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Abstract 

The nonlinear propagation of a visible, continuous wave laser beam was studied in 

three types of polymer systems that harness photochemical reactions: (i) a 

photopolymerization to create permanent self-written structures, (ii) a photo-oxidation 

hosted within a polymer matrix and (iii) a reversible photoisomerization that triggers the 

contraction of a photoresponsive hydrogel. The process of self-trapping was characterized 

by monitoring the spatial intensity profiles over time. The mechanism of each material 

was determined with a series of control experiments in order to confirm the nature of the 

nonlinear response, including their reversibility and intensity-dependence. 

These observations led to the study of interactions between self-trapped beams. Two 

beams under linear conditions will pass through one another, but two beams travelling in 

a nonlinear medium will interact and influence one another. The interactions of two 

beams introduced into the aforementioned photochemical systems were investigated and 

revealed a rich diversity of phenomena including: (i) the attraction between beams, (ii) 

merging of beams into a single waveguide, (iii) nonlocal attraction between beams, (iv) 

orbiting of beams, (v) switching of beam positions, and (vi) inhibition of the self-trapping 

of a neighbouring beam. Each observation is dependent on a detailed understanding of the 

underlying mechanism of refractive index change. Numerical simulations supplement 

some of these experiments and provide further evidence for the nonlinear mechanisms. 

The formation of permanent self-written structures with these nonlinear waves offers 

the opportunity to create seamless 3D printed materials with prismatic geometries. 

Several macroscopic objects were constructed using nonlinear waves from incoherent 
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LEDs and amplitude masks. Decomposition of 3D objects into prismatic elements was 

carried out using an algorithm that breaks an object into individual pieces. Using a multi-

step printing process, several prismatic elements can be combined to form a target object.  

The results of these experimental and theoretical studies improve upon the current 

understanding of the dynamics of nonlinear light propagation in photochemical systems. 

These insights may allow us to harness other nonlinear effects and develop new materials 

for applications such as optical communication, computing and 3D printing. 
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1 Introduction 

Optical waves that alter the properties of the medium in which they travel can lead to 

self-action effects – nonlinear waves that are reinforced as they propagate.1–4 These 

nonlinear phenomena are the result of feedback between the medium and the propagating 

wave. One example of these nonlinear waveforms is the self-trapped beam or spatial 

optical soliton, which is formed when the divergence of a beam is suppressed by light-

induced changes in refractive index within the medium that the light is travelling 

through.1–4  

The principal requirement for these optical self-action effects is a photoresponse that 

results in a refractive index change. Originally, these changes were studied in Kerr media 

with high laser intensities5–7, but other media have been employed, such as 

photorefractives,8–11 liquid crystals12–15 and photochemical systems.16–19 Photochemical 

reactions offer the ability to dynamically change a material in response to light by 

creating new chemical species with different refractive indices – an intensity-dependent 

process that allows the observation of the same types of self-action effects as other 

nonlinear materials but often at lower intensities.4,20–22 The mechanism of each medium’s 

photoresponse is critical to the dynamics of these processes. Depending on the 

reversibility of these materials, we may be able harness nonlinear waves to reversibly 

control the properties of an optical beam24–26 or fabricate 3D permanent functional 

structures.4,27–29 

This Chapter introduces some of the different self-action phenomena that can occur in 

nonlinear materials, including optical self-trapping and spatial solitons, diffraction rings 
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from spatial self-phase modulation, filamentation due to modulation instability, and self-

defocusing effects. This Chapter also highlights the origins of the responses that different 

materials exhibit and the different types of interactions that are possible between self-

trapped beams. The underlying chemistry for some of these photoresponsive systems are 

described with a focus on polymers and their applications, including 3D printing. Finally, 

the research objectives surrounding this thesis will be highlighted. 

 
1.1 Optically-induced nonlinear phenomena in photoresponsive media 

The field of nonlinear optics has existed since the advent of the laser in the fifties and 

investigates the mutual responses between light and light-responsive materials.3,30 These 

light-matter interactions often rely on high intensities in order to elicit nonlinear 

responses in materials that exploit higher order susceptibilities when exposed to light, but 

other types of responses also exist.2–4 The spatial distribution of light evolves and creates 

different nonlinear waveforms within materials including Kerr media,5–7,23,31,32  

photorefractives,8,9,11,33,34 liquid crystals12 and materials that rely on photochemical 

reactions16,35–41 such as photopolymers18–20,42–46.  

 
1.1.1 Optical self-trapping and spatial solitons 

Light beams naturally broaden in space as they propagate in dispersive linear media.3 

When introduced into a nonlinear medium, the light can produce an increase in refractive 

index, which causes the beam to self-focus and bend towards the regions of higher 

refractive index. This self-focusing effect counters the natural diffraction of light and 
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creates a self-trapped beam when the two processes are balanced (Figure 1-1).47,48 A self-

trapped optical beam maintains its shape as it propagates through a medium. 

 

Figure 1-1 Scheme illustrating changes to a near-Gaussian beam from diffraction under 
linear conditions, self-focusing or lensing, and self-trapping that occurs when diffraction 
is suppressed in nonlinear media allowing a beam to maintain its profile as it propagates.   

 
The paraxial wave equation (eq 1.1) (nonlinear Schrödinger equation) describes this 

effect where e is the electric field vector of the incident electromagnetic wave 

propagating along z, n0 is the initial refractive index of the medium and k0 is the free 

space wave vector.2,25 The equation shows that the natural diffraction of the beam along 

its transverse axes described by ∇$%= ' (
)

(*)
+ + ' (

)

(-)
+ is counterbalanced by self-induced 
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changes in the refractive index (Dn) of the medium along its propagation path (z). The 

equation also considers the attenuation coefficient (a) of the medium.2–4  

𝑖𝑘0𝑛0
(2
(3
+ 4

%
∇$%𝜀 + 𝑘0%𝑛0Δ𝑛𝜀 +

7
%
𝑘0𝑛0𝛼𝜀 = 0                                    (1.1) 

Different responses can be observed depending on whether the refractive index changes 

are positive or negative, local or nonlocal, or if they are permanent or reversible. These 

additional effects are described in the subsequent chapters. This phenomenon has been 

demonstrated in materials including Kerr media1, photorefractive crystals11, liquid 

crystals12, photosensitive glasses37 and photopolymers.49 

Self-trapping in media that increase refractive index through photopolymerization 

leaves permanent structures inscribed in the material – these self-written waveguides are 

capable of guiding light through total internal reflection and can be used as passive 

devices once they are generated (Figure 1-2).18,20,28,37,49–51  

 

Figure 1-2. Transmission optical micrograph of a) a self-written waveguide in an 
organosiloxane from self-trapping and b) the 2D intensity profile at the output of the 
waveguide (z = 6.0 mm). Reprinted (adapted) with permission from Villafranca, A. B.; 
Saravanamuttu, K. An Experimental Study of the Dynamics and Temporal Evolution of 
Self-Trapped Laser Beams in a Photopolymerizable Organosiloxane. J. Phys. Chem. C 
2008, 112, 17388–17396. Copyright 2008 American Chemical Society.20 
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1.1.2 Modulation instability, self-phase modulation and self-defocusing  

Filamentation of optical beams due to modulation instability (MI) is considered a 

universal process that occurs in a variety of nonlinear systems.27,52–55 A high-intensity 

beam of light introduced into a nonlinear material can filament into several individual 

self-guided beams with random order. The breakup of a broad beam (E0) into filaments 

from MI originates from small and normally negligible perturbations (e) in the optical 

field (|e|<<E0).52 This noise becomes amplified when introduced into a nonlinear medium, 

and the beam stabilizes by breaking up (eq 1.2). 

