1: Polymers molecular characteristics. 

polymer Mw (g/mol) 
vinyl content 

(%) 
1,4 content (%) c* (wt %) 

PB 397k  >97 0.47 

PI 1090k  >92 0.42 

1, 2 PB (1%) 317k 99 1 0.07 

1, 2 PB (6%) 218k 94 6 0.09 

 

The aim of this study is to evaluate the influence of O2, which was present in the 

solutions, on the process and more precisely on the kinetics of the single fiber writing. 

That required a control of the oxygen content [O2] in the solutions. This was achieved by 

purging the solutions with N2 / O2 gas mixtures of known composition.  
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To control the gas mixtures, a simple purging device was made, as shown in Figure 

5.1. A vacuum chamber was firstly evacuated (P = 0 atm), then filled by O2 to pressure P1 

and at the end N2 was added to reach pressure P2. The ratio𝑥 =
𝑃1

𝑃2
 was used to quantify 

the O2 content.   

The gas mixture contained in the gas chamber was purged through a needle into 

the sample cell, which was tapped with a Suba-Seal septa. The gas flow was regulated by 

a flow regulator. A second needle was added in the cell as a gas way out to avoid 

overpressure, facilitating the gas flow through the sample. At the end of purging 

procedure, the exit needle was removed before the inlet needle in order to leave the 

polymer solution under a slight positive gas pressure. 

The amount of gas dissolved in a 10 mL solution is of the order of 10-4 mol for 

typical gases solubilities in the two different solvents in the order of 10-3 mole fraction 

(Table 6.2). 4 In all experiments, a flow rate of 1 L/h (~mmol/min), with a purging flow left 

for 40 minutes was used, therefore providing a large excess of N2 and O2 inside the cell. 

After purging, the solutions were left to rest before irradiation, since the gas flow may 

have caused both internal flow and bubble formation, which would affect the formation 

kinetics. All experiments were carried out under ambient conditions (T = 20 0C, Pext = 1 

atm). In the case of more volatile decane, an extra stage was included to saturate the gas 

with solvent and avoid large change in polymer concentration through solvent 

evaporation. An intermediate vial containing pure solvent was introduced in as shown in 

(Figure 5.1b).  

The lowest oxygen level was reached using purging with pure N2. However the 

possible residual amount of O2 in the solution is difficult to be evaluated, but it is probably 

non zero. To reduce further the O2 content, a solution was prepared in glove box 

environment, with the best possible control of O2 amount. Details on the preparation are 

given in the corresponding section below. 
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For solutions irradiation, a 671nm laser beam was used, focused at the entrance 

of the sample cell, by a 4x lens (focal length f =35mm, NA = 0.12). Purged PB solutions in 

tetradecane were irradiated at an attenuated laser power of 8.4 mW, in order to secure 

single fiber writing conditions. Less reactive solutions were irradiated in higher laser 

powers, so PI and PB solutions, prepared in the glovebox, were irradiated in a power of 

60 mW, while the low 1,4 content solutions were irradiated at 80mW.   

 

Table 5.2: Mole-Fraction Solubilities of O2 and N2 in different solvents at 101.325 Pa partial pressure of gas 

and 298.15 K. 3,4,8 

Solvent O2 solubility (x10-3) N2 solubility (x10-3) 

Tetradecane 2.366 1.238 

Decane 2.080 1.209 

 

 

Figure 5.1: A schematic illustration of the experimental setup used for purging the polydiene solutions for 

(a) non-evaporating and (b) evaporating solvents. 

 

5.3 Influence of O2 content in pattern formation kinetics 

All irradiated solutions responded to laser illumination by forming the usual fiber-

like patterns. The range of observed kinetics were however very broad. Kinetics were 

evaluated by measuring the averaged normalized image intensity I* at the center of the 

pattern (y = 0), in tetradecane as described in Chapter 2. 
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Figure 5.2: Patterning formation in PB solution in tetradecane for different oxygen content, after 100 s of 

irradiation (20 s for the sample with 100% content).  

 

The evolution of the pattern contrast I* as a function of irradiation time, for PB 

(397k) solutions (c = 15 wt %) and for different composition of the purged gas mixture, is 

shown in Figure 5.3. 

 

Figure 5.3: Averaged normalized image intensity (I*) as a function of laser illumination time for PB 

solutions (c = 15 wt %) in tetradecane for different oxygen content. Laser power: 8.4 mW.  
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Oxygen content has a great impact on the kinetics, on the rate and possibly on the 

saturation. The increase of I* with time clearly speeds up as the O2 content increases, 

while the saturation value of I* also decreases. In the most oxygenized solution (100% O2, 

0% N2) the pattern formation exhibited the fastest formation, as saturation of I* (~0.17) 

was reached within 10 s or so. As O2 content decreases, the kinetics are getting slower 

and the saturation level decreases. At low oxygen content, the patterning effect was still 

present, but became much slower, so that the saturation was not reach in the 100 s 

(Figure 5.3). In the least oxygenized solution (100% N2) the effect was considerably slowed 

down, but not fully eliminated. Concerning the shape of the kinetics, the early stage 

kinetics exhibited an exponential-like growth which later appeared to quickly reach 

saturation.  
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Figure 5.4: Dependence of the growth rate on oxygen content for PB solutions (c = 15 wt %) in 

tetradecane. 

 

In order to quantify the influence of O2 content, the experimental I*(t) were fitted 

by an empirical function representing an early exponential growth followed by a 

saturation (Figure 5.3). More details are given in Chapter 2.  
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𝐼∗(𝑡) =
𝐼𝑠

∗

1 + 𝐴 exp (Γ𝑡)
 

or equivalently                   𝐼∗(𝑡) =
𝐼𝑠

∗

1+ exp (Γ(𝑡−𝑡𝑠))
 

where: 𝐴 = 𝑒𝑥𝑝(−Γ𝑡𝑠) 

For short times, where𝐴 exp(−Γ𝑡) ≫ 1, 𝐼∗(𝑡) ≈
𝐼∗

𝐴
exp(Γ𝑡) and at long time𝐼∗ ≈

𝐼𝑠
∗ . The parameters of the fit are therefore the exponential growth rateΓ, the saturation 

𝐼𝑠
∗ and the amplitude𝐴 . Amplitude A characterizes the early stage of the process, as it 

represents the value of the contrast that is amplified by the process. As explained in 

Chapter 2, the value of 𝐼∗ is proportional to 𝛿𝑛  and 𝐼𝑠
∗ can be converted to a refractive 

index increase at saturation𝛿𝑛𝑠. 

The obtained pattern growth rates (Γ) are reported in Figure 5.4 as a function of 

the oxygen content in a log/ log representation. It is apparent that the content of 

molecular oxygen controls the pattern formation kinetics. The pattern growth rate (Γ) was 

found to be proportional to the O2 content, down to be the lowest reliable O2 content. 

Time to reach saturation level (ts) was found inversely proportional to the oxygen content 

(and therefore to the growth rate) as can be seen in Figure 5.5. 

Purging with N2 does not suppress the effect, since formation of patterns was 

observed also in the nitrogen purged samples. In this case, it is difficult to estimate 

content. An extrapolation of the content dependent rate on the log/log representation 

will lead to 
[𝑂2]

[𝑁2]
~ 2 ∙ 10−4  for the N2 purged solution, which might be a reasonable value. 

The value of the normalized contrast at saturation (𝐼𝑠
∗) as a function of the oxygen 

content can be seen in Figure 5.6. The corresponding values of the refractive index change 

(δns) at saturation are shown to the right axis. Increase of O2 content, not only leads to 

faster development of the pattern, but also allows to reach larger refractive index 

changes. For oxygen content up to 10%, 𝐼𝑠
∗ and δn values increase, while for higher 

content the curve looks to reach saturation.   
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Figure 5.5: Time for reaching saturation as a function of oxygen content for PB solutions (c = 15 wt %) in 

tetradecane. 
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Figure 5.6: Averaged normalized image intensity (I*) on saturation (left axis) and maximum refractive 

index change (δn) (right) as a function of laser illumination time for PB solutions (c = 15 wt %) in 

tetradecane for different oxygen content. 
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5.4 Irradiation of polydiene solutions in nearly oxygen-free environment 

5.4.1 Glove box samples preparation 

In the previous section, it was observed that irradiation of nitrogen purged 

polybutadiene solutions didn’t eliminate the patterning effect, though considerably 

slowing it. The possible presence of residual traces of oxygen in nitrogen purged solutions 

can not be excluded. An alternative method used in order to prepare solutions in oxygen-

free environment was therefore used, namely glove box preparation.   

Polydiene solutions were prepared in a glovebox in order to achieve a nearly 

oxygen-free environment, in the level of 9 ppm ([O2] %102.1 3 ), in Prof. B. Meijer’s 

labs in TU Eindhoven. Decane was used as a solvent, which was dried in a 250 ml Schlenk 

tube overnight with 3A molecular sieves. The dried decane was transferred via cannula to 

another oven-dried Schlenk tube and then degassed by three freeze-pump-thaw cycles. 

After degassing, the solvent was stored in a nitrogen-filled glovebox until use. The 

polymer samples were subjected to high vacuum overnight, in the glovebox antechamber 

before bringing into the glovebox. Each polymer sample was weighed into an oven-dried 

4 ml vial. Each sample vial was sealed with a Teflon-lined cap and allowed to stand until 

the polymer was completely dissolved. The samples were occasionally shaken to facilitate 

dissolution. The viscous polymer solutions were finally transferred via syringe to Wilmad 

low pressure/vacuum NMR tubes (LPV). These tubes have a Teflon valve that makes a 

good seal to keep the sample under oxygen-free conditions. Polyisoprene (1090k) and 

polybutadiene (397k) solutions in degassed decane, of 5 wt % and 10 wt % concentration 

correspondingly, were prepared. 

Irradiation with red laser light was done by using a focused beam (through a 4x 

microscope lens) at the entrance of the LPV NMR tubes. The full power was used (671 nm 

– 60 mW) as the effect was particularly weak. The tubes were immersed inside a square 

quartz cuvette full of index matching fluid (glycerol), in order to reduce lensing from the 

cylindrical tubes, to secure that the laser beam will pass through the NMR tube as less 

refracted as possible and to allow a good phase contrast imaging.  
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5.4.2 Patterning and formation kinetics 

Irradiation of the polyisoprene (1090k) solution in degassed decane (c = 5 wt %) 

under nearly oxygen-free environment revealed that patterning was present, though the 

formation was very slow and weak. This behavior was similar with the case of irradiated 

polydiene solutions in 0% [O2], adjusted by the gas mixtures.  

We first noticed changes in the transmission pattern after ~100 s of irradiation. 

The phase contrast pattern started to become clearly perceptible on the image after 

around 300-350 s. The contrast of the induced pattern remained very weak even after 20 

min of irradiation with 𝐼∗ < 0.02 (Figure 5.7).   

 

Figure 5.7: Phase contrast images of PI (1090k) solution in degassed decane (c = 5 wt %), before (left) and 

after 1200 s (right) of irradiation (P = 60 mW). 

 

Similarly, irradiation of polybutadiene (397k) solution in degassed decane (c = 10 

wt %) exhibited similar behavior with the PI solution in the same solvent, prepared and 

irradiated under the same conditions. The first changes of the transmitted beam spot 

were observed after around 15 minutes, while the refractive index pattern started to be 

visible in the phase images after 20 minutes of irradiation. The contrast of the light-

induced pattern was weak (Figure 5.11b), similarly with the one of the irradiated PI 

solution in degassed decane (𝐼∗~10−2). Shortly before 60 minutes of irradiation a break-

up in the written pattern was observed (Figure 5.11c). 
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The pattern formation kinetics were checked for both polymer solutions in 

degassed decane by measuring the averaged normalized image intensity I*. The observed 

kinetics for both polymers exhibited a weak exponential growth rate. In this case 

saturation was not reached during the time of experiments (Figure 5.10). The kinetics of 

the polyisoprene solution were slightly faster than the polybutadiene solution. 

The N2 purged solutions kinetics (blue triangles) has been added to Figure 5.8 and 

was clearly faster, despite the lower laser power used (8.4 mW compare to 60 mW).  That 

would indicate a larger O2 content in N2 the purged samples compare to the glove box 

prepared ones. The kinetics using an energy scale (𝐸 = 𝑡 ∗ 𝑃) are shown on a log/ log 

representation in the inset of Figure 5.8. 
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Figure 5.8: Averaged normalized image intensity (I*) as a function of laser illumination time for PI (1090k) 

and PB (397k) solutions in degassed decane. Inset: Imaged intensity I* as a function of energy for the 

lowest oxygen content polydiene solutions prepared with both methods (glovebox and gases mixture). 



119 
 

1E-3 0.01 0.1 1 10 100

1E-3

0.01

0.1

1  Tetradecane

 Decane

 

 

Γ
 (
s

-1
)

[O
2
] %  

Figure 5.9: Normalized growth rate by the lased power as a function of oxygen content for PB (397k) 

solutions in decane and tetradecane, prepared with the two different methods. 

 

The observed slower pattern formation kinetics of the degassed decane solution 

comparing to the tetradecane solutions may not be very surprising, indicating the 

difference in the oxygen content inside the solution. In the solutions prepared in the 

glovebox, the maximum oxygen content was calculated to be to be around 10-5, almost 4 

times lower than the purged tetradecane solutions estimation. Even with the lowest 

possible O2 content, patterning (though very slow) is observed. The rate seems 

nonetheless to be extrapolated from the O2 content plot, so that the residual oxygen 

(ppm) could still control the rate.  

 

5.4.3 Reversibility of the patterns 

In previous studies, has been shown that in most of the solvents in ambient 

conditions, observable patterns in phase contrast imaging were not decaying in time after 

cessation of irradiation. Some exception were observed in “less active” solvents like 
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toluene, where the fibrillary patterns were observed to breakup into spherical fragments. 