𝐸 = (𝐸0 + 𝑒)exp	(−𝑖𝛾𝑧)                                                       (1.2) 

The growth rate of the medium (g) also affects the resulting breakup of the beam. MI 

arises from the same nonlinearity as self-trapping, with each filament corresponding to a 

self-trapped beam, allowing arrays of self-trapped beams to be created using a single 

broad beam.27 This phenomenon has been observed in materials including atomic vapor,56 

Kerr liquids,57 nanoparticle colloids58,59 polymer solutions,60 photorefractive crystals,53,61 

photorefractive polymers,62 liquid crystals,63,64 and photopolymers (Figure 1-

3).27,44,51,54,65,66 MI has been achieved with both coherent sources and incoherent sources; 

one of the benefits of generating nonlinear waves with incoherent sources is the ability to 

use widely accessible, inexpensive and relatively low-energy incoherent sources such as 

QTH lamps and LEDs.4,27,56,63 Modulation instability in photopolymers has been used to 

make microstructured polymer materials with light-guiding properties due to the self-

inscribed waveguides that form.44,51,67 
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Figure 1-3 (A) Filamentation of a broad beam of light due to modulation instability in 
(A) a photopolymer and (B) a liquid crystal sample with and without an applied electric 
field. (A) Reprinted (adapted) with permission from Basker, D. K.; Brook, M. A.; 
Saravanamuttu, K. Spontaneous Emergence of Nonlinear Light Waves and Self-Inscribed 
Waveguide Microstructure during the Cationic Polymerization of Epoxides. J. Phys. 
Chem. C 2015, 119, 20606–20617. Copyright 2015 American Chemical Society.44 (B) 
Reprinted by permission from Peccianti, M. et al. Routing of Anisotropic Spatial Solitons 
and Modulational Instability in Liquid Crystals. Nature 2004, 432, 733–737. Copyright 
2004 Springer Nature.63 

 
 Another spatial effect that has been observed in nonlinear media is the formation 

of rings from spatial phase modulation.21,22,68–73 As the refractive index changes, the 

transverse phase also changes, resulting in interference between different points on the 

beam (eq 1.3).68 A coherent source that induces refractive index changes (Dn) in a 

nonlinear material produces a phase shift (Dy) described by (1.3):  

∆𝜓(𝑟) = %H
I ∫ ∆𝑛(𝑟, 𝑧)𝑑𝑧3MNO

3M
                                             (1.3) 

where r is the radial direction transverse to the propagation direction (z), z0 is the position 

at which the beam enters the sample, d is the sample thickness and l is the wavelength of 
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light.68 The formation of these rings can occur in materials with self-focusing and self-

defocusing nonlinearities, as long as there is a refractive index change and corresponding 

transverse phase shift. When a beam is introduced into a saturable medium, intensities 

above the saturation threshold can generate a flat-top index profile, resulting in larger 

phase shifts near the periphery of the beam; the constructive and destructive interference 

between these regions of different phase result in rings which may also filament due to 

modulation instability, depending on the input and material parameters.22,71 These effects 

have been observed in materials including photopolymers (Figure 1-4), 21,22,70 liquid 

crystals,68 lead glass74 and dispersions of graphene.75  

 

Figure 1-4 Spatial intensity profiles of the output of an organosiloxane photopolymer (3-
(trimethyoxysilyl)propyl methacrylate/Irgacure® 784) illustrating the different phenomena 
observed due to the intensity-dependent photopolymerization response. Reprinted 
(adapted) with permission from Biria, S.; Morim, D. R.; An Tsao, F.; Saravanamuttu, K.; 
Hosein, I. D. Coupling Nonlinear Optical Waves to Photoreactive and Phase-Separating 
Soft Matter: Current Status and Perspectives. Chaos 2017, 27, 104611. Copyright 2017 
AIP Publishing.4 

 
Self-defocusing is an effect that occurs when the refractive index decreases within a 

medium when exposed to light.3,23 A light-induced decrease in the refractive index tends 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 8 

to cause light to bend away from the irradiated regions, leading to enhanced broadening 

of the beam. If the decrease occurs rapidly, dark regions can form in the centre resulting 

in dark beams that propagate through the medium. Dark beams have been demonstrated 

in various materials including Kerr media76, photorefractives77 and photopolymers.78 

Another method of fabricating dark beams in photopolymers with positive nonlinearities 

is through use of an amplitude mask.79 By introducing a region that is dark into a sample 

that increases its index in the presence of light, it is possible for the dark region to 

propagate through the material. This effect occurs due to self-focusing in the surrounding 

regions away from the dark area.  

 
1.2 Materials with different nonlinear mechanisms 

The nonlinear response of most materials depends on the motion of electrons in 

response to an electric field. The bulk polarization (P) of a material therefore depends on 

the electric field (E) according to (eq 1.4): 

𝑃 = 𝜀0(𝜒(4)𝐸 + 𝜒(%)𝐸𝐸 + 𝜒(R)|𝐸|%𝐸 +⋯ )                                     (1.4) 

where e0 is the vacuum permittivity and c(n) corresponds to the nth order components of 

the susceptibility of the medium.3 The first term in (1) involving c(1) represents the 

behaviour in linear media, where the polarization varies linearly with the electric field. 

The higher-order terms that contain tensors c(2) (e.g. photorefractive effect) and c(3) (e.g. 

Kerr effect5–7,23,31,32) represent the nonlinear responses related to a weak asymmetric (c(2)) 

and symmetric (c(3)) anharmonicity of the electron displacement. Some other mechanisms 

of changing the refractive index of a medium include movement or reorientation of 
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molecules (e.g. liquid crystals12), photothermally-induced structural changes (e.g. lead 

glass80) and photochemical reactions16,35–41 (e.g. photopolymers18–20,42–46).  

Some important properties of nonlinear materials include the saturability, 

reversibility and locality of the response. Materials that have a maximum attainable 

refractive index change are considered saturable media, and do not exhibit further 

changes once this value is reached.3,4 Saturable media include photorefractive crystals and 

photochemical systems; the maximum changes are limited by the electric field strength 

and concentration of reagents, respectively.41,49,81 Reversible nonlinear materials can 

revert back to their original state once the optical field is removed, sometimes requiring 

an external DC electric field such as with liquid crystals and photorefractive crystals. 

When the changes of refractive index occur in the irradiated region, the response is 

considered local; nonlocal refractive index changes extend outside of the optical field. 

Table 1 summarizes select nonlinear mechanisms and provides information about their 

properties with some examples.  

 

Table 1-1 Select nonlinear mechanisms, examples, required intensities, timescales and 
properties of the refractive index change. 

 
Type Mechanism 

of Dn 
Select Examples Intensities 

and 
Timescales 

Properties 
of Dn 

 
 

Kerr Effect Nonlinear 
polarization based on 

c(3) 

 

 
(𝑃UV = 𝜀0𝜒(R)|𝐸|%𝐸) 

atomic vapor7,23   
e.g. sodium 

 
liquids6,31 

e.g. carbon disulfide 

 
nanoparticle colloids5,32  

e.g. PS spheres/H2O  

MW cm-2  
to  

GW cm-2 

 
 

~10-15 s 

Dn ~10-4  

to 10-8 

 
Nonsaturable 

 
Reversible 

 
Local 
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Type Mechanism 
of Dn 

Select Examples Intensities 
and 

Timescales 

Properties 
of Dn 

 
 

Photorefractive 
Effect 

Nonlinear 
polarization based on 

c(2) 

 
(𝑃UV = 𝜀0𝜒(%)𝐸4𝐸%) 

photorefractive crystals11,33  
e.g. potassium niobate  

 
photorefractive polymers9,82,83 

e.g.PVK:5CB 

mW cm-2  

to  
MW cm-2 

 
 

10-9 s 
to  

102 s 
 

 

Dn ~10-2  
to 10-4  

 
Saturable 

 
Reversible 

with applied 
DC field 

 
Local or 
nonlocal 

 
Reorientation 

Effect 
Change 

orientation/structure 
relative to external 

electric field 

liquid crystals12,82 
e.g. E7 LC 

 
photorefractive polymers  

with LCs9,10 
e.g. PVK: 

7-DCST:CzEPA:TNF
 

mW cm-2 

to 
kW cm-2 

 
 

10-3 s 
to  

10-1 s 

Dn ~10-1 
to 10-3 

 
Saturable 

 
Reversible 

with applied 
DC field 

 
Nonlocal 

 
Photothermal 

Effect 
Absorbed light 

generates heat that 
adjusts the structure 

of a material 

photothermal glass80 
e.g. lead glass 

 
dye-doped thermotropic LCs 

e.g. 4-cyano-4’-
pentylbiphenyl/1-
(methylamino)-

anthraquinone84,85 

kW cm-2 

to 
MW cm-2 

 
10-4 s 

to  
10-1 s 

Dn ~10-1 
to 10-4 

 
Nonsaturable 

 
Reversible 

 
Nonlocal 

 
Photochemical 

Reactions 
Conversion of one 

chemical compound 
results in a product 

with a different 
structure and 

refractive index  

doped liquid crystals and 
polymers12,16,35,36 

e.g. E7 LC/azobenzene 
 

photoaddressable polymers 
e.g. azobenzene polymers86,87 

 
photosensitive glasses37–41 

e.g. germosilicate glass 
 

photopolymers 
e.g. organosiloxanes19,20, 

acrylamides42,43, epoxies18,44 
with photoinitator 

102 
µW cm-2 

to 
kW cm-2 

 
 

10-3 s 
to  

103 s 
 

Dn ~10-1 
to 10-4 

 
Saturable 

 
Reversible 

or 
irreversible 

 
Local or 
nonlocal 
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1.2.1 Kerr effect 

The Kerr effect arises due to the nonlinear polarization (1) that occurs in the 

presence of an electric field (𝑃UV = 𝜀0𝜒(R)|𝐸|%𝐸) based on the symmetric (c(3)) 

anharmonicity of the electron displacement. While all materials have a non-zero c(3), very 

high intensities are required (W to GW cm-1) to observe small changes in refractive index 

(on the order of Dn ~ 10-5).1,2,88,89 The responses are essentially instantaneous (10-15 s) 

and local, but they are also nonsaturable, which often results in material damage during 

self-action effects at extremely large intensities.  

1.2.2 Photorefractive effect 

The nonlinear polarization (1) emerging from the photorefractive effect occurs due to 

the asymmetric (c(2)) anharmonicity of the electron displacement with an electric field 

(𝑃UV = 𝜀0𝜒(%)𝐸4𝐸%). An externally applied DC field can result in the electro-optic 

(Pockels) effect if the field produces a polarization at a particular optical frequency. This 

effect is only possible in non-centrosymmetric media.11,33,90 Photorefraction within doped 

electro-optic materials leads to charge transport and the migration of photo-excited 

electrons from bright regions to dark regions, creating a charge distribution that forms 

localized space-charge fields that modify the refractive index. By varying the intensity, 

the response time can be changed from nanoseconds at high intensities (MW/cm2) to 

minutes at low intensities (mW/cm2).48,89  Refractive index changes tend to be on the 

order of 10-3 in photorefractive crystals. Photorefractive polymers - conductive polymers 

doped with photosensitizer - are also able to exhibit this type of effect due to the change 

in electron distribution, sometimes introducing liquid crystals to amplify the refractive 
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index modulation.10,34

 
1.2.3 Reorientational effect 

Nematic liquid crystals are elongated molecules that can change their spatial 

orientation in response to an electric field (Figure 1-5).91 Due to their shape, they are 

birefringent and show an orientation-dependent refractive index. A polarized beam can 

reorient liquid crystals differently relative to the bulk by inducing a torque between the 

liquid crystals and an applied electric field; this external DC electric field is used to pre-

align the LCs.12,15 The maximum change in refractive index is based on the magnitude of 

birefringence14 and response times of these systems tend to be on the order of 

milliseconds to seconds, with refractive index changes on the order of ~10-2 at intensities 

of mW to W cm-2.15 These systems can exhibit nonlocal changes in refractive index when 

the twisting LCs affect their neighbours, creating a bulk rotation that extends outside the 

optical field. The re-orientation of liquid crystal systems has also been achieved by 

adding photoswitchable chromophores, including LCs in photorefractive polymers92 and 

adding absorbing dyes to LCs; these methods use a photoisomerization reaction, 

photorefractive effect and photothermal effects, respectively, to help reorient the liquid 

crystals. The trajectories of self-trapped beams in LCs (nematicons) have also been 

shown to interact with additional external electric93 and magnetic fields,94 which can alter 

the trajectories of self-trapped beams in targeted regions.  
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Figure 1-5 Reorientation of liquid crystals in the presence of light and an externally 
applied electric field can change a diffracting beam (a) to a self-trapped beam (b).15 Ó 
[2003] IEEE. Reprinted, with permission, from Assanto, G.; Peccianti, M. Spatial 
Solitons in Nematic Liquid Crystals. IEEE J. Quantum Electron. 2003, 39, 13–21. 

1.2.4 Photothermal effects  

Photothermal effects are observed in materials where heat from the incident beam 

can influence the refractive index of the medium.78,84,95,96 Thermal effects tend to 

decrease the refractive index due to decreases in the density of the material. Nonradiative 

dissipation of absorbed light in the form of heat can result in thermal defocusing in PQ-

PMMA photopolymers78 and waves of convection in photopolymers undergoing MI.27,95 

There exist some lead glasses that exhibit positive nonlinearities when exposed to light 

due to a thermal structural rearrangement that allows the glass to increase its refractive 

index.80 Photothermal changes in refractive index are often nonlocal since heat can 

diffuse through a medium and influence the material outside of the optical field. 

Photothermal effects have also been applied to change the orientation of thermotropic 

liquid crystals.84  

1.2.5 Photochemical reactions 

Chemical reactions present another method of refractive index modulation. The 

absorption of a photon can lead to the formation of a new chemical species; the product of 
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the reaction will have a different refractive index than that of the starting reagents.4 

Photochemical reactions offer the ability to manipulate the kinetics of nonlinear wave 

formation, the reversibility of the system, and even the locality of the refractive index 

changes.4,18 The formation of any new species within a matrix can also affect the different 

intermolecular interactions between functional groups and influence the structure, and 

thereby the refractive index37.  

Reversible photochemical reactions such as photoisomerization and 

photodimerization lead to changes in optical properties including absorbance and 

refractive index, but they will also influence the physical properties including 

hydrophobicity, structure and density. Photoswitchable molecules such as azobenzenes, 

spiropyrans, diarylethenes, and fulgides possess two chemical forms that can be 

photochemically converted from one form to another with light (Figure 1-6 A).97 These 

photochromic compounds tend to possess one form that is more stable, causing the less 

stable form to thermally revert back to the stable form, even in the absence of light. 