1 We have seen that the patterning is very slow resulting in relatively low I* when the O2 

content is low. The pattern with relatively low contrast I* ~7 ∙ 10−2, would correspond 

to a 𝛿𝑛 ~5.5 ∙ 10−3 or 𝛿𝑐 ~5.5 ∙ 10−2. The question can arise about the stability of the 

slow formed, low contrast patterns.  We report the stability of the patterns as observed 

by phase contrast after cessation of the irradiation. 

 

Figure 5.10: Phase contrast images of the pattern decay process at different times after switching off the 

laser beam. The pattern was formed after irradiation of PI (1090k) solution in degassed decane (c = 5 wt 

%) for 40 minutes (P = 60 mW). 

 

After 40 minutes of irradiation of the PI solutions in the degassed solvent, the laser 

beam was stopped and the evolution of the pattern was followed. The pattern remained 

continuous for up to 100 min, with however a deformation. The downwards bend can be 

attributed to gravity, as the density of the polymer is higher than the density of the 

solvent. After about 100 minutes, inhomogeneities were observed in the radial dimension 
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of the structure, with alternating thinner and broader regions along the laser propagation 

axis (Figure 5.10). Around 170 minutes, the fiber-like pattern started to break up and 

retract into an array of globular pieces. At later stages, the globular structures continued 

their way down to the bottom of the sample cell.  The breakup observed here is a sign of 

a weaker cohesion in the fiber, compare to pattern obtained in higher O2 content. 

For similar PI (1090k)/ decane solutions at the same concentration, prepared and 

irradiated in ambient conditions ([O2] ~ 21%),  a few seconds of irradiation was enough 

to write stable patterns that remain visible in the solution even a year later. In the present 

case, we observed that 100 minutes of irradiation were not enough to write permanent 

patterns. This may reflect the lower crosslinking density reached in O2 depleted solutions, 

reinforcing the idea that O2 plays an important role in the kinetics of the formation and 

also in the “strength” of the patterns. 

 

Figure 5.11: Phase contrast images of PB (397k) solution in degassed decane (c = 10 wt %): (a) before 

irradiation, (b) pattern formed after 50 minutes of irradiation, (c) initiation of pattern break-up and 

irradiation stop and (d) pattern relaxation after 150 minutes after illumination stopped (P = 60 mW). 
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The evolution of the patterning in PB, O2 free solution, when irradiation was 

stopped and the pattern was left to relax is shown Figure 5.11. The structure exhibited 

retraction at the breakage region and progressively wrinkled, possibly reflecting internal 

mechanical stresses in the pattern (Figure 5.10d). The pattern did not show breaking into 

small globular pieces, sign of more homogenous crosslinking distribution. 

 

5.5 Effect of O2 content on the pattern formation kinetics of different 

microstructures polydienes 

In Chapter 4, the importance of chemical environment on the patterning efficiency 

has been shown. More specifically, we showed that the combined effect of polymer 

microstructure and solvent was clearly affecting the pattern formation kinetics. In the 

previous section of this chapter we showed that the oxygen content is also affecting 

directly the patterning efficiency in several solvents. Some low 1,4 content polymers were 

found to have very slow response. It is therefore tempting to see whether the presence 

of O2 can accelerate the kinetics of these polymers. 

We further investigate the effect of oxygen content for polymers with different 

1,4 content. Two polybutadiene samples with low 1,4 content where used, along with the 

already used high 1,4 content polybutadiene (397k). These two polybutadiene polymers 

were dissolved in tetradecane (c = 10 wt %) and had 1% and 6% of 1,4 content (the rest is 

vinyl content – molecular characteristics in Table 5.1). The pattern formation kinetics of 

all solutions were evaluated both in ambient conditions ([O2] ~ 21%) and oxygen purged 

conditions (100% [O2]). For the 1,2 polybutadienes (low 1,4 content) a laser power of 80 

mW was used, as the solutions showed weak responses. 

The evolution of I* with irradiation time is shown in Figure 5.12. Oxygen content 

qualitatively affected the kinetics in all the solutions irradiated, no matter the amount of 

1,4 content in the polymer was. All oxygen-purged solutions displayed faster pattern 

formation kinetics compared to the solutions irradiated in ambient conditions (21% [O2]). 
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In the case of the polybutadiene solution with the lowest 1,4 content (1%), where the 

phase contrast imaging revealed very weak patterning after long irradiation, the kinetics 

were boosted with the increase of oxygen content inside the solution. Again, all solution 

kinetics at early stage displayed an exponential-like growth which later was reaching 

saturation.  

 

Figure 5.12: Averaged normalized image intensity (I*) as a function of illumination time for PB solutions in 

tetradecane, of different 1,4 content, tested for two different oxygen contents. Laser power: 80 mW (1%, 

6% PB) and 8.4 mW (97% PB). 

 

A quantitative representation of the influence of oxygen content on the growth 

rate of I*, normalized by laser power is shown in Figure 5.13. We observed that the 

patterning normalized growth rate was increased in the solutions where the oxygen 

content was higher. The increasing difference of the growth rates, between the solutions 

irradiated in ambient conditions and the oxygen purged solutions, was exhibiting 

enhancement for increasing the 1,4 content of the polybutadiene used. This behavior 

show that the patterning formation of the higher 1,4 content polybutadiene was affected 
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by oxygen content inside the solution, noticeably more comparing to the polybutadiene 

with lower 1,4 content.   

 

Figure 5.13: Normalized growth rate by the lased power as a function of 1,4 content for PB solutions 

tetradecane, for oxygen contents of 21% (black) and 100% (red). 

 

5.6 Characterization of extracted structures from purged solutions 

In the previous sections, we clearly demonstrated the influence of O2 content on 

the kinetics of the pattern formation. A connected question is whether O2 is part of a 

chemical process, directly incorporated into the polymer molecules, or if it is more of a 

catalyst effect, with oxygen being absent of the final product. 

To answer this question, FTIR spectroscopic measurements were carried out, in 

order to check for vibrational bands that would involve oxygen atoms. Attenuated Total 

Reflection (ATR) FTIR spectroscopic measurements were conducted on extracted 

material, using a Bruker Vertex 70v FT-IR spectrometer. The permanent and insoluble 

structures, resulted after irradiation, were firstly extracted after rinsing the unwritten 
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material with a good solvent (i.e. hexane). The ATR method was was chosen over the 

transmission one, due to the thickness variations between the extracted structures. 

The FTIR spectra of the extracted structures from PB solutions in tetradecane (c = 

15 wt %), after long irradiation, in two different O2 contents (21% and 100%), were 

compared to the corresponding spectrum of the pure and non-irradiated PB (melt). A 

comparison among the three spectra is shown in Figure 5.14.  

 

Figure 5.14: ATR-FTIR spectra obtained by extracted structures from purged PB (397k) solutions in 

tetradecane and compared with non-irradiated PB (melt). 

 

In Figure 5.14, differences not only between the spectra of the “written” materials 

comparing to the non-irradiated one can be observed, but also in the spectra between 
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the two extracted structures resulted from irradiated solutions with different O2 content. 

In Figure 5.15, individual regions of the above spectra can be seen in detail.   

 

Figure 5.15: Changes in IR spectra in extracted structures from purged PB solutions in tetradecane: (a) cis-

1,4 polybutadiene fingerprint region, (b) carbonyl vibration region, (c) C-H stretching region and (d) 

hydroxyl vibration region.   

 

Observing more carefully each vibration region of the above spectra, the most 

prominent change is the one in the hydroxyl (O-H) stretching region (3100-3700 cm-1), 

which was not present in the non-irradiated PB, as can be seen in Figure 5.15d. The 

observed broad absorption band has a maximum in the region of 3450 cm-1, and the 

intensity of the band is low in the case of the extracted structure from the purged PB/ 

tetradecane solution with gas mixture of 21% [O2]. The extracted structure from the 

corresponding purged solution with gas mixture of 100% [O2], showed a broader 

absorption peak of considerably higher intensity, with its maximum to be shifted in 3400 
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cm-1. The absorption in the region gives evidence for the production of hydroperoxy 

(OOH) and/or hydroxyl (OH) groups. 5,6,9,10 

We also observed additional changes in the FTIR spectra. In the cis-1,4 

polybutadiene fingerprint region (500-1500 cm-1), shown in Figure 5.15a, we can observe 

the out of plane vibrations of the C-H band, which are linked to polymer unsaturations. 

More particularly, there are the absorption bands of cis-1,4 unsaturation at 732 cm-1, the 

1,2 vinyl at 912 cm-1 and the trans-1,4 at 968 cm-1. The 1,2 vinyl band at 912 cm-1, 

comparing to the rest unsaturation bands, is of very low intensity, because of the low 

concentration of 1,2 vinyl groups in the polymer, used in our experiments. We observe 

that for the same time irradiation time, but for increasing O2 content in the purged 

solution, each of the 1,4 unsaturation bands were decreasing. 6,11,1213 

Alterations in the FTIR spectra, have been observed also in the C-H stretching 

region (2500-3100 cm-1) (Figure 5.15c). The C-H stretching absorption band of cis-1,4 

group (3004 cm-1), but also both the bands of symmetric (2848 cm-1) and asymmetric 

(2908 cm-1) stretch of CH2, decreased when O2 content increases, for the same irradiation 

time. 6,11,12 

The region of carbonyl stretching vibrations (1500-1900 cm-1) is shown in Figure 

5.15b. The absorption band at 1654 cm-1, assigned to the cis-1,4 double bond stretch, 

decreased during irradiation and oxygen exposure. A broad band with two small maxima 

at 1693 cm-1 and 1712 cm-1, was detected in the extracted structure from the solution 

purged solely with oxygen. These two maxima are assigned to α,β-unsaturated carbonyl 

groups. The absence of any absorption band in the 2700 cm-1 region suggests that these 

α,β-unsaturated carbonyl groups are not aldehydic in nature (C-H stretching vibration of 

CHO groups), but most probably can be ascribed to α,β-unsaturated ketones.  5,6,10,11 

Spectroscopic measurements, unveiled chemical modifications in the molecular 

structure of the polymer after irradiation and concurrently increasing the level of 

molecular oxygen. The formation of carbonyl and carboxyl or hydroxyl structures are 

suggesting an oxidative procedure that the polymer undergoes, as a result of exposure to 
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laser light and oxygen, which points out that the effect we study is of photo-chemical 

nature.  

The spectroscopic results of the characterization of the extracted structures from 

irradiated polybutadienes solutions, with visible monochromatic light, are qualitatively 

similar with the results of several studies, concerning photo-oxidation of polybutadiene 

polymers, mainly in the melt state, irradiated with long-wavelength UVA light (λ> 300 

nm). 5,6,11,12,14 Qualitatively, similar spectroscopic results have been found in thermally 

oxidized polybutadiene melts, 11,15,16 but also in polybutadiene thin films, which were 

oxidized at room temperature, by flushing pure oxygen, in the absence of light. 11 

The combined effect of oxygen with the polymer microstructure on the patterning 

efficiency is also of great importance. It was observed that qualitatively the higher oxygen 

content can enhance the patterning evolution in all polybutadienes. Quantitatively, in the 

presence of additional oxygen, pattern formation rate is proportional to in 1,4 content. 

So, polybutadienes rich in 1,4 content can be favored more, comparing to the vinyl rich 

ones, under irradiation in oxygen saturated solutions. Adam et al. 7,17 had found that 

during irradiation of polybutadiene thin films with long-wavelength UVA light (λ> 300 

nm), the polymer undergoes photo-oxidation and the rate of photo-oxidation decreased 

as the percentage of 1,2 microstructure increased.  

 

5.7 Concluding remarks 

Summarizing the results of our experiments on the role of molecular oxygen 

content on the patterning effect we observed that the oxygen content had little effect on 

the shape of the light-induced pattern. It remains the same (fibrilar), in all the examined 

oxygen contents. Also the overall form of the kinetics remains similar (exponential growth 

followed by a saturation) independently of the oxygen content of the irradiated solutions. 

We found that the growth rate of patterning is controlled by the oxygen content, with an 
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increase close to proportional to the oxygen content. The saturation level was found to 

increase with the oxygen content. Oxygen clearly speeds up the pattern formation.  

ATR-FTIR measurements of the extracted material provided clear evidences of 

chemical modifications in the molecular structure of the polymer after irradiation. More 

specifically, the presence of carbonyl and hydroxy bands were revealed in the spectra of 

the irradiated materials. Such groups are commonly observed in photooxidation of 

polydienes.  

As to the response of the material in the total absence of oxygen, it is difficult to 

answer. Must probably the response will be slow and weak. Experimentally we observed 

that even in the lowest achievable oxygen content, patterning was eventually observed.  

We conclude that oxygen is an important ingredient of the process. 

We have shown that solvent is a very important parameter for the occurrence of 

the light effect we study. Solvent can act as an oxygen reservoir and can transfer oxygen 

molecules from air to polymer solutions. 18,19 In addition oxygen presents absorption 

bands in the visible range, with two of them to be located at 699 nm and 650 nm, 

wavelengths very close to the one of the laser (671 nm) used for the irradiation of 

polydiene solutions. 20 

In most free radical crosslinking process, O2 is unwanted as it competes with the 

main mechanism. 21,22 In the present case, it appears that O2 is an important (if not 

necessary) component of the process, as its presence makes it faster and stronger (larger 

saturation). 
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Chapter 6 

 

Chemical modifications due to laser 

light irradiation 
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6.1 Introduction 

The findings exposed in the previous chapter confirmed the significant role of 

dissolved O2 in the process. Increasing O2 content lead to much faster patterning kinetics 

and Infrared spectroscopic measurements of extracted structures revealed chemical 

modifications and possible insertion of oxygen into the polymer.  

In this chapter we are looking at the effect of laser irradiation on the material 

independently of the observation of patterning. We used several techniques to check 

more or less directly on chemical modifications due to laser light and we present results 

that confirm the presence of oxidation process during the irradiation.  