Liquid crystals and polymers doped with these reversible photoswitches can change their 

orientation and structures with light.12 Covalent attachment of these switches to liquid 

crystalline polymers (i.e. photoaddressable polymers) have been used to change refractive 

index in holographic data storage applications.86 Photodimerization reactions, such as 

those exhibited by coumarins and cinnamic acid, are bimolecular cycloaddition reactions 

that have been used to cross-link polymers (Figure 1-6 B).98 The photodimerized product 

can often remain in that form much longer than photoswitches, requiring a second 

wavelength to revert the dimer to its monomer units. 
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Figure 1-6 The reversible (A) photoisomerization of azobenzene and (B) 
photodimerization of coumarin.97,98 

 
Irreversible photochemical reactions result in permanent patterning of materials 

such as those exhibited with photosensitive glasses and photopolymers. These reactions 

often harness photoredox chemistry to generate new chemical species through single 

electron transfer reactions. Molecular photoredox catalysts, such as octahedral ruthenium 

and iridium complexes, are ideal for these types of transformations due to the wide range 

of properties (e.g. absorbance ranges, redox potentials) that are possible by changing the 

ligands on the metal (Figure 1-7).99 By tuning the relative redox potentials of the 

photocatalyst and the reagents, the catalyst can either oxidize or reduce the surrounding 

reagents. Photoredox reactions have been used in dye-sensitized solar cells with an 

iodide/triiodide redox couple used in the electrolyte100 – light is absorbed and converted 

to electricity through a sequence of electron transfer processes.101 A variation of the 

Belousov-Zhabotinsky reaction, a nonlinear chemical oscillator, exhibits a colorimetric 

perturbation that propagates from its source based on a photoredox reaction.102,103 The 
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performance of these catalysts are affected in the presence of oxygen since the 

photoexcited states of these complexes can often react with oxygen to form singlet 

oxygen.104 

 

Figure 1-7 Structure of two complexes capable of photoredox chemistry.99 

Photoredox reactions can also occur with metal ions doped within materials. The 

response of photosensitive glasses is attributed to metal ions within the glass that are 

capable of undergoing photoredox reactions upon exposure to light, leading to changes in 

the charge distribution within the glass and a corresponding change in the structure. These 

reactions form permanent self-written structures. For example, the reactions in 

chalcogenide glasses have resulted in different changes from processes including 

photocrystallization, photopolymerization, photodecomposition, photocontraction, and 

photoexpansion.17,37–39,105,106 The associated changes in refractive index in photosensitive 

glasses tend to be lower than those obtained in photopolymer systems.37  

Photopolymers are materials where light-induced reactions convert small 

monomer units into polymer chains, resulting in permanent self-written structures.107,108 

Initiation of a reactive species occurs through the absorption of a photon by a 

photosensitizer or photoinitiator. The reactive species, often a radical or cation, can react 
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with monomer to generate a new reactive species. These species continue to react during 

polymer chain growth (propagation) until a termination event occurs, resulting in 

polymer. Although the chain growth mechanism is the most commonly employed 

photopolymerization mechanism, photopolymers can also participate in crosslinking, 

functionalization, depolymerization, and step-growth reactions with light.109–111 

Photopolymerization reactions achieve refractive index changes often on the order of 10-1 

to 10-3 with intensities ranging from µW-W/cm2. The larger index contrast of 

photopolymers relative to photosensitive glasses is often due to the increase in density 

that occurs from the crosslinking of the polymer and the associated contraction of the 

polymerized regions.20,42,43,49 Examples also exist where multiple nonlinear mechanisms 

were combined; liquid crystalline photopolymers112 and electro-optic photopolymers113 

combine the changes from the reorientational and photorefractive effects, respectively, to 

change the refractive index and light distribution during photopolymerization. 

Photochemical materials all exhibit a saturable refractive index because the index change 

depends on conversion of one reagent to another and there will always be a finite 

concentration of reagents to photochemically convert. 

 Intensity-dependent saturable photochemical systems with irreversible responses 

can be described by (eq 1.5): 

 

WXY(Z,[,\,])
W$

= 𝐴𝐼(𝑥, 𝑦, 𝑧, 𝑡)c '1 − ∆e(*,-,3,$)
∆ef

+                                      (1.5) 
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where A is a material-dependent parameter, I is the intensity, p = 1 for single-photon 

reactions and Dns is the maximum achievable refractive index difference.18,20,39,114,115 Self-

trapping in these materials result in self-written waveguides - permanent structures that 

confine and guide light through total internal reflection. 

1.3 Chemistry of photopolymers 

Photopolymers are photosensitive polymer-based materials that respond to light 

through a chemical change. The majority of photopolymers are formed through chain 

growth of monomer into a polymer. The process begins by photoinitiation, whereupon 

light creates a reactive species such as a radical, that can react with monomer. The 

reaction of the active monomer can then propagate, reacting with additional monomer 

until a termination process ends the growth of the chain. Other types of photopolymers 

include those formed through light-induced step-growth polymerizations,109 crosslinking 

reactions,111 end-group modification116 and photo-induced cleavage reactions or 

depolymerizations.110 Each of these types of polymers will cause different changes to 

occur based on the kinetics of the system. The breaking of bonds, for example, can 

decrease the refractive index of a material upon exposure to light.110 Inhibition by oxygen 

or inhibitors present within the monomer can also affect the growth of the polymer 

chains, slowing down or stopping the formation of polymer at the beginning of the 

irradiation.117,118 Chain transfer reactions can end a growing chain and start the growth of 

a new chain, thereby affecting the spatial distribution of molecular weights and refractive 

index.119 Some photopolymer systems that have been used to study nonlinear waves 
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include organosiloxanes,19,20 acrylamides,42,43 epoxies18,44 and thiol-ene-based 

systems.45,46 

One photopolymer that has been shown to exhibit self-trapping, modulation 

instability and self-phase modulation is 3-(trimethoxysilyl)propyl methacrylate (Figure 1-

8).19,20 3-(Trimethoxysilyl)propyl methacrylate, Irgacure® 784 (a titanocene 

photoinitiator) and dilute acid are combined, and stirred for a set amount of time to allow 

for partial condensation of the siloxane network. This creates a more viscous, partially 

cross-linked structure containing -SiOSi- linkages as hydrolysis of the methoxy groups 

occurs. Irgacure® 784, a free-radical photoinitiator, generates radical species with UV or 

visible light (Figure 1-8), thereby starting the chain growth polymerization of the 

methacrylate groups and creating denser regions of higher refractive index in the 

irradiated regions.120 

 

Figure 1-8 Free-radical photopolymerization of 3-(trimethoxysilyl)propyl methacrylate 
with Irgacure® 784.120 
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While many photoinitiation systems directly form the radicals that react with 

monomer, some systems use a co-initiator that gets consumed instead of the 

photosensitizer. One example of such a system is based on an acrylamide photopolymer 

(Figure 1-9) and has been used for holography and the formation of self-induced 

waveguides.42,43 A dye or photosensitizer such as Methylene Blue, Eosin Y or Ploxine B is 

combined with a co-initiator such as triethanolamine.42,43 The triethanolamine radical reacts 

with the acrylate monomers to initiate polymerization. This particular photopolymer 

formulation uses a poly(vinyl alcohol) (PVA) binder to hold the materials together.  

 

Figure 1-9 Free-radical photopolymerization of acrylamide using a triethanolamine co-
initator within a poly(vinyl alcohol) (PVA) binder.121–125 

 Cationic polymerizations can also be utilized and require a cationic species to 
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irradiation (often UV) or they can oxidize a photogenerated radical (formed by a 

photosensitizer) to create a reactive cation (Figure 1-10).44,126,127  

 

Figure 1-10 Cationic photopolymerization of an epoxide system using a diaryliodonium 
salt as co-initiator.44,126,127 

 Photopolymerizations that contain chain transfer agents can also enhance the 

spatial resolution of a polymerized region since they stop the growth of polymer chains. 

Figure 1-11 depicts a thiol-ene photopolymer that uses this technique in order to improve 

their structures.128–131 A photoinitiator (e.g. 2,2-Dimethoxy-2-

phenylacetophenone/DMPA), chain transfer agent (e.g. thiol) and monomer (e.g. acrylate) 

are part of this system. The radicals generated by DMPA react with the thiol to create a 

radical. During propagation, additional thiol present in the sample can cause further chain 

transfer reactions that stop the initial chain growth and create a new growing chain. 
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Figure 1-11 Free-radical photopolymerization of thiol-ene photopolymer using 2,2-
dimethoxy-2-phenylacetophenone (DMPA).128–131 

Another type of system that has been used for self-written waveguides is that of 

crosslinking reactions, where a chemical moiety is attached to an already formed polymer 

chain. One such example is that of the phenanthrenequinone-doped poly(methyl 

methacrylate) system (Figure 1-12). Photo-excited phenanthrenequinone can abstract a 

hydrogen from PMMA, resulting in a semiquinone radical and a polymer radical. These 

radicals can react with residual olefins in the sample or with one another, resulting in 

structural rearrangements that influence the refractive index of the sample.111,132 
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Figure 1-12 Photochemical crosslinking reaction involving phenanthrenequinone and 
poly(methyl methacrylate) (PQ-PMMA).111,132  

Degradation reactions, such as the photolysis of poly(methyl methacrylate) with UV 

light or the deprotection by a photoacid generator (Figure 1-13), also yields a different 

refractive index, allowing for the formation of Bragg gratings.133,134 Positive photoresists 

are known for these photo-induced cleavage reactions.110 

 

Figure 1-13 Example of a positive photoresist that breaks bonds upon exposure to light 
due to acid formation from a photoacid generator (PAG).110 

The formation of nonlinear waveforms within photopolymers depends on the 

chemical kinetics of the given system and the polymer properties. For example, the 

sensitivity to visible light can be increased by changing the photoinitiator – different 

photoinitiators will have different efficiencies and absorbances at different wavelengths. 

123–125,135 Two-photon photoinitiators can be used to enhance the spatial resolution of a 

pattern, since it requires absorption of two photons in order to generate a reactive 
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from occurring in select regions with a second wavelength, by generating radicals that 

cannot initiate polymerization.142,143 Refractive index contrast and diffraction efficiency 

can be increased by using non-active species with different refractive indices that can 

diffuse as the polymerization occurs, such as high-index nanoparticles.144 The refractive 

index of a polymer can be approximated by a version of the  Lorentz-Lorenz equation 

(eq 1.6):145  

e)g4
e)N%

= h
i
𝜌                                                                (1.6) 

that describes the refractive index of a polymer, n, in terms of molar refraction, R 

(cm3 mol-1), molecular weight of a repeat unit, M (g mol-1), and density, r (g cm-3). The 

conversion of monomer to polymer in photopolymer systems is accompanied by an 

increase in density from a contraction, which contributes to the increase in refractive 

index.49 Heavier atoms with more electrons tend to be more polarizable, which is why the 

incorporation of heavier elements is one method of increasing the refractive index of a 

polymer (larger molar refraction).  

Photoinitiators can often react with oxygen, slowing down the polymerization 

reaction during the initial light exposure, and enhancing resolution by inhibiting 

polymerization outside the optical field.104 The delay that occurs in chain growth 

photopolymers has been included in a model by Kewitsch and coworkers by equation 

(eq 1.7): 

 
∆𝑛k(𝑥, 𝑦, 𝑧, 𝑡) = ∆𝑛k l1 − 𝑒𝑥𝑝 n− 4

oM
∫ |𝐸(𝑥, 𝑦, 𝑧, 𝑡′)|%𝑑𝑡′$gq
0 rs                     (1.7) 

 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 25 

where the change in refractive index is dependent on a critical threshold (U0) that must be 

reached in order for the index to grow exponentially.49 A delay time (t) is also introduced 

to account for the delay in growth that occurs in photopolymers due to inhibition. This 

equation is comparable to (eq 1.5) in that they are both exponential models used to 

describe saturable systems (Figure 1-14), and both have been utilized to characterize the 

refractive index development in photopolymers. 

 
Figure 1-14 Refractive index changes with light exposure above the critical threshold 
(U0) in photopolymers. Reprinted with permission from ref 49, The Optical Society.  

 
Polymer properties including molecular weight, dispersity, crosslinking density, 

wettability, and mechanical properties can be controlled by tuning the chemical structure 

of the polymer. Larger molecular weight polymers with longer chain lengths tend to have 

higher refractive indices and are more likely to form solids.146 The conversion of liquid 

monomer or oligomers into a solid polymer occurs more rapidly with the formation of 

larger chains or by the addition of more crosslinker. These more rigid structures tend to 

be harder with larger crosslinking densities but this is only true below approximately 20-
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30% crosslinking density, as very large crosslinking densities can negatively impact the 

strength of polymers.146 Monomers with different functional groups will interact with 

other chains differently once polymerized; these intermolecular polymer-polymer 

interactions can also act as crosslinks or may form different domains within the polymer, 

such as those obtained by phase-separated block copolymers.147 Hydrogen bonding, for 

example, can be used to form gels within aqueous mixtures of Pluronic® F-127 based on 

hydrogen bonding between the polymer chains and the water.148,149  

The dispersity of a polymer describes the distribution of different length chains in a 

polymer.146 This property is difficult to measure when dealing with cross-linked 

structures such as those typically found in photopolymers. High molecular weights, large 

crosslinking density and nonpolar monomers can be used to control the hydrophobicity or 

wettability of the polymer. More hydrophilic polymers, such as hydrogels that are swollen 

with water, can also vary their structures depending on the amount of water they have 

absorbed. The swelling ratio, obtained by taking the ratio of the swollen and dried 

polymer, can be used to determine the amount of water that the polymer can support.146  

Photopolymers are versatile as their physical and optical properties can be tailored 

by modifying their chemistry. By changing the chemical composition, the degree of 

polymerization, or the method of polymerization, the resulting physical and optical 

properties of the end product will change.150,151 By incorporating different orthogonal 

functional groups into the polymer chain or side groups, it is possible to create different 

architectures or introduce post-processing techniques that can change or improve the 

function of the polymer.108  



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 27 

 
1.4 Interactions between self-trapped beams 

Self-trapped beams or spatial solitons formed within nonlinear materials have the 

ability to interact with one another.25,38,152,153 The light-guiding-light concept exploits 

photoinduced changes in a material to influence a second beam of light for the all-optical 

rerouting of light or optical signals. In this manner, two beams of light, which would 

ordinarily pass through one another under linear conditions, interact in a discrete way. 

Investigations into these processes may expand our ability to manipulate and transfer 

information between two optical signals.24 The interactions of spatial solitons are very 

diverse and depend on launch trajectories, input geometries, relative intensities, 

coherence, relative phases and beam proximity,  as well as the mechanism of their 

formation.2,3,19,20,25,154 Copropagating beams, colliding beams and even well-separated 

beams have the potential to interact within nonlinear materials. The understanding of the 

underlying mechanism of refractive index change is critical to understanding the 

communicative effects from the resulting interaction. Some of the behaviours that have 

been observed include attraction between beams, fusion, repulsion, spiraling, annihilation, 

and birth of solitons. These interactions can even occur over long distances in non-local 

materials. The following sections describe some of these interactions further.   