First we show through Gel permeation chromatography (GPC) that the molecular 

distribution of monodisperse PI is affected by irradiation. This is confirmed by Dynamic 

Light Scattering (DLS), with the alteration to be also present in dilute solutions, where we 

observed faster diffusion, shorter chains and decrease of intensity. Nuclear Magnetic 

Resonance (NMR) spectra of irradiated materials provide significant insight as to what 

chemical changes are present in low concentration solutions. 

Additional Raman and Infrared spectroscopic measurements has been made in 

long irradiated polydiene melts, in extracted structures from written solutions and finally 

in thin films of polydiene solutions after irradiation, without the involvement of any 

rinsing. This has as a purpose to investigate the role of solvent, but also to try to elucidate 

the mechanism at work. A number of circumstantial evidences have been collected, that 

lead us to the conclusion that the origin of the effect is most likely a photooxidation 

process. We present the various evidences and we are attempting to propose possible 

chemical paths during irradiation.  
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6.2 Effect of irradiation on molecular weight and molecular weight 

distribution 

6.2.1 GPC before and after irradiation experiment 

In case of a photo-induced process, the laser irradiation should have effects on 

the polymer molecules independently of the concentration condition. However, the 

patterning is observed only for large enough concentrations.  One of the difficulties of the 

spectroscopic analysis of the patterned materials is the small size of the pattern, 

surrounded by much larger amount of unaffected material. This is a direct consequence 

of the locality of the effect since the pattern is observed only where the light goes.  

We therefore used GPC technique to check possible effects of laser irradiation on 

molecular weight and molecular weight distribution. GPC experiments were run before 

and after irradiation. In case of presence of chain scission or chain recombination, that 

should be detectable by GPC.  To optimize our chances to observe changes, we choose to 

irradiate a polymer with narrow molecular weight distribution (monodisperse so that 

even small disturbance of M-distribution will be visible) and use relatively concentrated 

solutions (c > c*). A cell / light beam arrangement was used so that the full volume would 

be irradiated. The irradiation conditions were such that could ensure that no patterning 

will be observed during irradiation of these solutions. As GPC requires low concentration 

and specific solvent, the irradiated samples were re-diluted by the appropriate solvent 

(THF).  

For the GPC experiments, polyisoprene (PI) solutions in hexane and 

tetrahydrofuran (THF) were prepared, in the concentration of 2 wt % (c = 4.76 c*). 

Solvents were initially filtered through PTFE filters of pore size 0.2mm (millipore) to 

ensure dust-free polymer solutions. An amount of 40 μl of polymer solution was 

transferred in a quartz microcuvette (10 x 2 mm). We chose this specific amount of 

solution in order the whole volume of this solution to be covered by the laser beam used 

for the irradiation. A DPSS cw laser (wavelength 640 nm and Pmax = 110 mW) with a beam 

diameter of 3mm was used, at full laser power and for different exposure times. After 
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irradiation, solutions were diluted to a certain concentration for the GPC measurement 

(~0.1 mg/ml). Prior to GPC analysis, all samples were filtered through a 0.2mm PTFE 

syringe filter. GPC analysis was performed on a Shimadzu Prominence-i LC-2030C 3D, 

equipped with RI and PDA detectors. The flow rate was 1 mL min–1 and the operating 

temperature was set at 40 °C. The column was used and calibrated with monodisperse 

polystyrene standards (Polymer Laboratories). GPC experiments were conducted at Prof. 

B. Meijer’s labs in TU Eindhoven. In Figure 6.1, a schematic of the experimental procedure 

can be seen. 

We originally intended to use the photodiode array (PDA) detector to estimate 

possible double bond conversion in the UV-Vis spectrum. It however turn out that the 

signal mostly revealed the overall change of concentration and could not be used to 

estimate the double bond conversion. Only the total area under the curves of UV-Vis 

spectra bare information. 

 

Figure 6.1: A schematic illustration of the experimental procedure that followed before GPC 

measurements on irradiated polyisoprene solutions. 

 

6.2.2 Polyisoprene solutions in hexane 

After following the procedure as described above and having irradiated the 

polyisoprene solutions for various times (0, 1.5, 3, 15 & 24 hours), GPC measurements 

have been conducted. The results, as measured by the refractive index (RI) detector can 
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be seen in Figure 6.2, while in Figure 6.3, the results from the photodiode array (PDA) 

detector are presented. Irradiation time has been converted to irradiation dose, 

expressed in energy units (1 hour of irradiation at 110mW = 396 Joules).  

 

Figure 6.2: GPC chromatograms of PI solution in hexane for different times of irradiation. 

 

 

Figure 6.3: GPC measurements from the PDA detector. 1D (a) and 2D (b) UV-Vis optical absorption spectra 

of irradiated PI solutions in hexane, for different irradiation times. 

 

We first note that the GPC trace before irradiation appears to be different from 

the original GPC traces given by S. Pispas. We observe a bimodal distribution instead of a 

narrow monomodal distribution. This could be the sign of aging of the polymer during 

storage.  



138 
 

Differences in GPC traces are clearly visible even for short irradiation, where we 

can see that the high Mw fraction is decreasing as the irradiation time (or irradiation dose) 

is increasing. The low Mw fraction increases and shifts slightly to longer retention time 

(from 9.81 min to 10.15 min), without to exhibit any dependence on the irradiation time. 

Overall, this could mean that the amount of high Mw chains is decreasing, possibly due to 

crosslinking, while the amount of low Mw chains are increased comparing to the non-

irradiated sample, but without any further increase as a function of irradiation time. This 

is an indication that the crosslinking due to irradiation, may happen preferentially 

between the high Mw chains (interchain connection). The increase of the amount of low 

Mw chains, comparing to the one of the non-irradiated sample, possibly happens due to 

restricted chain scission, since this shoulder in the chromatograms has slightly been 

moved to longer retention time. The results from the PDA analysis (Figure 6.3) are pretty 

much in the same vein, since both of the detections are conducted simultaneously. 

 

Figure 6.4: Curve of cumulative molecular weight distribution function of PI solutions in hexane for 

different times of irradiation, generated by GPC method, illustrating the decrease of M as irradiation goes 

on.  
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The existence of chain scission as a result of irradiation can also be deduced by the 

cumulative molecular weight distribution (MWD) plot, as is shown in Figure 6.4. For longer 

irradiation times, the cumulative distribution shifts to lower values of molecular weights.  

A dramatic collapse of the area under the curve, has been observed in the 

chromatogram that corresponds to the 24 hour long irradiated solution (9504 J), which is 

significantly decreased and wider comparing to the rest chromatograms (Figures 6.2 & 

6.3). This implies a concentration/ mass “loss” to this specific sample. High probably, after 

irradiation, either crosslinked material has been removed by filtering prior the GPC test 

or material has been stuck to the cell. The possibility of the crosslinked material removed 

by filtering, is the most probable one, since it has been observed a slight increase of the 

filters weight after filtering the irradiated solution, before running the GPC test. It has to 

be highlighted, that before their use, the filters were left overnight under vacuum 

conditions, as well as after solution filtering. By this we wanted to secure that no humidity 

(before irradiated solution filtering) or any solvent left (after irradiated solution filtering) 

has been left into the filters, which could potentially add some kind of error in the 

weighting values. 
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Figure 6.5: Retained mass ratio of the filtered solutions as a function of irradiation time. 
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In Figure 6.5, the retained mass ratio of the filtered solutions both in hexane and 

THF is shown, before and after irradiation for various times. For the 24 h (9504 J) 

irradiated PI solution in hexane, we can see that the filter has retained a notable amount 

of mass from the irradiated material, which could not pass through the PTFE filter, a fact 

that could explain the observed mass loss in the corresponding chromatogram. 

 

Figure 6.6: Differential (black) and cumulative (dark olive) molecular weight distribution of PI solutions in 

hexane for different times of irradiation, generated by GPC method. Red and green lines are 

correspondingly the Gauss fits of the high and low fraction populations and blue line is the total fitted 

distribution. 

 

Looking at the molecular weight fraction (wc) distributions (Figure 6.6) we can 

easily observe how each distribution changes with irradiation time. The percentage (%) 

values of high and low molecular weight fractions were calculated by fitting the molecular 

weight distributions with two Gauss distributions, as can be seen in Figure 6.6. For each 

sample, the total integrated area under the MWD curve was found and then the 

corresponding integrated area of each population was estimated. For all the irradiation 
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times the fitting of the MWDs was very good, except the MWD of the 24 hour sample, 

which appears to be decent.  

In Figure 6.7a, the integrated area under the chromatogram curve is shown. The 

low molecular weight fraction has been increased after long irradiation, while the high M 

fraction decreases. The overall value of weight average molecular weight (Mw) decreases 

after long irradiation (Figure 6.7b). The value of high Mw fraction slightly decreases at the 

irradiated samples, but doesn’t exhibit significant change over irradiation time, while the 

low Mw exhibit a decreasing trend. This implies that both chain scission and chain 

recombination (crosslinking) could be present. The ratio between the two molecular 

fractions (high/low fraction) decreases with irradiation (Figure 6.7c). 

 

Figure 6.7: PI solutions in hexane: (a) Overall and both population fraction integrated area under the curve 

of chromatogram. (b) Overall and both population fraction weight average molecular weight (Mw). (c) 

MWD fraction ratio of the high M fraction over the low one.  
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6.2.3 Polyisoprene solutions in tetrahydrofuran  

As seen in Chapter 3, polydiene solutions in tetrahydrofuran (THF) show a 

surprisingly different response in terms of patterning. We therefore expanded the GPC 

analysis to irradiated THF solutions in order to pinpoint possible differences with the case 

of hexane solutions.  

Different results were obtained when THF solutions were submitted to the same 

treatment. We found that not only the irradiation mattered but also the time after the 

sample preparation. It may not be so surprising, since polydienes solutions in THF can be 

expected to be unstable, due to the easy degradation/evolution of THF in peroxides. The 

analysis and interpretation becomes complicated as the time/age dependence was not 

anticipated.  

Solutions of the same polymer were prepared in THF and irradiated for different 

times (0, 1.5, 3, 15 & 24 hours) and then GPC measurements have been conducted, 

following exactly the same procedure as described above. The results, as measured by 

the refractive index (RI) detector can be seen in Figure 6.8, while in Figure 6.9 are 

presented the results from the photodiode array (PDA) detector. 

 

Figure 6.8: GPC chromatograms of PI solution in THF for different times of irradiation.  
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Figure 6.9: GPC measurements from the PDA detector. 1D (a) and 2D (b) UV-Vis optical absorption spectra 

of irradiated PI solutions in THF, for different irradiation times. 

 

GPC measurements in PI solutions in THF exhibited a different behavior after 

irradiation. The chromatograms of the irradiated solutions are of lower intensity (except 

the 24 hour one) and the distribution is broader, comparing to the corresponding 

chromatograms of the hexane samples. The retained mass ratio of the filtered THF 

solutions after irradiation (Figure 6.5) is higher than these of removed from hexane 

samples, which could mean that there is a concentration loss in the irradiated samples 

(again, except the 24 hour long irradiated sample).  

Overall intensity does not primarily depend on the irradiation time, as did on PI 

solutions in hexane. More specifically, the high Mw fraction does not decrease 

monotonically with irradiation time. Also the low M fraction in THF exhibits different 

behavior for various irradiation times, while in hexane solutions, the low M fraction in all 

the irradiated samples was increased comparing the non-irradiated sample, but was not 

varying significantly with irradiation time.  

The solution age (time that elapses from preparation of solution until the moment 

that irradiation starts to take place) seems to affect mainly the polymer, rather than the 

irradiation dose, which was the principal influence in PI solutions in hexane. This could 

imply that the polymer was affected by the solvent, before irradiation, by potentially 

undergoing some kind of degradation, which was deteriorating as longer as the polymer 



144 
 

remained dissolved in THF. Irradiation influence could be observed in solutions irradiated 

for 1.5 and 3 hours (594 & 1188 J respectively), which had the same solution age by the 

time of the GPC measurement. It this case, the intensity in the chromatogram that 

corresponds to the solution which was irradiated for 3 hours long, was decreased 

comparing to the one of the solution irradiated for 1.5 hour.  

Concerning the molecular weight fractions, the increasing solution age has impact 

on both high and low M fractions. The high M fraction (9.81 min) of the 24 and 15 hours 

long irradiated samples (solution age: 1 and 2 days correspondingly) elutes in the same 

retention time with the non-irradiated sample, while the samples irradiated for 1.5 and 3 

hours long, exhibit elution shifted to shorter retention time (9.79 min). The low Mw 

fraction shifts to longer retention times for the 24 and 15 hours of irradiation, and more 

specifically from 10.10 to 10.18 minutes, in the chromatogram distribution. The samples 

which where irradiated for 1.5 and 3 hour, exhibit even longer retention times (10.22 

min).  

All the irradiated samples have decreased peak intensity of the high M fraction, 

correlated with the solution age. The sample irradiated for 24 hours has almost identical 

peak intensity with the one irradiated for 15 hours, which looks to be the influence of the 

additional irradiation time. The peak intensity of the low M fraction in all the irradiated 

samples is increased comparing to the non-irradiated one, except the solution irradiated 

for 3 hours long, which exhibited the lowest intensity.  

By examining the cumulative molecular weight distribution (MWD), as is shown in 

Figure 6.10, we can observe that for all the irradiated samples, has been shifted to lower 

molecular weight values. Again, the samples with the higher solution age (4 days) have 

shifted to slightly lower molecular weights comparing to the other two samples, with 

solution age of 1 and 2 days. This could suggest the existence of chain scission, caused not 

primarily by the influence of photons, during laser irradiation, but by the solvent 

influence.  
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Figure 6.10: Curve of cumulative molecular weight distribution function of PI solutions in THF for different 

times of irradiation, generated by GPC method, illustrating the decrease of M as irradiation goes on.  

 

 

Figure 6.11: Differential (black) and cumulative (dark olive) molecular weight distribution of PI solutions in 

THF for different times of irradiation, generated by GPC method. Red and green lines are correspondingly 

the Gauss fits of the high and low fraction populations and blue line is the total fitted distribution. 
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In Figure 6.11, the molecular weight fraction (wc) distribution changes, for the PI/ 

THF samples, in all different irradiation times, are presented. The percentage (%) values 

of the high and low molecular weight fractions were also calculated for THF samples, by 

fitting the molecular weight distributions, in the same way that was done for the hexane 

samples, with two Gauss distributions. Fittings of the MWD curves were in good 

agreement with the overall distribution as resulted from the GPC measurements. 

 

Figure 6.12: PI solutions in THF: (a) Overall and both population fraction integrated area under the curve 

of chromatogram. (b) Overall and both population fraction weight average molecular weight (Mw). (c) 

MWD fraction ratio of the high M fraction over the low one.  

 

The total integrated area under the MWD curve was found and again the 

corresponding integrated area of each population was estimated for the THF samples 

(Figure 6.12a). We observe that the low M fraction appears increased for all the irradiated 
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solutions. The THF samples doesn’t exhibit any variation with irradiation time, unlikely to 

the hexane samples, where the high and low fraction percentage were correspondingly 

decreasing and increasing for long irradiation. Both Mw fractions, the overall Mw values, 

but also the ratio between the two fractions (high/ low), are not showing any specific 

correlation with the irradiation time.  

 

6.3 DLS measurements on irradiated polyisoprene solutions 

6.3.1 The experiment 

In order to confirm the GPC results and the induced changes on the polymer Mw 

distributions after red light irradiation, Dynamic Light Scattering (DLS) was employed on 

an experiment in the same spirit with the GPC one. The DLS measurements were 

conducted on polyisoprene solutions in hexane and tetrahydrofuran (THF) after 

irradiation, reproducing the irradiation conditions of GPC. DLS is not as precise as GPC to 

evaluate M changes and evolution of distribution, put it allows simpler experiments. It 

allows “one pot” experiment, where irradiation and DLS measurements were made on 

the same solution and in the same cuvette, without any extra filtering steps. DLS were 

measured in the irradiated solutions at the original concentration and once rediluted. The 

rediluted DLS allow to extract a hydrodynamic radius (Rh as in particle sizing) and check 

its evolution with irradiation time. 

Initially, amounts of 40 μl of semidilute PI solutions (concentration of 1 wt %) were 

transferred in quartz microcuvettes (10 x 2 mm) for each solvent (hexane and THF) and 

then they have been irradiated. As in GPC measurements, this specific amount of solution 

has been chosen in order the whole solution volume to be completely covered by the 

laser beam, during irradiation. A red DPSS cw laser (wavelength 671 nm and Pmax = 100 

mW), with a beam diameter of 2mm was used for the irradiation of the solutions, at full 

laser power and for various exposure times. After irradiation, DLS measurements have 

been made to the irradiated semidilute PI solutions. Some of these semidilute solutions 
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were diluted around 17 times from the initial concentration, way below the solution 

overlap concentration (c* = 0.42 wt %), in the dilute regime and then DLS measurements 

repeated.  

A green DPSS cw laser (wavelength 532 nm and Pmax = 400 mW) was used for the 

dynamic light scattering measurements. Because of the use of the square cuvettes, the 

measurements have been made only in the angle of 90o. In Figure 6.13, a schematic 

illustration of the irradiation and the DLS measurements made on the PI solutions can be 

seen. 

 

Figure 6.13: A schematic illustration of the irradiation and DLS measurements on polyisoprene solutions. 

 

6.3.2 Irradiation of semidilute PI solutions in hexane and THF 

As described above, after the irradiation of semidilute PI solutions in hexane (c = 

1 wt %) for different hours, DLS measurements have been conducted so in non-diluted, 

as in rediluted PI solutions. The results of these measurements in the non-diluted hexane 

solutions are shown in Figure 6.14a, while the measurements of the rediluted hexane 

solutions are presented in Figure 6.14b. 
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Figure 6.14: Intensity correlation functions for θ = 90°/ q = 0.02296 nm-1 for (a) semidilute (c = 1 wt %) and 

(b) rediluted (c = 0.056 wt %) PI solutions in hexane, for different irradiation times. Hydrodynamic radii (Rh) 

distribution extracted from intensity correlation functions using Contin analysis. 

 

The intensity correlation functions of the semidilute PI solutions in hexane (Figure 

6.14a), depict that red laser irradiation can clearly affect their dynamics. We observe that 

the amplitude of the correlation function increases, while the dynamics of the system are 

monotonically getting gradually slower. After 93 h of irradiation, the correlation function 

decays much slower (100 times). The dynamics in semidilute does not provide direct 

measurements of macromolecular size as the probed collective diffusion does not depend 

simply on M (it depends on c/c*). However, such a large slowdown can only be explained 

by the formation of rather large (slow diffusion) structure. 

To cross check this response, solvent was added to bring the solutions to dilute 

regime. DLS results are shown in Figure 6.14b. In the case of the rediluted PI solutions (c 

= 0.056 wt % after dilution of the initial irradiated 1 wt % solutions) the amplitude of the 

correlation function decreases, while a second slower mode progressively appears. The 

fast mode represents the diffusion of the free polymer chains, whereas the slow one 

(second mode) delineates the appearance of larger, slower diffusion species typical of a 

cluster growth. At prolonged irradiation (93 h), very large species are present that 

disturbed the measurement through number fluctuation. They could be formed through 



150 
 

some “aggregation” of crosslinked polymer chains (forming some kind of swollen micro-

gels). This formation of these large aggregates after long irradiation is in agreement with 

the GPC measurements and the missing mass that we observed there, mainly in the 

chromatogram of the 24 hour long irradiated polyisoprene solution in hexane.  

 

Figure 6.15: Intensity correlation functions for θ = 90°/ q = 0.0235 nm-1 for (a) semidilute (c = 1 wt %) and 

(b) rediluted (c = 0.056 wt %)  PI solutions in THF, for different irradiation times. Hydrodynamic radii (Rh) 

distribution extracted from intensity correlation functions using Contin analysis. 

 

Same DLS tests we conducted in THF solutions. The results are presented in Figure 

6.15. In the case of semidilute PI solutions in THF (c = 1 wt %), the intensity correlation 

functions (Figure 6.15a) show a faster for long irradiation, but without long time tail 

(contrary to the one observed in hexane). So, this could be an indication of chain scission 

that takes place due to irradiation. Similar behavior exhibit also the re-diluted PI solutions 

in THF (Figure 6.15b). 

In Figure 6.16, we compare the diluted PI solutions, both in hexane and THF (non-

irradiated solutions and solutions after 24 hours of irradiation), where we observe a 

different response upon red light irradiation; PI solutions in hexane seems to respond in 

prolonged illumination by the “aggregation” of the polymer chains, while the PI solutions 

in THF seems to undergo chain breakage (chain scission). 
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Figure 6.16: Intensity correlation functions for θ = 90° for rediluted PI solutions in hexane (black lines) and 

THF (red lines), for 0 and 24 hours of irradiation. 

 

6.3.3 Irradiation of dilute PI solutions in hexane  

We have so far reported irradiation of semidilute solutions, where GPC and DLS 

have shown alteration of the chains. We here report DLS results obtained on irradiated 

dilute PI solutions in hexane (c = 0.0578 wt %). After long irradiation we observe that the 

dynamics become faster, while a second mode appears (Figure 6.17), which can be 

attributed to the formation of a structure of slower diffusion. This response is similar with 

what we observed in the corresponding irradiated semidilute PI solutions, possibly 

weaker. The molecular alterations take place even in the dilute regime, with both chain 

scission (leading to faster diffusion) and recombination, leading to the formation of the 

slower diffusing species. The clear evidence of chemical alteration in dilute solutions is a 

strong suggestion that the process is photochemical.  
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Figure 6.17: Intensity correlation functions for θ = 90°/ q = 0.02296 nm-1 for dilute PI solutions in hexane (c 

= 0.057 wt %), for various irradiation times. Hydrodynamic radii (Rh) distribution extracted from intensity 

correlation functions using Contin analysis. 

 

6.4 NMR measurements on irradiated polyisoprene solutions 

Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy provides powerful 

tool to check for possible chemical modification.  Therefore, 1H NMR measurements of 

irradiated PI solutions in hexane and THF were conducted to check long irradiated 

solutions. The irradiated PI was taken from the solutions used for the GPC experiments 

(with 24 hours irradiation). As NMR required deuterated solvents, the original hexane or 

THF was first evaporated and PI was redissolved in deuterated chloroform (CDCl3) ((~0.1 

mg/ml) and the solutions were transferred to standard NMR tubes (primarily cleaned with 

acetone). NMR spectra were measured on a Bruker Avance III NMR spectrometer, 

operating at 500 MHz for the proton (1H) nucleus, at 293.2 Κ. 

The 1H NMR spectrum of the native (non-irradiated) PI in CDCl3 is depicted in 

Figure 6.18. The resonances at 1.68, 2.04 and 5.12 ppm are assigned to the original 
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polymer and are the characteristic ones of the cis-1, 4-addition of PI. 1,2 The doublet at 

4.68 and 4.76 ppm can be assigned to a 3, 4-addition of PI. 3 In addition, the spectrum 

shows also some other resonances. The resonances at 0.00, 0.07 and 7.26 ppm (the latest 

is out of the spectrum range we present in Figure 6.18) are directly related to the 

deuterated solvent used for the measurements. The 1.53 ppm resonance could be 

assigned to H2O, which probably comes from humidity in the atmosphere, most probably 

during sample preparation.  The low resonance at 1.43 ppm (should be accompanied with 

also weak peaks at 2.27, 5.01 and 6.98 ppm) could be assigned to 2, 6-Di-tert-butyl-p-

cresol (a.k.a. Butylated hydroxytoluene or BHT), added as inhibitor/antioxidant to the 

polymer during synthesis. 4,5 The low resonances at 0.15, 0.88, 1.25, 1.32 and 1.60 ppm 

are located within the chemical shift range of saturated aliphatics (alkanes), but we were 

not able to definitely assign them. 6 The assignment of the relevant chemical shifts are 

shown in Table 6.2.  

 

Figure 6.18: 1H NMR spectrum of non-irradiated PI. 
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In Figure 6.19, the 1H NMR spectra of the PI samples which were initially dissolved 

and irradiated (for 24 h), both in hexane and THF, are shown. We can observe some clear 

qualitative changes in the spectra of the irradiated solutions, comparing to the non-

irradiated one. 

 

Figure 6.19: 1H NMR spectra of irradiated and non-irradiated PI samples. 

 

First of all, if we take a close look at the characteristic resonance peaks of PI (1.68, 

2.04 and 5.12 ppm) they seem to be decreased comparing to the originals of the non-

irradiated sample. This can be observed in the spectra of both PI solutions in hexane 

(Figure 6.20) and THF (Figure 6.21). From the integrated intensity of the peaks we 

calculated the microstructure content of PI, before and after the irradiation of each 

examined solutions. The results are presented in Table 6.1. After irradiation the cis-1,4 

content decreases and simultaneously we observed the 3,4 content to be favored in the 

case of the PI solution in hexane, while in the case of PI solution in THF, the increase of 
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1,2 content is favored. Further 13C NMR measurements could provide more quantitatively 

information about the double bond shifts after irradiation. 

Table 6.1: PI microstructure per cent (%) content of non-irradiated and irradiated samples. 

 cis-1,4 (%) 3,4 (%) 1,2 (%) 

non-irradiated 

PI solution 
90.91 8.18 0.91 

PI – hexane 

solution (24 h) 
86.21 12.07 1.72 

PI – THF 

solution (24 h) 
86.96 8.26 4.78 

 

 

Figure 6.20: 1H NMR spectrum of PI after irradiation (24 h) of the initial hexane solution. 
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By closer examination of the irradiated PI – hexane solution spectrum we observe 

an increasing of the peaks at 0.88, 1.26, 1.31, 1.43, 1.54 and 2.22 ppm. We observe also 

multiple new low features at 0.22, 2.60, 2.81, 3.24, 3.63, 3.70, 3.74, 4.09 and 4.24 ppm. 

Resonances that are attributed to n-hexane could be found at 0.88 and 1.25/1.26 ppm, 

which are both observed in the spectrum, potentially by hexane remnants after 

evaporation and before PI dissolution in CDCl3. Though the concurrent existence of 

resonances at 1.25, 1.32 and 3.72 ppm are attributed to ethanol. 4,5 The last mentioned 

ethanol resonance (3.72 ppm) is not clear in the spectrum of Figure 6.20, however we 

observe multiple low peaks in the range of 3.59 - 3.79 ppm, which are located within the 

3.5 - 4.5 ppm range, where the peaks are attributed to protons in the carbon atoms 

connected to oxygen atoms with ether, alcohol and peroxide or hydroperoxide groups. 2 

The 2.22 ppm resonance could be related with ketones, since is located in the region 2-

2.3 ppm, where peaks are attributed to protons on carbon atoms adjacent to carbonyl 

group. 7 

Table 6.2: Assignments of the shifts in1H NMR spectra of irradiated and non-irradiated PI samples. 