 

 
1.4.1 Interactions between collinear spatial solitons 

Spatial solitons travelling parallel to one another have been shown to interact in 

materials including Kerr media,155 photorefractive crystals156, photopolymers,157 
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photothermal glasses158, nanoparticle colloids32 and liquid crystals.14 The interaction has 

been shown to be highly dependent on the relative phase of the beams when coherent 

sources are used.156 Coplanar beams have been shown to attract one another due to 

constructive interference in the overlapping region between the beams when in-phase and 

have been shown to repel one another due to destructive interference when out-of-phase 

(Figure 1-15). The interaction is also highly dependent on spatial proximity of the 

beams.25 For example, two in-phase beams that are one beam width apart will interact and 

fuse into a single beam, but as the input beams are moved further apart, they begin to 

repel one another, eventually not interacting at all when the distance is too large.158,159 

 
Figure 1-15 (left) Interaction between copropagating coparallel beams in Kerr media 
[simulation; coherent light in-phase (a) and out-of-phase (b)]. (right) Output of the 
interaction between copropagating coparallel beams in a photorefractive [different 
separations before (top) and after interaction (bottom)]. (left) Reprinted with permission 
from ref 158, The Optical Society. (right) Reprinted with permission from Królikowski, 
W. et al. Interaction of Two-Dimensional Spatial Incoherent Solitons in Photorefractive 
Medium. Appl. Phys. B 1999, 68, 975-982. Copyright 1999 Springer Nature.159  

 
This distance-dependent effect has also been observed in photopolymers, where 

two incoherent beams fused at close proximities and repelled when moved further 

away.157 At a certain separation, there was no longer communication between the beams. 

Chapter 4 is centred primarily on these types of interactions in two photochemical 

systems. 
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Two counterpropagating self-trapped beams that are travelling towards one another, 

perfectly aligned, will often merge to form a single waveguide (Figure 1-16, left).160 This 

technique is used for optical solders and interconnects by introducing light from two 

optical fibers in order to connect the two fibers. If there is any mismatch between 

trajectories of the counterpropagating waveguides, the growing solitons can experience a 

repulsion that diverts both beams from their path (Figure 1-16, right).161 

 

  
Figure 1-16 Interaction between counterpropagating self-trapped beams in 
photopolymers; aligned (left) vs. misaligned (right).161,162 (left) Reprinted with permission 
from ref 162, The Optical Society. (right) Reprinted with permission from ref 161, The 
Optical Society.  

 

 
1.4.2 Interactions between angled solitons 

Collisions between solitons leads to several phenomena such as attraction,  fusion, 

interlacing, bending, birth, annihilation and spiraling.24,25,163,164 Coherent collisions, 

similar to observations with collinear beams, depends on the relative phase of the beams 

and can lead to attraction of in-phase beams and repulsion of out-of-phase beams. 

Incoherent collisions lead to attraction between beams under the same circumstances. 

When a collision between 2 incoherent beams occurs at a low angle, the beams tend to 

merge or fuse into a single beam, similar to what occurs with co-parallel beams (Figure 1-
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17 A).50 As this angle is increased, the beams can pass through one another if the beams 

are perfectly symmetric. These collisions tend to be studied as particle-like interactions; 

the symmetry of two beams colliding allows them to maintain their trajectories because 

momentum is conserved. Once this symmetry is broken by increasing the intensity of one 

of the beams, the collision results in light being guided along the trajectory of the more 

intense beam (Figure 1-17 B).165  

 

 

Figure 1-17 Interactions between beams that are angled towards one another with the 
same intensity (A) and different intensities (B) in photopolymer samples. (C) Interactions 
between beams in liquid crystals launched away from one another can interlace from an 
attractive interaction. (A) Reprinted (adapted) with permission from Shoji, S.; Kawata, S. 
Optically-Induced Growth of Fiber Patterns into a Photopolymerizable Resin. Appl. Phys. 
Lett. 1999, 75, 737–739. Copyright 1999 AIP Publishing.50 (B) Reprinted with permission 
from ref 165, The Optical Society. (C) Reprinted with permission from ref 166, The 
Optical Society.  

 
When two beams merge in a liquid crystal material, it is possible to observe an 

interlacing effect that occurs due to regions of higher refractive index (Figure 1-17 C).166 

A similar phenomenon can be observed in photopolymers, as will be discussed further in 
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Chapter 4. Collisions have also been used to modulate a passive signal beam with a 

control beam that elicits a response in a photorefractive crystal.26,167 The collision causes 

a shift to the control beam that registers on the photodetector.  

When using multiple angles, it is possible to achieve birth and annhilation of 

solitons. The collision of two solitons can give rise to a third soliton (birth).164 When the 

angles and intensities of three incident beams are carefully selected, it is possible to 

collide three solitons to convert them into two through the annhilation of one of the 

solitons.163 This reverse process is often difficult and can result in incomplete 

annhiliation.      

When the collision between two solitons occurs out-of-plane, one of the most 

interesting effects is orbiting or spiraling of the beams.80,168–171 Although each self-

trapped beam alone possesses no angular momentum, the out-of-plane collision of a 

system of two beams can result in the rotation of the beams around one another (Figure 1-

18). The criteria for this effect are dependent on many parameters such as their proximity 

to one another, their angular separation and the nonlinear mechanism of the material. 

Chapter 5 of this thesis explores the orbiting of two self-trapped beams within two 

different photochemical systems.  
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Figure 1-18 3D-Spiraling from an out-of-plane collision between self-trapped beams in a 
photorefractive crystal results in input beams (a) rotating as they propagate through the 
sample: (b) 6.5 mm and (c) 13 mm..170 Reprinted figure with permission from [Shih, M.; 
Segev, M.; Salamo, G. Phys. Rev. Lett. 1997, 78, 2551–2554.] Copyright 1997 by the 
American Physical Society. 

 

1.4.3 Interactions between nonlocal solitons  

Two solitons can interact far apart within a medium when the nonlinearity is 

nonlocal.80,166,172 Some systems that can exhibit nonlocal nonlinearities include thermal 

glasses80 and liquid crystals.166 In thermal glasses, the nonlocal nature of the nonlinearity 

is mediated by the thermal diffusion of heat that is photogenerated in the medium. The 

heat extends outside of the optical field, thereby influencing the refractive index outside 

of the optical field and allowing two beams to interact at far distances relative to one 

another (Figure 1-19, left).80 Spiraling has also been observed in this system with well-

separated beams and interactions have also been demonstrated in two separate materials 

connected by thermally conductive wire. 
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Figure 1-19 Nonlocal attraction in a photothermal glass (left) and in a liquid crystal 
sample with increasing intensity from top to bottom (right). 80,166 (left) Reprinted by 
permission from Rotschild, C.; Alfassi, B.; Cohen, O.; Segev, M. Long-Range 
Interactions between Optical Solitons. Nature Physics. 2006, 2, 769–774. Copyright 2006 
Springer Nature.80 (right) Reprinted with permission from ref 166, The Optical Society. 

 
In liquid crystal materials, the change in orientation of the liquid crystals from the 

optical field causes the neighbouring liquid crystals to rotate as well – this torque extends 

beyond the optical field and can influence the refractive index in those areas.166 One 

example of this occurs when two beams that are directed away from one another begin to 

attract one another across distances much greater than the beam width (Figure 1-19, 

right).166 As the intensity of each beam is increased, the refractive index change increases 

causing a greater attraction to occur between the beams.  

Within this thesis, multiple types of interactions are observed between self-

trapped beams including the (i) attraction between beams, (ii) merging of beams into a 

single waveguide, (iii) nonlocal attraction between beams, (iv) orbiting of beams, (v) 

swapping of beam positions, and (vi) inhibition of the self-trapping of a neighbouring 

beam – each of these observations reveals a new aspect to these interactions within 

photochemical systems.  
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1.5 Applications of photopolymers  

Nonlinear light propagation in photopolymers offers the ability to fabricate 

permanent, self-inscribed functional structures in materials. One consequence of using 

nonlinear waves of light to inscribe structures within polymers is that the resulting 

polymer structures will also possesses light-guiding properties. This method has been 

harnessed to create three-dimensional microstructured materials.28,117,173–176 The self-

inscription of macroscopic structures has also been achieved and used as a fast method of 

3D printing.28,177 Photopolymers have also been used in holography and data storage, 

recording information in the form of patterns within the photopolymer.29,178 The ability to 

impart other functionalities to polymers allows us to make these light-guiding structures 

that are responsive to other stimuli such as heat,179 pH180 and electric fields.181 Using 

these stimuli, it would be possible to modulate passive devices of different geometries 

after they have been printed. 

1.5.1 Fabrication of three-dimensional microstructures and integrated optics 

Optical self-trapping within photopolymers can lead to individual self-written 

waveguides that can be incorporated into devices for polymer-based optics.182–189 One 

commonly discussed element is the optical interconnect or optical solder.160,190–194 Optical 

interconnects can be used to connect two optical waveguides by submerging the two 

waveguides into a polymer resin until the two fibers are connected (Figure 1-20 A). Two 

slightly misaligned waveguides can still merge and connect within a certain tolerance.  
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Figure 1-20 Optical self-inscribed waveguide devices including (A) an optical 
interconnect bridging two optical fibers, (B) a tipped fiber and (C) a visible wavelength 
multiplexing module. (A) Ó [2003] IEEE. Reprinted, with permission, from Sugihara, O.; 
Tsuchie, H.; Endo, H.; Okamoto, N.; Yamashita, T.; Kagami, M.; Kaino, T. Light-
Induced Self-Written Polymeric Optical Waveguides for Single-Mode Propagation and 
for Optical Interconnections. IEEE Photonics Technol. Lett. 2004, 16, 804–806.195 (B) 
Reprinted with permission from ref 196, The Optical Society. (C) Reprinted with 
permission from ref 197, The Optical Society. 

 
Self-written waveguides with luminescent174 and photochromic dyes198 have been 

fabricated as well. Controlled growth of a self-written fiber can form different polymer 

fiber tips (Figure 1-20 B) that can be used to control the optical profile, including 

potential applications as microlenses.196 A visible light multiplexing module was 

fabricated using self-written waveguides and allowed the transmission of green light and 

reflection of red light (Figure 1-20 C). This was achieved by incorporating a filter into the 

photopolymerizing resin prior to the self-writing process. This module could be 

incorporated within an optical circuit to divert particular wavelengths of light.197  

Larger three-dimensional structures can also be created through the simultaneous 

generation of large populations of self-trapped beams, using masks to create several self-

trapped filaments at once.45,46,175,176,199–204 This process has also been demonstrated using 

the breakup of a beam due to modulation instability and relying on the noise of the system 

to generate self-trapped filaments.27,51,65 Photolithographic techniques have been used to 
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create micropillar arrays199–202 and conic structures.175 Lattice structures such as micro-

trusses45,46,203, radial arrays204 and other intersecting arrays176 have been built using 

nonlinear waves. The application of nonlinear waves has also extended into polymer 

blends, taking advantage of the photo-induced polymerization in the presence of inactive 

polymers to instigate phase separation.205–207  

Materials that are composed of large arrays of self-trapped filaments have been 

shown to enhance light collection, carry out lens-like operations and have large fields of 

view.176,204 These waveguide-encoded lattices (WELs) contain different orientations of 

waveguides throughout the material, including five separate angled arrays of intersecting 

waveguides (Figure 1-21 A)176 and WELs with a radial distribution of waveguides. 

(Figure 1-21 B).204  

The physical properties of these self-written structures have also been modified. 

Micro-truss structures have been made flexible by selecting an appropriate photopolymer 

(Figure 1-21 C).45,46,203 Compression tests were conducted on several of these micro-truss 

structures to optimize strength and stability, and their buckling behaviour has 

demonstrated a resistance to external stresses, making them ideal candidates for 

applications such as heat exchangers208, metallic microlattices209 and sacrificial 

templates.210  
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Figure 1-21 (A) Waveguide-encoded lattice (WEL) with 5 intersecting arrays of self-
trapped filaments, each possessing its own angular acceptance range and a large 
cumulative field of view (B) WEL with a radial distribution of waveguides capable of 
lens-like operations and a continuous field of view (C) Micro-truss lattice composed of 
self-propagating waveguides with improved buckling behaviour. Reprinted with 
permission from (A) ref 176, (B) ref 204, and (C) ref 45, John Wiley and Sons. 

 
 Permanently inscribed self-written waveguides have an angular acceptance range 

that depends on the refractive index contrast between the core and the cladding 

(eq 1.8).154 

𝜃u < arcsin	(}𝑛~���% − 𝑛~��O%                                              (1.8) 

Light contained within waveguides can be shared between adjacent waveguides 

depending on the distribution of refractive index. Waveguides can also be characterized 

by the modes that they can support. The majority of examples presented in this thesis 

focus on the TEM00 mode, but as the refractive index difference increases between a self-

written waveguide and the background index, higher order modes can become supported. 

Small waveguides can be used to contain a single mode – the fundamental211 – whereas 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 38 

larger waveguides become multimodal. The modes within an optical fiber depend on the 

core size (a) and the refractive index contrast (eq 1.9).212 

𝑉 = 	 %H
I
𝑎}𝑛~���% − 𝑛~��O%                                                       (1.9) 

When the V-number <2.405, only the fundamental mode can exist within the fiber, 

where k0 is the wavenumber, a is the core radius and l is the wavelength of interest. 212 

Single mode self-trapped Gaussian beams can become multimodal as thickening of the 

waveguide core occurs over time. Saravanamuttu et al. created self-induced waveguides 

in a hybrid glass213 and demonstrated that when the refractive index of the self-induced 

waveguide increases sufficiently, higher-order modes can be hosted and cause periodic 

intensity variations in the waveguide.20 Waveguides and waveguide-encoded lattice 

structures offer many possibilities for passively manipulating light. 

1.5.2 3D printing 

Nonlinear waves can be extended to create macroscopic objects using 3D printing. 

3D printing is a method of creating 3D materials by converting volumetric information on 

a computer to a physical three-dimensional object. A layer-by-layer method is often 

employed; some of these include inkjet printing, fused deposition modeling, selective 

laser sintering, and stereolithography.214 The process of stereolithography also uses 

photopolymerization to spatially control the solidification of a monomer and 

photoinitiator mixture.215 Light is projected onto a resin bath to create the first layer that 

adheres to the bottom of a stage (Figure 1-22A). The stage is then translated vertically, 

and the next layer is created in the same manner. This process is then repeated until the 

full object has been printed.  
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Figure 1-22 (A) Setup of a standard stereolithographic 3D printer and (B) setup of a 
continuous liquid interface production (CLIP) printer that utilizes an oxygen permeable 
window to allow for continuous printing. (A) Reprinted with permission from Liska, R. et 
al. Photopolymers for Rapid Prototyping. J. Coatings Technol. Res. 2007, 4, 505–510. 
Copyright 2007 Springer Nature.215 (B) Reprinted with permission from  ref 216, The 
American Association for the Advancement of Science. 

  
There have been recent advances that move away from the layer-by-layer method of 

printing to methods that are continuous, allowing for seamless objects to be fabricated. 

One such technique is 3D NSCRIPT, a method for creating micro- and macroscopic 

dielectric and metallodielectric polymer structures with seamless depths using nonlinear 

waves of blue light.177 This technique exploits the self-trapping of light during epoxide 

photopolymerization to inscribe 3D structures. It was also shown that the simultaneous 

reduction of gold salts could be carried out during photopolymerization, resulting in the 

formation of gold nanoparticles in the final structures. A working da Vinci catapult was 

printed using this method, which employs amplitude masks to selectively irradiate regions 

of the photopolymer sample – the pattern that is exposed to light propagates through the 

medium to inscribe the target structures. Some of the limitations of this technique are 
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described in Chapter 6, where we describe the geometric features that are required when 

implementing nonlinear waves for printing. 