δ (ppm) assignment δ (ppm) assignment 

0.00 TMS 1.85 THF 

0.07 HMDSO 2.04 PI (-CH2-C= (b)) 

0.88 n-hexane 2.17 acetone 

1.25 ethanol 3.72 ethanol 

1.26 n-hexane 3.75 THF 

1.32 ethanol 4.68 PI (3,4 addition) (d) 

1.43 BHT 4.76 PI (3,4 addition) (d) 

1.53 water 5.12 PI (-C=CH- (a)) 

1.68 PI (-CH3 (c)) 7.26 CDCl3 

 

In the spectrum of the initially irradiated PI solution in THF (Figure 6.21), we 

observe some similar changes that were present also in the spectrum of the PI – hexane 
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solution, but also some new features. The resonances at 0.88, 1.26, 1.31, 1.43, 1.56 and 

2.27 ppm, are not only increased not only comparing to the spectrum of the non-

irradiated sample, but also comparing to the PI – hexane solution spectrum. The extra low 

peak in 2.17 ppm can be attributed to traces of acetone, possibly from the tube cleaning, 

while the extra big peaks at 1.85 and 3.75 ppm are the characteristic ones of THF, which 

should be from remnants of the evaporation procedure. 4,5 Increased are also the peaks 

at 2.60, 2.80 and 4.09 ppm, after irradiation, while we have new weak peaks at 5.01 and 

5.52 ppm.   

 

Figure 6.21: 1H NMR spectrum of PI after irradiation (24 h) of the initial THF solution. 

 

In a study on photo degradation of cis-PI, initiated by the generation of singlet 

oxygen (1O2) through a dye-sensitized method, Ng and Guillet (1978), employed proton 

NMR measurements and reported the appearance of new signals at 1.30 ppm (CH3-C-O), 

2.60 ppm (=CH-CH2-C=) and 5.50 ppm (-CH=CH-), as an effect of PI oxidation, caused by 



158 
 

1O2. 1 Hydroperoxides in significant amount were formed, according to the reaction of 

Scheme 6.1, with (1) to be the major product and the rest, minor products. The three 

resonances mentioned above were present also in the spectrum of the irradiated PI 

solution in THF. There are no clear evidences of the existence of the latest resonance (5.50 

ppm) in the spectrum of the PI – hexane solution, but the other two peaks are present.   

 

Scheme 6.1: Possible double bond shifts after reaction of 1O2 with cis-1,4 PI. 2 

 

Similar results after NMR measurements have been reported also by Golub et al. 

(1975). Oxidation was induced on PI thin films by thermal treatment, at different 

temperatures and various periods of time. They subjected the oxidized cis-1,4 PI samples 

on NMR measurements and they reported the development of resonances at 1.30 ppm 

with the diminution of the 1.69, 2.05 and 5.12 ppm resonances. They reported also the 

formation of a new resonance at 2.68 ppm (assigned to epoxide groups), a broad band of 

resonances centered at 3.57 ppm (-CH-O(O)R) and -C-O(O)H) and a weak band at 5.52 

ppm (-CH=CH-). Of the latter groups of the 3.57 ppm they suggested that a 20% was 

present as hydroperoxides, while the remainder as alcohols. 8 From the newest discussed 

resonances, the 2.68 ppm was not observable in none of the spectra of irradiated samples 

in hexane and THF. However, the 3.57 ppm resonance was observable in the irradiated PI 

– THF solution as a very low peak. In the case of irradiated PI – hexane solution was not 

clear since we have multiple low peaks in the range or around 3.60 – 3.75 ppm.  

In a later review of Golub (1980) on the spectroscopic analysis of various 

unsaturated polymers before and after reaction with singlet oxygen, he refers to NMR 

spectrum changes in cis-1,4 PI, observed after generation of 1O2, using chlorophyll (CL) as 

photosensitizer. The new resonances appeared after CL-photosensitized oxidation at 

1.30, 2.80 (=C-CH2-C=), 4.20 (-CH-O-) and 5.54 ppm, while the original resonances of 2.05 
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and 5.12 ppm were decreased (the other characteristic peak of 1.69 ppm exhibited no 

changes). 2 In this case he proposed that by the three double bond shifts that are possible 

for the reaction of singlet oxygen with cis-1,4 polyisoprene (Scheme 6.1), the most likely 

to happen, according to the NMR shifts mentioned above, are the first two presented. 

From these resonances, the 2.80 ppm was found also in the spectra from both of our 

irradiated samples, but it was more prominent in the one from the THF solution. A low 

resonance close to the one of 4.20 ppm was found in the spectrum of PI – hexane solution 

(4.24 ppm). 

The probability of crosslinking to happen through RO2• radicals is regarded as a 

minor side reaction according to literature, but in our case may be the case. In the NMR 

spectra, the absence of any resonance at the region of 0.9 - 1.1 ppm indicates that the 

loss of double bonds during the oxidation process, proceeds almost entirely through RO2• 

radicals, instead of R• radicals. 8 

Summarizing the results from NMR measurements in long irradiated PI samples in 

two different solvents (hexane and THF) we collected many evidences that the light 

definitely affects the chemistry of the polymer. From the change of the ratio among the 

different PI microstructure content, is high probable some double bond shifts and 

recombination to take place. The appearance of new resonances could be assigned to 

protons on carbons which are connected with oxygen atoms, with alcohol, hydroperoxide 

and ketone groups to be the best candidates, without to overlook ether or peroxide 

groups, with the latest to be high possible in the case of THF solutions, due to the 

tendency of the solvent to form peroxides.  

 

6.5 Infrared and Raman measurements on polybutadienes 

6.5.1 Effect of irradiation in the melt 

Additional Raman and Infrared spectroscopic measurements were conducted in 

irradiated polydienes for the investigation of potential chemical modifications on 
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irradiated solutions. The impact of the laser light on the polymer, after irradiation, was 

studied. First of all, spectroscopic measurements have been conducted to pristine 

polybutadiene films, having as a target to examine the effect of light on the polymer, in 

the absence of any solvent. Then, measurements in extracted structures from long 

irradiated PB solutions in THF have been made and the results were compared with the 

corresponding ones from the extracted structures from PB solutions in tetradecane that 

were presented in Chapter 5. Finally, preliminary infrared tests have been made directly 

in PB solutions in tetradecane after irradiation and without the involvement of any rinsing 

with good solvent.  

For the preparation of the pristine PB (397k) films, thin slices of polymer pressed 

against two microscope slides, with a spacer of 100 μm around the samples. After more 

than one day, the slides were separated and the samples were carefully removed. The 

one sample was irradiated in a specific spot, for 24 hours, with the red laser beam (2mm 

diameter) at full power (150 mW). Raman and then ATR-IR measurements have been 

done in this specific spot for the irradiated sample. Results are shown in Figures 6.22 and 

6.23 correspondingly.  

 

Figure 6.22: Micro-Raman spectrum of non-irradiated and irradiated pristine PB (397k) films (melt). 
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Raman and Infrared spectra for pristine PB are almost identical before and after 

irradiation. Low variations in some regions can be found, but it’s not possible to be 

assigned to specific changes in the molecular structure of the polymer. It is prominent 

that in the absence of solvent the photons do not cause any chemical alteration in the PB 

films, at least within the timescale of 24 hours that we irradiated the samples.  

 

Figure 6.23: ATR-FTIR spectrum of non-irradiated and irradiated pristine PB (397k) films (melt). 

 

6.5.2 Characterization of extracted structures from PB solutions in THF 

Spectroscopic measurements have been carried also in light-induced structures 

resulted after long irradiation (16 h) of PB in THF solutions (c = 20 wt %). The permanent 

structures were extracted after rinsing the insoluble material with a good solvent (i.e. 

hexane). The results of these measurements can be seen in Figures 6.24 and 6.25.  

Figure 6.24 depicts the Raman spectra obtained from the non-irradiated PB rubber 

and the extracted structure from the irradiated PB solution in THF. The spectrum of the 

irradiated material exhibits differences in the intensity of all of the peaks, comparing to 

the spectrum of the non-irradiated material. The fact that in the spectra of the extracted 
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structure, the peaks does not show any significant differences in their shape, plus the fact 

that the decrease in the intensity is systematic in all of them, could be possibly attributed 

to the thickness variation between the non-irradiated and the irradiated material and not 

to potential molecular modifications.  

 

Figure 6.24: Micro-Raman spectrum of extracted structure from long irradiated PB (397k) solutions in THF 

(c = 20 wt %), compared with non-irradiated PB (melt). 

 

The infrared spectrum of the extracted structure from the PB – THF solution, after 

prolonged irradiation, can be seen in Figure 6.25. In order to avoid any issues due to 

thickness variations, as probably happened with the results from Raman measurements, 

the ATR method has been chosen over the transmission one during the IR tests. After 

irradiation we can detect clear differences in the spectra of the material comparing to the 

non-irradiated PB. Several of these differences have a lot of similarities with the infrared 

spectra of the irradiated PB solutions in tetradecane, after O2 purging (Figures 5.13 and 

5.14). 
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Figure 6.25: ATR-FTIR spectrum of extracted structure from long irradiated PB (397k) solutions in THF (c = 

20 wt %), compared with non-irradiated PB (melt). 

 

The most apparent change is the appearance of the broad absorption band in the 

region of 3400 cm-1 (hydroxyl stretching region), which gives us the information about the 

formation of hydroperoxy (OOH) and/or hydroxyl (OH) groups, after irradiation. In the cis-

1,4 PB fingerprint region (500-1500 cm-1), irradiation gave a decrease at the absorption 

band at 732 cm-1 (cis -CH=CH-) and a relatively strong rise at the band at 968 cm-1 (trans -

CH=CH-), together with a slight increase of the intensity of the band at 912 cm-1 (vinyl -

CH=CH2). In the C-H stretching region (2500-3100 cm-1) the changes are similar to the ones 

of the extracted structure from the O2 purged PB solution, with the bands at 2848, 2908 

and 3004 cm-1 to exhibit decreased intensity in the spectrum of the irradiated material. 

In the region of carbonyl stretching vibrations (1500-1900 cm-1), the absorption band at 

1654 cm-1 (cis-1,4 double bond stretch) is slightly increased, while feebly increased is also 

the band at 1693 cm-1, which can be assigned to formation of α,β-unsaturated carbonyl 
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groups, most probably to ketones or carboxylic acids, since there is no band at the area 

of 2700 cm-1, which could imply the aldehydic nature of these carbonyl groups.  2,9-13 

In order to further compare the spectra of the extracted structures from the 

irradiated PB solutions in THF, with the ones of the structures we extracted from both the 

irradiated PB/ tetradecane solutions (with 21% and 100% O2 content), we examined the 

peak ratio of two representative bands in both the non-irradiated and irradiated films. 

These are the band positioned at 736 cm-1, attributed to cis-1,4 unsaturation, and the one 

at 968 cm-1, which corresponds to the trans-1,4 unsaturation. The intensity ratio I736/I968 

is 4.904 and 2.330 for the non-irradiated PB and the irradiated material, extracted from 

the THF solution respectively. This is indicative that the ratio of the cis-1, 4 double bonds 

has been decreased over the number of trans-1, 4 double bonds (cis-trans isomerization). 

In the corresponding extracted structures from the tetradecane solutions the intensity 

ratio I736/I968 is 4.057 for the one which has been prepared and irradiated in ambient 

conditions (21% O2 content), while for the oxygen purged solution (100% O2 content) the 

ratio is 1.970. Quantitatively, we observed that the intensity ratio has decreased in all 

irradiated solutions. By comparing the values of the intensity ratio I736/I968 for the 

solutions prepared and irradiated in ambient conditions, the ratio for the structure 

extracted from the irradiated THF solution (2.330) is lower almost 43% comparing to the 

ratio (4.057) from the structure extracted from the tetradecane solution. This could mean 

that the cumulative impact of irradiation and solvent in a PB/ THF solution is more intense 

comparing to a PB/ tetradecane (same O2 content and same preparation and irradiation 

conditions for both solutions). If we recall the results from GPC and DLS measurements, 

where THF seems to affect the polymer in a different way comparing to hexane (alkane 

hydrocarbon such as tetradecane), this ratio value from the IR spectra, which is close to 

the one calculated in the spectra of the extracted structure from oxygen purged PB 

solution in tetradecane, maybe suggests an increased oxidative influence of THF to PB 

comparing to the rest used solvents we used.  

Another convenient measure for further quantitative analysis of the IR spectra, is 

the degree of hydroperoxidation in the irradiated materials, which is given by the peak 
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ratio of the bands that are related to the hydroperoxide formation. Since the formation 

of hydroperoxides takes place in the allylic position of PB (carbon atom bonded to a 

carbon atom that in turn is doubly bonded to another carbon atom) we are interested to 

the band at the region of 3400-3450 cm-1, which corresponds to hydroperoxide formation 

and the band at 1440 cm-1, which corresponds to the CH2 deformation of the allylic 

carbon. 10-12 So, the intensity ratio I3400-3450/I1440 is 0.011 for the non-irradiated PB, 0.166 

for the extracted structure from the irradiated PB/ THF solution, while for the structures 

from the irradiated PB/ tetradecane solutions is 0.041 and 0.237 respectively for 21% and 

100% O2 content. We see that the intensity ratio I3400-3450/I1440 (degree of 

hydroperoxidation) is increased in all irradiated materials, comparing to the non-

irradiated one. For the irradiated material extracted from the THF solution (21% O2 

content) the degree of hydroperoxidation had a higher value comparing to the 

tetradecane solution (same O2 content). This value was also closer to the one of the 

irradiated material extracted from the oxygen purged tetradecane solution, suggesting 

that the hydroperoxide formation in this solution is more massive comparing to the 

tetradecane solution with the corresponding oxygen content.   

 

6.5.3 FTIR measurements in PB / tetradecane solutions films 

Preliminary IR measurements have also been made directly on films of PB solution 

in tetradecane (c = 15 wt %). The films have been made by spin coating a small amount of 

the viscous solution in a zinc selenide window, which was used for the transmission IR 

measurements. The thickness of the films was around 100 μm and they were irradiated 

for 24 hours by using an unfocused red (671 nm and 60 mW) laser beam (2mm diameter) 

perpendicularly to the films plane (Figure 6.26).  
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Figure 6.26: Schematic representation of PB/ tetradecane films Irradiation (left). Microscope photo of 

irradiated area (right). 

 

Again, the most obvious change that we observe in the infrared spectrum of the 

irradiated material is the broad absorption band at 3400 cm-1 (hydroxyl stretching region), 

assigned to the formation of hydroperoxy (OOH) and/or hydroxyl (OH) groups. In the cis-

1,4 PB fingerprint region (500-1500 cm-1), irradiation led to the increase of the absorption 

bands at 732 cm-1 (cis -CH=CH-), at 968 cm-1 (trans -CH=CH-) and at 912 cm-1 (vinyl -

CH=CH2). In the C-H stretching region (2500-3100 cm-1), the bands at 2848, 2908 and 3004 

cm-1 which we observed in the PB melt samples, in the PB/tetradecane solution films have 

been slightly shifted to longer wavelengths (2853, 2934 & 3010 cm-1 correspondingly), 

probably due to the solvent, which has strong absorption bands in this region (2853, 2923 

and 2957 cm-1). 14 The contribution of the solvent, should be also the reason why the 

intensity of the peaks is significantly increased comparing to the spectra from the 

extracted structures that we presented above. In the region of carbonyl stretching (1500-

1900 cm-1), the cis-1,4 double bond stretch band at 1654 cm-1 seems slightly increased 

comparing to the non-irradiated film. Peaks in longer wavelength than the cis-1,4 double 

bond can be assigned to formation of α,β-unsaturated carbonyl groups, as we mentioned 

above. 
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Figure 6.27: Transmission FTIR spectrum of non-irradiated and irradiated films of PB (397k) solution in 

tetradecane (c = 15 wt %). 

 

In the case of PB/ tetradecane films a low and broad peak at 1720 cm-1 was 

observed even in the non-irradiated film, which after irradiation got broader. If this is not 

an artifact, it could mean that some carbonyl groups preexist of the irradiation, which 

opens questions about the role of solvent as a carrier of oxygen and its impact on the 

polymer, but this is something that needs further investigation. It has to be highlighted 

that in the non-irradiated film we didn’t observed the existence of any hydroperoxide/ 

alcohol groups.   

On the right part of Figure 6.26, the non-irradiated and the irradiated areas of the 

PB solution film in tetradecane can be seen. The written area is rough and quite 

inhomogeneous comparing to the non-irradiated area, which has as result thickness 

variations between the two areas. For this reason, the intensity ratio of the bands at 736 

and 968 cm-1 was also examined in the spectra of the tetradecane solution films. The 
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intensity ratio I736/I968 is 3.095 and 1.604 for the non-irradiated and the irradiated film 

respectively. The intensity ratio I3450/I1452 (degree of hydroperoxidation) was also 

calculated, which found to be 0.013 for the non-irradiated film and 0.193 for the 

irradiated film. 

 From the calculations we see in the case of the solution films, cis-trans 

isomerization was also observed after irradiation, with the ratio of the cis-1, 4 double 

bonds to have been decreased over the number of trans-1, 4 double bonds. 

Simultaneously, formation of hydroperoxide/ alcohol groups was observed, which is 

consistent with all previous infrared measurements. The values of both intensity ratios 

(I736/I968 & I3450/I1452) for the PB/ tetradecane films are much higher comparing to the 

corresponding values of the extracted structure from the irradiated PB/ tetradecane 

solution, prepared and irradiated in ambient conditions (so as the irradiated film/ 21% O2 

content). In the presence of solvent and without any rinsing, the spectral intensities are 

close to the highly oxidized extracted structure from the fully oxygen purged PB/ 

tetradecane solution. Transmission IR measurements to solvent (tetradecane) which was 

irradiated for several hours, didn’t show any changes to the irradiated solvent.  

 

6.6 Proposed chemical mechanism 

In this chapter so far we have collected plenty of evidences that polymer chemical 

modifications are taking place, due to laser irradiation. Chromatographic and light 

scattering measurements revealed that chain scission happens during irradiation, both in 

alkane solvents and THF, but in a different way to each solvent. In hexane solutions we 

observed that after irradiation, chain scission comes along with the formation of very 

large structures, which corresponds to crosslinked material, most probably after chain 

recombination. In THF solutions, chain scission has also been observed, but without the 

concurrent formation of large structures. After long irradiation, insoluble patterns have 

also been observed in THF solutions, with the scenario of intrachain crosslinking after 

chain scission, to be a possible pathway. 
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Generally, degradation of polymers can be caused by (a) oxidation due to 

photochemical reaction in the presence of oxygen, (b) oxidation due to thermal reaction 

in the presence of oxygen or (c) reaction with corrosive elements in the atmosphere. Since 

polydienes are important synthetic rubbery polymers and they are quite susceptible to 

degradation because of their unsaturation, several studies have been done for examining 

the oxidative reactions in these polymers, which include radical formation, chain scission, 

crosslinking and secondary oxidative reactions. After oxidation and consequently 

crosslinking, polydienes are rapidly becoming insoluble. 10,11,15 

Oxidation reactions induced by light are called photooxidation reactions and have 

been classified either as Type I or as Type II.  In a Type I reaction (Scheme 6.2), the light 

photons are absorbed by molecules other than the substrate or oxygen (i.e., by a 

photosensitizer). In this case, the photoactivated photosensitizer (abbreviated Sens in 

Scheme 6.2) goes from the ground state in the excited triplet state (Sens*) and then 

interacts directly with the substrate, usually through the homolytic bond breaking of a 

hydrogen bond on the substrate. Then, radicals or radical ions, which are usually highly 

reactive, can be generated and can quickly react with ground-state molecular oxygen 

(3O2) to form superoxide anion radicals (O2•-). Reduction of O2•- can give hydrogen 

peroxide (H2O2), which in turn can be further reduced to hydroxyl radicals (HO•). These 

reactive oxygen species (ROS) are capable of oxidizing a variety of organic molecules, such 

as polymers. 3,16-19 

 

Scheme 6.2: Type I photooxidation (or photosensitization) reaction. 

 

In Type II reactions (Scheme 6.3), the photosensitizer in the excited triplet state 

(SensT) can interact with ground state oxygen molecules (3O2) and excited state singlet 

oxygen (1ΔgO2 or1O2) can be generated through an energy transfer process as an 
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intermediate, and regenerating the ground-state sensitizer. Singlet oxygen then reacts 

with the substrate to give oxygenated products. The photosensitizer is not consumed 

during this type of photosensitized reaction. 3,16-19 

 

Scheme 6.3: Type II photooxidation (or photosensitization) reaction. 

 

A number of these studies were focused on the involvement of singlet oxygen 

(1O2) on the oxidative procedure, by using either dye sensitization method (using 

Methylene Blue, chlorophyll or Rose Bengal as photosensitizers) or microwave discharge 

method, for the generation of 1O2. In these studies, both PB and PI were tested, with 

spectral IR and NMR results to suggest that during oxidation 1O2 was attacking the double 

bond, followed by the formation of allylic hydroperoxide groups and a shift of the double 

bonds (cis-trans isomerization), according to the “ene” type process (Type II reactions). 

1,2,9,20-24 

In Scheme 6.4, the possible double bond shifts (cis-trans isomerization, except 

product (c)) and the hydroperoxide formation in cis-1,4 PB and PI are presented. In the 

case of PI, a mixture of products is most likely to happen after photooxidation in different 

ratios, with (a) to be the major product and (b) to be the minor product, while (c) has little 

possibility to be found/ happen. Formation of α,β-unsaturated ketones was also reported, 

with epoxides, esters, carboxylic acids and aldehydes to be additionally mentioned in 

some of the studies. Degradation of the polymer (chain scission or/ and crosslinking) was 

not directly caused by 1O2, but from the resulting hydroperoxides, which are unstable and 

quite photolabile and consequently can degrade due to photochemical decomposition. 
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Scheme 6.4: Double bond shifts and hydroperoxide formation during reaction of 1O2 with cis-1,4 PB and 

cis-1,4 PI. 23 

 

The investigation of photooxidation of polydiene polymers in long wavelengths 

(λ> 300 - 450 nm) has been the center of attention of other studies and in the presence 

of molecular oxygen (no involvement of 1O2/ Type I reactions). In that part of the 

spectrum PB and PI does not absorb light. Chromophores (polymer defects or impurities, 

even hydroperoxides originating from the synthesis drying process) are assumed to be 

responsible for the initiation of the photooxidation, by absorbing light, when radicals can 

be formed in the material. Radical chain reactions are responsible for polymer oxidation, 

which leads predominantly in crosslinking. Hydroperoxides, alcohols, carboxylic acids, 

esters and ketones have been found to form during photooxidation. Products of Type I 

oxidation have found to be similar with those of Type II. Also, oxidation products of 

polybutadiene and polyisoprene have found to be similar, although the relative amounts 

are different in both polymers.10-12,15,25 
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Works involving the mechanism of thermal oxidation of polydienes have also been 

reported, that lead to similar products with the ones of photooxidation, plus the fact that 

the two mechanisms may well be the same. 15 Thermal oxidation is depicted as a free-

radical reaction, in which hydroperoxides are the primary products, after cis-trans 

isomerization through allyl radicals. The reaction is considered as autocatalytic, since it 

can produce its own initiator. Decomposition of hydroperoxides (RO2H) is taking place in 

the initiation stage of this mechanism, and peroxy radicals (RO2•)are formed. Oxidation 

of the double bonds leads to some reduction of the olefinic structures and further 

formation of carbonyls, epoxides, peroxides, carboxylic acids and aldehydes, which are 

the potential sources of oxygen uptake. Crosslinking is probable to happen via double 

coupling of two macromolecular free radicals and lead to non-radical products. 8,13,26-28 

Volatile products has also been reported from Mc Neill at al. (1985) during thermal 

oxidation, after thermal volatilisation analysis (TVA). Decomposition of peroxides (in a 

range of temperatures) can lead to volatile products such as oxygen, carbon monoxide, 

carbon dioxide and more. This finding may account for the differences in our GPC analysis, 

comparing to hexane solutions, but also for the gas formation we observed during 

irradiation of THF solutions (Chapter 3), since degradation of THF leads to peroxides 

formation. 13 

In our case, we have evidences that during the irradiation of the polydiene 

solutions, photooxidation of the polymer takes place. Initiating from the IR and NMR 

spectroscopic results, but also the findings of the chromatographic and light scattering 

measurements that mentioned above, we will try based also in the literature, to propose 

probable pathways of the mechanism which is at work.  

First of all, photochemical formation of long-lived free radicals have been unveiled 

by in-situ EPR spectroscopic measurements on PI solutions in various organic solvents, 

under red laser irradiation, with simultaneous pattern formation. 29 More specifically, the 

EPR features that had experimentally observed upon laser irradiation, are characteristic 

of carbon‐centered free radicals, formed in the allylic carbon of the PI chains. According 



173 
 

to literature, radical oxidation of unsaturated alkenes involves hydrogen abstraction from 

the allylic carbon. 10-12,15,30 Hydroperoxides is the most probable product in this case 

(Scheme 6.4), which we have observed during the IR experiments (the broad peak that 

appears in the region of 3400 cm-1 after long irradiation). Shifts of this peak to 

wavelengths up to 3450 cm-1 can be attributed to a mixture of hydroperoxides and 

alcohols.  

At the same time, the infrared results concerning not only the band changes at 

736 cm-1 and 968 cm-1 (cis-1,4 unsaturation and trans-1,4 unsaturation respectively), but 

also the double bond shifts that we observed in the NMR spectra, are suggesting cis-trans 

isomerization. This isomerization, comes with the concurrent formation of 

hydroperoxides or/ and alcohols, as a result of the reaction of free radicals with oxygen. 

The additional features observed in IR and NMR spectra suggest the formation also of 

unsaturated carbonyl groups, most likely ketones, which may be also the final oxidation 

products. Absence of absorption bands in IR spectra at 874, 1770 and 2720 cm-1, are 

suggesting the lack of formation of epoxides, esters and aldehydes respectively, as 

photoproducts.   

So, based on the experimental spectroscopic findings, a possible mechanism that 

could be proposed for the irradiation of PB solutions and the resulting patterning could 

be the one presented in Scheme 6.5. Products and the involving mechanism for PI 

irradiation are similar to the PB one. 
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Scheme 6.5: Possible in work mechanism of polybutadiene photooxidation after red laser irradiation, 

based on the spectroscopic findings. 

 

The initiation step of this reaction (step 1 in Scheme 6.5) is the formation of free-

radicals in the allylic position of the polymer chain (as the ones detected in EPR 

experiments). A radical is abstracting an allylic hydrogen and in the presence of oxygen a 

hydroperoxide is formed, with a rise of cis-trans isomerization (step 2). As already 

mentioned, hydroperoxides are photo-unstable and can lead to the formation of 

secondary oxidation products. In the presence of further irradiation, decomposition of 

the hydroperoxides is possible to take place (secondary oxidative reaction). 

Decomposition into an alkoxy radical (step 3) is possible to happen and hydrogen 

abstraction reaction can lead to the formation of α,β-unsaturated alcohols (step 4/ IR 

absorption band at 3430 – 3450 cm-1).    

The rise of the low absorption band at the region of 1690 – 1717 cm-1 in our 

infrared spectra, may reveal the formation of α,β-unsaturated ketones (step 5). Since the 
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formation of carboxylic acids has also been observed in photooxidation of polyolefins, the 

above absorption band may imply and/ or the formation of α,β-unsaturated carboxylic 

acids (steps 6 & 7), as a result of alternative products after hydroperoxide decomposition. 

A mixture of products b & c (without to exclude the presence of product a in this mixture) 

is also possible to exist in the photooxidized material.8,10-12,15 

An open question relative to the proposed photooxidation mechanism is whether 

singlet oxygen is involved or not (Type I or Type II reaction). Can the ground state O2 to 

the singlet state transition be directly excited by light, without the use of a 

photosensitizer? Oxygen shows several dimeric emissions, with the most known to be the 

dimol emission, around at 635 nm. More specifically, according to this emission, a 

simultaneous transition of two excited singlet O2 molecules can lead to two triplet O2 

molecules, following by the emission of a photon (635 nm). Generation of singlet oxygen 

by direct excitation of molecular oxygen is a spin-forbidden transition and for this reason 

the use of a photosensitizer is necessary. Irradiation with powerful YAG lasers, at the 

wavelength of 1064 nm, is necessary to directly excite the ground state O2 molecules and 

generate two singlet oxygen molecules. 31-33 So, direct singlet oxygen generation from 

ground state oxygen by using a red laser at 671 nm, of low energy in the order of tens 

mW, is considered unlikely.  

The nature of the initiation step and the consequent radical formation remains a 

question for us. Since we don’t have any solid evidence about any involvement of singlet 

oxygen (we consider it as a Type I reaction), there is a small number of candidates that 

could potentially act as photoinitiators or chromophores, except for the polymer or the 

solvent, which do not absorb light in the visible part of spectrum.  

Oxygen itself has several absorption bands in the region of visible and near 

infrared part of the spectrum, with the main of them to be located at 477, 532, 577, 630, 

689, 763, 1064 and 1270. 31 Irradiation of polydiene solutions by lasers with wavelengths 

of 488, 532, 632, 647, 660 and 671 nm resulted in formation of patterns, but surprisingly, 

irradiation with near-infrared beams (786 and 830 nm) did not lead to any observable 
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changes in the solutions properties. 34  In extremely low oxygen content (9 ppm) the 

patterning was slowed down, but not suppressed. This mean that the oxygen may not be 

considered as what creates the initiation step of the effect.  

Hydroperoxides could be considered as candidates for the initiation. They are 

quite unstable in the presence of light or temperature and their decomposition can lead 

to oxidative reactions. Photolysis of the O – O bond could initiate the process. 10 The 

infrared spectra of the non-irradiated PB samples that we characterized, didn’t show any 

detectable absorption band in the region of 3400 cm-1, so, we don’t have any clear 

indications about the existence of hydroperoxides in our samples before irradiation. 

2,6-Di-tert-butyl-p-cresol (Butylated hydroxytoluene or BHT) is added to the 

polymer as an antioxidant agent in order to minimize the effect of oxidation on the 

polymer, by scavenging the free-radicals. BHT absorbs light in the region of 240-300 nm, 

so it’s unlikely to initiate at 671 nm.  

Lastly, we should mention that the presence of traces metals in the polymer 

chains, in the form of catalyst/ initiator residues from the polymerization process, could 

potentially constitute initiation centers for photooxidation. Metal ions can generate 

radical formation, which can promote oxidation. 35 

 

6.7 Concluding remarks 

All the different experiments reported in this chapter, revealed the effect laser 

light irradiation on the polymer solutions chemistry, clearly suggesting the photochemical 

nature of the effect.  

The formation of large cluster inferred from GPC measurements were confirmed 

by DLS measurements. Both GPC and DLS also revealed a decrease of molecular weight. 

Moreover, DLS in dilute also revealed decrease of molecular weight upon long irradiation.  

Experiments in THF solutions showed the importance of “ageing” time.  Mostly chain 
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scission detected by DLS and large mass losses in the GPC preparation (not that simple to 

reconciliate).    

Nuclear magnetic resonance measurements made also clear the impact of red 

laser light on the molecular structure of the polymer. Double bond shifts from the initial 

cis-1,4 conformation, either more to the trans-1,4 one (hexane solutions), or more to the 

vinyl-1,2 (THF solutions) and new resonances related to protons on carbons which are 

connected with oxygen atoms, are the main findings.  

By the means of Raman and Infrared spectroscopy, no effect of laser irradiation 

was observed in PB melts, in the absence of solvent. IR measurements in extracted 

structures from long irradiated PB/ THF solutions, but also directly in irradiated films of 

PB solution in tetradecane, displayed explicit chemical alterations in the polymer due to 

light irradiation. Formation of hydroperoxy, hydroxy and carbonyl groups, with double 

bond shifts (cis-trans isomerization), through a free-radical initiated process are identical 

with the characteristics of an (photo- or thermo-) oxidative procedure on polydienes.  

Based on literature reports on polydiene oxidation, in combination with the 

experimental results from chromatographic, light scattering and spectroscopic 

measurements, we proposed a probable mechanism at work during irradiation of our 

polydiene solutions. This mechanism cannot be considered as the ultimate one since we 

cannot identify all the intermediate steps of the mechanism or the resulting 

photoproducts. Targeted chemical treatments should be carried out in the photooxidized 

materials to determine the exact pathway of the mechanism or the nature of these 

products.  

Further spectroscopy experiments could give more insight of the intermediate 

steps and products after treatment. 13C-NMR on irradiated solutions could give more 

information about the double bond shifts from cis to trans conformation, but also about 

the nature of the oxygenated products. Such measurements in oxygen saturated solutions 

after irradiation, could give also information about the difference of the photoproducts 

comparing to the ones from solutions which were prepared and irradiated in ambient 
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conditions. Time resolved infrared spectroscopic measurements in irradiated solutions 

(in-situ) could also monitor the intermediate pathway, but also provide quantitative 

information about the kinetics of the reaction.  

The decisive step of initiation remains unclear: how the oxidation reaction initiates 

by the illumination of polydienes with laser light. Oxygen itself or the antioxidant agent 

(BHT) doesn’t seem to be directly accountable for the photoinitiation. On the other hands 

hydroperoxides and catalyst residues from synthesis could be responsible for generation 

of free-radicals in the material, but the way they could sensitize the photooxidation of the 

polydiene solutions, in the presence of red light photons remains ambiguous. 
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Chapter 7 

 

Self-written waveguide formation by 

the use of optical fibers* 

 

 

 

 

 

 

 

 

 

 

 

 

* In preparation: G. Violakis, A. Bogris, B. Loppinet, S. Pissadakis, “Optically formed 

rubbery waveguide joints”. 
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7.1 Introduction 

Self-Written Waveguides (SWWs) offer interesting possibilities in photonics, 

especially when combined with optical fibers. In particular, the possibility of mechanically 

and optically connecting two fibers. Here we investigate the possibility offered by 

polydiene solutions for fiber based self-written waveguide, and we demonstrate fiber to 

fiber connection. 

Today, photonics covers a range of science and technology applications, such as 

telecommunications, health care and life sciences, sensing technology, laser 

manufacturing, defense and space technology and more. 1-3 In sensing technology there 

is an increasing demand of spatially denser photonic structures as evidenced by the 

introduction of multi-core optical fibers, large scale photonics integration and 

miniaturized optical fiber sensors. As the packaging density increases so does the 

necessity of waveguide interconnections that are easily realized while being optically 

functional. A promising interconnection approach comes in the form of self-written 

waveguides because of their recording process without employing complex beam 

projection systems. Such waveguide interconnections have been previously 

demonstrated by using photo-polymerization methods 4 and SWWs have also been used 

in order to homogenize multimode optical fiber beams. 5 

The pattern formation we observed after irradiation of PI solutions in decane, by 

bringing light in the solution, by means of optical fibers and the waveguiding of the light 

through the induced structures, reminds the case of self-written waveguides. Such 

waveguides can be self-written in photosensitive or photopolymerizable media and they 

are the result of the competition of diffraction of the incident Gaussian beam and 

photopolymerization in such media, which tends to increase the refractive index where 

the light intensity is highest. 6 One of their main characteristics is that the beam can be 

self-trapped along the propagation axis. Fabrication of SWWs has opened the possibility 

of applications in opto-electronic systems in various ways, such as for healing defective 

optical connections in sensors 
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In this chapter, we report firstly on the patterning obtained with single mode fiber 

illumination.  Then, the connection of two single mode optical fibers, by means of a self-

written rubbery waveguide is demonstrated, using the viscoelastic polydiene solutions 

and examining the optical transmission capacity of the light-induced structures.  

 

7.2 Experimental setup for irradiation and observation 

The experimental set-up, which was used for pattern formation and simultaneous 

real-time imaging of the light-induced structures, by the use of optical fibers, is illustrated 

in Figure 7.1.  

 

Figure 7.1: Schematic illustration of the experimental setup used for the irradiation and the simultaneous 

imaging of PI solutions in decane, by the use of optical fibers. 

 

In the experimental procedure, two laser sources were used. A cw red laser 

(671nm) was used for the inscription purposes of the experiments, while an infrared laser 

(780nm) was used for probing the transmitted light through the light-induced patterns. 
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The 780nm laser light does not initiate any patterning process. Both wavelengths were 

launched into one fiber end by using a wavelength combiner and probe light was collected 

at the out-coupling fiber end using a photodiode (PD) that partially filters out wavelengths 

below 700nm. 

The optical fiber we used was a commercially available single mode at 633nm and 

688nm optical fiber (SM600 - Fibercore), with a 4.3 μm core. The two cleaved fiber ends 

were placed and aligned on a precision flexure translation stage, allowing movement in 3 

dimensions, necessary for the alignment of the two parts of the fiber. The two fiber ends 

were introduced into a borosilicate square capillary tube (1 x 1 mm), which was filled with 

a solution of 5 wt % Polyisoprene (1090 kg/mol) in decane. The incoming optical fiber end 

was used for the inscription of the patterns. The incoming laser power in the fiber was 20 

mW and the power output was 8-10 mW at the fiber end. This difference in the power is 

due to coupling losses. At the out-coupling fiber end, the probed light was collected by 

using a photodiode that partially filters out wavelengths below 700nm. The writing 

process was monitored online by recording the output of the photodiode using a 

computer controlled oscilloscope. 

Thereal time imaging of the structures was done by using two CCD cameras, one 

positioned in horizontal and the other in vertical position, facilitating imaging from 

different sides of the capillary tube.  

 

7.3 Patterning with optical fibers 

First off, we attempted to examine the materials response to laser irradiation by 

using an optical fiber to bring light in polydiene solutions. The series of phase image 

contrast following illumination of PI solution in decane via a monomode optical fiber is 

shown in Figure 7.2. The formation of single fiber-like patterns was observed, along the 

laser beam propagation axis. The written pattern quickly extended over the whole cell 

size, which had length of 1 cm. 
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The response appeared qualitatively similar to the one observed in solutions, 

where we used microscope objective lenses to focus the writing laser beam. The lateral 

dimension of the formed filament was almost identical of the optical fiber core diameter 

(4.3 μm), substantially smaller than the dimension using lens writing (10 μm). 

 

Figure 7.2: Time series images of pattern formation in PI in decane solution (c = 5 % wt).  

 

After the first seconds of irradiation, the laser beam is clearly self-trapped all over 

the filament size in the field of view, revealing the waveguiding of the light, as seen in the 

scattering image (Figure 7.3). This allows self-propagation through the fiber-like structure. 

We also noticed the increase of scattering losses as the writing proceeded. Using a 

monomode fiber as an irradiation source leads to formation of self-written waveguide, 

with diameter comparable to the core of the monomode fiber. The formed pattern clearly 

acts as a waveguide. This fast response is encouraging to the possibility of monomode 

fibers connection. 
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Figure 7.3: Waveguiding of the laser beam through the formed pattern, as seen from the scattered light. 

 

7.4 Interconnection of optical fibers 

The next step was to try establishing a self-written optical and mechanical 

connection between two single mode optical fibers. To do so, the two fibers had their 

ends immersed in a PI solution in decane and afterwards were pre-aligned.  Then, the 

writing beam is started and the self-written waveguide evolution was imaged. The optical 

coupling between the two fibers was monitored by measuring the light intensity at the 

exit end of the receiving fiber. The set-up used for these experiments is shown in Figure 

7.1.  

Two well cleaved SM600 optical fibers brought one across the other, inside the 

solution cell. They were first pre-aligned by using the two CCD cameras, and final 

adjustment was done maximizing the IR beam transmission intensity. After firing the red 

laser, we followed the development of the interconnections of the two optical fibers. 

Various distances between fibers ends were imposed (62.5, 125, 250, 375 and 500 μm). 

Typical interconnections between two optical fibers at the distance of 62.5 μm (half fiber 

diameter) and 500 μm at irradiation time of 8 s, are presented in Figure 7.4.  
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Figure 7.4: Interconnection between two optical fibers at (a) 62.5 μm and (b) 500 μm. 

 

The output signal of the IR beam was monitored to check the optical transmission 

capacity of the formed interconnection between the two optical fibers. At the time stamp 

t = 0 s, the red writing laser light was launched. It resulted in an increase of transmission 

signal as the photodiode also sees the red light. As the waveguide formation progressed, 

a further signal increase was observed that was the followed by a decrease in most of the 

cases. The writing process was stopped (by turning off the red laser) at a given time and 

the IR output was monitored. The time evolutions of the output signal are reported in 

Figure 7.5 for various spacing distances and for various irradiation times, at a given 

spacing.  
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Figure 7.5: Photodiode baseline signal increase during and after waveguide formation, for various 

distances between the two optical fibers and various irradiation times, in PI solution in decane (5 wt %).  

 

From the formation dynamics we observe that in all examined irradiation times 

(except the 15 s at the filament of 500 μm) and in all examined interconnection distances, 

we had a clear increase of the IR signal, denoting an increase of the optical coupling 

between the two optical fibers after the waveguide formation (Figure 7.6). The maximum 
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signal gain was rather large (825%) in the case of the large spacing distance of 500 μm, 

with IR power increasing from 80 μW to 740 μW. In almost all cases, the red light signal 

exhibited a maximum after 4-8 s irradiation, followed by a steep decrease. In the same 

time, the scattering imaged on the CCD was observed to increase, revealing the onset of 

large scattering losses, very detrimental to the quality of optical coupling.  
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Figure 7.6: Optical coupling signal increase (%) after irradiation with red laser, for various waveguide 

lengths and irradiation times.  

 

Looking closer to the values of the maximum signal gains (Figure 7.6), we notice 

that each distance has a different optimal inscription time (with the exception of the 375 

μm). As could be expected, this value shifts to longer times for increasing the distance 

between the two fibers. After each maximum signal gain values, we see that the optical 

coupling degrades, for longer irradiation times. 

Next, the coupling efficiency ratio is evaluated. This ratio is the power output of 

the infrared light that we collect in the photodiode (max. 1 – 1.1 mW up to 250 μm long 

waveguides), over the power input in the solution, which is actually the fiber output (1.35 

mW) in the air, in the absence of any formatted junction. In Figure 7.7, we can see the 
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coupling efficiency ratios evolution with the irradiation time, for all the waveguide 

established lengths. We observe that for fiber to fiber distances up to 250 μm the coupling 

efficiency of the waveguides can reach values slightly higher that 80%, while for longer 

distances (375 & 500 μm) the efficiency drops a little below 60%.  
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Figure 7.7: Coupling efficiency as a function of irradiation time, for various wavelength distances. 
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Figure 7.8: Maximum coupling efficiency as a function of fiber to fiber distance. At each point is noted the 

corresponding irradiation time. 
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In Figure 7.8, the maximum coupling efficiency value is plotted over the fiber to 

fiber distance of the interconnection, with the corresponding time that was irradiated in 

order to be established. 

Considering the potential losses that can occur during the waveguide inscription 

procedure, there can be two primary sources. The first one could be the material related 

losses that could be attributed either to light absorption or/ and scattering. Geometrical 

losses are also possible to happen, such as bending points along the formed waveguide. 

The other potential source of losses is the mode field mismatch arising from mismatch of 

the refractive index between the fiber core and the self-written waveguide. This can 

significantly affect the coupling efficiency between the optical fiber and the induced 

waveguide. A light beam which is traveling through the core and over a portion of the 

inner cladding in single-mode optical fiber has a diameter, described as mode field 

diameter. A mode field diameter mismatch can occur when there is a difference in the 

mode field diameters of the single-mode optical fiber and the waveguide. This mismatch 

can lead to notable losses, since there can be differences in the amount of light 

transferred from the optical fiber to the waveguide. 7 In our case, there is a RI difference 

of 4.5 ∙ 10−2 between the PI solution (1.416) as measured by an Abbe refractometer) and 

the SM600 optical fiber core (1.461).  

The mode field mismatch can be calculated through the following equation: 8 

Loss [db]  =  −20 log (
2x

1 + x2
) 

where x =
w2

w1
  is the ratio of the mode field diameters (widths) between two optical 

fibers.  The losses due to mode field mismatch for a waveguide created at a distance of 

250 μm between the two optical fibers and for an irradiation time of 8 s, is ~14%. 

According to Figure 7.8, coupling efficiency for this waveguide is ~80%, therefore the 14% 

accounts for mode field mismatch, then the remaining 6% accounts for geometrical (like 

bending) losses, absorption or/ and scattering. The use of a refractive index match 

solution with the single-mode optical fibers could minimize these losses. 
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7.5 Waveguide elastic behavior 

Polydiene solutions are viscoelastic and the self-written waveguide are expected 

to be rubbery as a consequence of crosslinking. Since for the fabrication of the 

interconnections between the two single-mode optical fiber, a rubbery material 

(polyisoprene) is used, the elasticity of the self-written waveguides was examined.  

The interconnections between the two single-mode optical fibers can be expected 

to show rubbery elasticity and reversible stretching. The ability of the stretched 

connection to provide optical coupling of the self-written waveguides was checked. 

 

Figure 7.9: Stretching of a waveguide created at a distance of 62.5 μm, after 10 s of irradiation. 

Waveguide was stretched up to 5 times its initial length. 

 

The interconnection between the two optical fibers have been progressively 

elongated, by using the micrometer actuators of the translation stage. The waveguide has 
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been stretched up to ~315 μm, which is 5 times its initial length (62.5 μm). The optical 

transmission of the waveguide under strain has been obtained (Figure 7.10), in order to 

confirm the endurance of the junction up to the distance that was finally detached from 

one of the two optical fibers.   
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Figure 7.10: Normalized optical transmission signal of the waveguide under strain.  

 

An efficient coupling (>0.8) is kept up to 0.12 mm, which represents a factor of 2. 

For larger stretching the optical coupling quickly decreases. Several possibilities as to the 

origin of the decrease can be mentioned. A loss of the waveguiding ability due to the 

change of dimension seems the most likely. The ability to retain optical connection up to 

100% stretching is an impressive result. To the best of our knowledge such large 

deformation while keeping optical coupling have not been achieved in other materials. 

The strong decrease of optical connection with stretching at larger stretch could 

also be proved useful for developing fiber based force sensors. 
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7.6 Concluding remarks 

The preliminary study of this chapter, shows significant results, encouraging for 

the use of polydiene solutions in conjunction with optical fibers. Patterns similar to self-

written waveguides have been induced, with lateral sizes equivalent of the optical fiber 

core diameter (4.3 μm) and almost thinner of 3 times comparing to what we used to 

induce, by using objective lenses for the beam focusing in the solution.  

Then, the successful connection of two single mode optical fibers, by forming a 

waveguide, was demonstrated, using the PI solution in decane, which is known to present 

self-written patterning upon laser irradiation. The dynamics of the patterning procedure 

have been depicted by the means of a photodiode, by probing infrared light which was 

optically transmitted thought the light-induced waveguides. The waveguides have been 

found to exhibit coupling gain (60 – 80%) after the stop of irradiation in all the examined 

fiber to fiber distances (62.5 – 500 μm) and for different irradiation times.  

Finally, the elastic behavior of the waveguides was examined, which was found to 

sustain elongation up to 5 times its initial length (from 62.5 to 315 μm). The junction 

sustainability was monitored by the optical transmission of the probing infrared light, up 

to the time that the junction collapsed, through detachment of the waveguide from one 

of the two optical fibers end.  

Concerning the light-induced SWW fabrication, various ways have been reported 

in literature.  The most common method of irradiation is by using green lasers (532 nm) 

and taking advantage of the free radical photopolymerization. In this case, a mixture of 

photopolymerizable materials is used for the SWW fabrication, with dye sensitizers, co-

initiators and monomers to be the most typical ingredients, while binders, crosslinkers 

and electron donors to be reported as well. 4,5,9,10 Another usual method, is the UV curing 

of optical connections made by acrylate monomers or UV curable resins, sometimes in 

the presence of dye sensitizers or photo initiators. 11-13 Resulting interconnections exhibit 

varying coupling efficiency from 65% up to 90%, depending on the interconnection 

distance (90 μm and 400 μm). 4,11 
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Polydienes seems to be a unique case of photoreactive self-written waveguides. 

It consists of solutions (binary mixtures) compare to the photopolymerizable. That 

provides possibility of large refractive index changes through relatively little chemical 

reactions/ changes. Photoreactive materials used for optical applications usually consist 

of oligomer that polymerize, and the change of refractive index is then a consequence of 

the increased density upon polymerization. We here have a different case, where the 

increase of refractive index is likely due to the reaction of crosslink between chains that 

drives the local increase of concentration, and therefore a local change of refractive index. 
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Conclusions – Future work 

 

This work was dedicated to the study of irradiation of polydienes solutions by red 

laser light. Our understanding on the patterning effect and its characteristics have been 

advanced, but some way remains to a fully mechanistic understanding. In particular, we 

still have not fully identified the coupling between the red light and the material. The main 

advances are summarized and several possibilities as to future works are given. 

Whereas most solutions respond by a local increase of refractive index to red light 

irradiation, leading to self-focusing and spectacular self-written wave guides, THF 

solutions, however respond by a local decrease of refractive index, leading to light 

defocusing. The establishment of a precise phenomenology of this self-defocusing 

response of polydiene solutions in THF to red light irradiation, has been achieved. We did 

not get any evidence of decrease of polymer concentration. The pattern’s irreversibility 

and the presence of crosslinking would rather indicate a tendency to local increase of 

polymer concentration. We therefore concluded that the local decrease of the refractive 

index is of a different origin. We conjecture that this decrease may be due to the 

possibility of gas formation during the irradiation process, which was experimentally 

observed. The dissolution leads to the observed decrease of the refractive index. The two 

different mechanisms can then coexist when solutions are prepared in binary solvent 

mixtures, as exemplified in Chapter 3, providing a unique example of coexisting self-

focusing and defocusing response. The formed pattern is well captured by an optical 

nonlinear propagation model that includes co-existing self-focusing and defocusing at 

every point of space, with specific time response. 

Coming back to the positive case, both the solvent specifics and the presence of 

co-monomers play an important role in the kinetics of the pattern formation. Differences 

in pattern formation, such as different pattern diameter and different kinetics, was found 

to depend on both the polymer repeating unit (homopolymer, copolymers) but also on 
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the type of the solvent. NMR spectroscopy on solutions of butadiene-based copolymers 

bearing mechanophore groups, indicated no chemical changes after irradiation, showing 

that there are not sufficient involved mechanical stress to activate these groups during 

patterning process. Surprisingly, in the case of the polybutadienes, bearing 

mechanophores groups the solvent (solutions in chloroform) were not showing any 

patterning, but solution in hexane did.  This, further highlights the essential role of the 

chemical environment of the dienes monomer on whether or not the patterning 

occurred.  

Further confirmation of the relevance and importance of the chemistry was 

established. Earlier findings on the presence of irreversible crosslinking in irradiated 

materials and of long lived free radicals during irradiation, revealed by EPR spectroscopy, 

had pointed towards the possibility of a chemical process. In this work we established the 

importance of oxygen content. The concentration of O2 was found to control the rate of 

increase of the refractive index. Interestingly, the patterning could not be totally 

suppressed even at the lowest attainable O2 content (glove box prepared samples). 

Spectroscopic measurements of the material extracted after irradiation showed bands 

typical of oxidized polybutadienes (or polyisoprenes), where oxygen was found to be 

present in the irradiated material. 

It has been established that the patterning is only observed in concentrated 

enough solutions. That does not exclude the possibility of effect of irradiation in lower 

concentration solutions. We therefore checked the effect of irradiation on relatively low 

concentration solution, in non-patterning condition. To do so, we performed careful GPC 

and DLS experiments which revealed alterations in the molecular weight distribution, 

before and after irradiation. It revealed also that both chain scission and chain 

recombination are present. Both hexane and THF solutions were checked and exhibited 

different results. THF solutions appeared to be less stable, and show mostly chain scission.  

All the experimental evidence points towards the patterning having origin in a 

chemical process, by which chain recombination leads to the formation of crosslinking, 
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that drives a local increase of the refractive index. We propose that it is indeed a photo-

initiated oxidation that leads to the patterning. For the initiation of the photooxidative 

process, a photoinitiator is required, but we have not been able to unambiguously identify 

it.  

Finally, we examined the possibility offered by that material and self-propagation 

for photonics application. The fabrication of self-written waveguides (SWWs) after 

irradiation of polydiene solutions in alkane solvents, could potentially have applications 

in the field of photonics. The establishment of flexible interconnections between optical 

fibers, immersed in polydiene solutions, not only was successful, but also exhibited 

coupling gain, when light was transmitted through the waveguides. The elastic behavior 

of the waveguides was examined, which was found to sustain elongation up to 5 times its 

initial length. This optical and mechanical performance, of the produced waveguides, is 

quite encouraging and gives it the potential to find its way in several applications, from 

waveguiding to sensing, in connection with flexible photonics.   

This work has led to large progress in our understanding of the unique response 

of polydiene solutions to red light irradiation, but it failed short of unambiguously 

revealing the full mechanism at work during the illumination. In particular, the photo-

initiation step remain unclear. Several experiments that could help to clarify this 

important step can be proposed.  

We may also propose further experiments that would identify intermediate 

species and therefore confirm the details of the chemical mechanism. In-situ time 

resolved FTIR spectroscopic measurements during irradiation, would allow to monitor the 

reaction pathway and provide information about the kinetics of the reaction and possibly 

details about the intermediate photooxidation products. 

Once the mechanism is established, working on a full model which could link the 

flux of photons and the change of refractive index, could be quite useful. The kinetics 

model will require to include the crosslinking kinetics and the influence on the 

concentration and therefore on the refractive index changes. This model could 
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quantitatively describe parameters as the refractive index, concentration and crosslinking 

coupling and as well the influence of the polymeric properties of molecular weight, 

concentration, microstructure (1,4 content) and O2 content, that we have found to affect 

the patterning effect.   

The model would be quite also useful in terms of optical modeling, as it establishes 

a phenomelogical equation of how the refractive index changes as a function of 

irradiation intensity or time (n(I, t)). This could allow us to run more accurate simulations 

and contribute in optimizing the writing conditions during experiments. 

Further efforts in application side, could be done by establishing multiple 

interconnections between optical fibers. This could be useful for building devices for 

sensing purposes i.e. through torque or tension. Extraction of waveguides from irradiated 

solutions could open new perspective to be used isolated from the original solution.    

Polydienes solutions constitute a new category of photoreactive materials, where 

the local change of refractive index originates in a change of concentration, possibly 

induced by the onset of crosslinking. Because of the relatively large values of dn/dc of 

polymer solutions, large refractive index changes (δn) can be obtained. One of the 

remaining questions is about the specificity of the polydienes-solutions and the red light. 

Further understanding of the exact nature of the patterning effect in this rather 

unique system, could open up possibilities of designing other polymer solutions 

presenting the spectacular self-writing response. If the requirements are the photo-

initiated crosslinking solutions, there should be a number of candidate systems 

presenting these properties. Indeed, any solutions with the proper photoinitiator and 

crosslinker could show the local response. Necessary requirement would be the locality 

of the chemical response (it should not propagate much outside the illuminated volume). 

One may envisage a large variety of materials. The photoreactive solutions would 

certainly attract attention due to their ease of use comparing to the existing 

photoreactive polymers. 
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