In Continuous Liquid Interface Production (CLIP), UV images are projected 

under the resin bath onto an oxygen-permeable window placed at the bottom of the bath, 

thus creating a dead zone in which no polymerization takes place (Figure 1-22 B)216. The 

printing process starts above the dead zone and as it proceeds, the object is pushed out of 

the resin bath, leaving a space that is occupied by new resin. This process is significantly 

faster (500 mm/hour) than conventional stereolithography (a few millimeters/hour) since 

the layers are continuously produced. 

Spadaccini et al. developed two techniques that can fabricate 3D objects without a 

layer-by-layer process; one approach involves the formation of a hologram within the 

resin and the other involves launching images into the resin while it rotates. The 

holographic 3D approach uses patterned optical fields from a green laser and launches 

them orthogonally into a photopolymer resin bath, creating objects in a pure 3D unit 

operation.13 This technique creates non-periodic objects with a high complexity in a time 

scale of seconds, but it requires lasers and sophisticated optical equipment to implement. 

The second approach – computed axial lithography (CAL) – is a technique where light 

patterns are launched from a DLP (Digital Light Processing) projector into a photoresin 

on a rotating stage217,218. As the stage rotates, the light patterns are changed based on 

computed images, creating objects with a constant cross-section in z (Figure 1-23).14 
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Figure 1-23 Computed axial lithography (CAL) setup uses multiple images from a DLP 
projector launched at a rotating sample to create 3D objects. Reprinted with permission 
from  ref 219, The American Association for the Advancement of Science. 

 
The resolution of light-based 3D printing techniques have been improved by using 

photoinhibitors,142,143 two-photon photoinitators,137,214 and photochromic dyes.220,221 Use 

of photochromic dyes or large amounts of photoinitiator have also led to formation of 

conical structures.220,221 Many of the tools for modifying photopolymers were discussed 

in Section 1.3; these additives and polymer properties can be controlled to enable faster 

printing speeds, better resolutions and more functionalities of the final printed structures. 

  

1.6 Summary 

A variety of self-action effects and beam interactions are possible in nonlinear media. 

The dynamics of these phenomena depend strongly on the type of nonlinearity and the 

underlying mechanism. Although self-trapping and other nonlinear effects have been 

studied in photopolymers, less research has occurred on self-trapping in other 

photochemical materials. 

In this thesis, we demonstrate (i) the ability to develop new photochemical systems 

capable of hosting nonlinear waves, (ii) the capacity of these nonlinear waves to interact 
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with one another when they are launched into these systems, and (iii) the capability of 

harnessing these nonlinear waves to 3D print seamless prismatic elements. 

Chapters 2 and 3 describe two such photochemical systems that are capable of 

generating self-trapped beams. The interactions of these self-trapped beams are described 

in Chapters 3, 4 and 5 and demonstrate the ability to merge, spiral or even cause 

inhibition of self-trapping for its co-parallel propagating partner.  Chapter 6 describes 

how a 3D object can be broken down into prismatic elements that can be subsequently 

printed using nonlinear waves in a photopolymer.  

This thesis expands on the previous self-trapping knowledge in photochemical 

systems in a significant way and will hopefully inspire further advancements of coupling 

light-induced waves with chemistry. Chapter 7 also contains select additional 

experimental data that may inspire future projects, including work on electroactive 

polymer waveguides that can be used to bend light with application of electric fields. 

1.7 Published contributions to the field of nonlinear light propagation in polymers 

Contributions to the field of nonlinear light propagation in polymers within this thesis 

includes studies into new photochemical polymer-based materials, investigations into 

interactions between self-trapped beams using these systems and the use of propagating 

photochemical waves to 3D printing.  

The thesis consists of 5 articles which have been accepted or submitted to scientific 

journals and 2 reviews with select information included within the introduction. 
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Articles: 

(1) Morim, D. R.; Vargas-Baca, I. Saravanamuttu, K. Reversibly Trapping Visible 
Laser Light through the Catalytic Photo-oxidation of I- by Ru(bpy)32+. J. Phys. 
Chem. Lett. 2016, 7, 1585-1589. 

(2) Morim, D. R.; Meeks, A.; Shastri, A.; Tran, A. Shneidman, A. V.; Mahmood, F. 
Aizenberg, J.; Saravanamuttu, K. Opto-chemo-mechanical transduction in 
photoresponsive gels: switchable self-trapped beams and their remote interactions. 
Submitted 2019. 

(3) Morim, D. R.; Shastri, A.; Aizenberg, J.; Vargas-Baca, I.; Saravanamuttu, K. 
Interactions Between Collinear Photochemically-Formed Self-Trapped Beams. In 
Preparation. 

(4) Morim, D. R.; Bevern, D.; Vargas-Baca, I.; Saravanamuttu, K. 3D Spiraling Self-
Trapped Light Beams in Polymers. Submitted 2019. 

(5) Cortes, O. A. H.; Morim, D. R.; Colin, D.; Martinez Hernandez, E. A.; Arora, R.; 
Saravanamuttu, K. Prismatic 3D Printing: Rapid Photopolymerization of Seamless 
Elements and Construction of 3D Objects. In Preparation. 

 
Reviews: 

(1) Biria, S.; Morim, D. R.; Tsao, F. A.; Saravanamuttu, K.; Hosein, I. D. Coupling 
nonlinear optical waves to photoreactive and phase-separating soft matter: Current 
status and perspectives. Chaos 2017, 27, 104611. 

(2) Morim, D. R.; Tsao, F. A.; Hosein, I. D.; Saravanamuttu, K. 3-D Printing 
Functional Polymer Architectures with Nonlinear Waves of Light: Progress and 
Opportunities. In Preparation. 
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2 Reversibly trapping visible laser light through the catalytic 

photo-oxidation of I- by Ru(bpy)32+  †  

2.1 Abstract 

A Gaussian, visible laser beam travelling in a hydrogel doped with NaI and 

Ru(bpy)3Cl2 spontaneously transforms into a localized, self-trapped beam, which 

propagates without diverging through the medium. The catalytic, laser-light induced 

oxidation of I- by [Ru(bpy)3]2+ generates I3- species, which creates a refractive index 

increase along the beam path. The result is a cylindrical waveguide, which traps the optical 

field as bound modes and suppresses natural diffraction. When the beam is switched off, 

Grotthuss-type diffusion of I3- erases the waveguide within minutes and the system reverts 

to its original composition, enabling regeneration of the self-trapped beam. Our findings 

demonstrate reversible self-trapping for the first time in a precisely controllable, molecular-

level photoreaction and could open routes to circuitry-free photonics devices powered by 

the interactions of switchable self-trapped beams. 

 

 

                                                
* Reprinted (adapted) with permission from Morim, D. R.; Vargas-Baca, I.; 
Saravanamuttu, K. Reversibly Trapping Visible Laser Light through the Catalytic Photo-
oxidation of I- by Ru(bpy)32+. J. Phys. Chem. Lett. 2016, 7, 1585-1589. 
Copyright 2016 American Chemical Society. Contribution: Morim was responsible for all 
experimental work. All co-authors were involved in analysis and writing of the 
manuscript. 
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2.2 Manuscript 

The overarching goals of photonics research are to gain precise 3-D control over the 

propagation of light beams, manipulate and manage their diffraction and spatially confine 

and concentrate optical fields within microstructures. Spatially self-trapped bright beams 

or solitons, which are generated under nonlinear conditions, propagate over long 

distances (>> Rayleigh range) without suffering divergence, thus preserving their spatial 

intensity profiles.1, 2 They form the basis of the light-guiding-light concept,3 which is a 

powerful vision of circuitry-free, switchable, interconnected and multi-layered photonics 

systems driven entirely by the solitonic interactions of spatially self-trapped beams; such 

reconfigurable systems require self-trapped beams to be reversibly and rapidly generated 

in the medium. Although studied in several systems with reversible optical nonlinearities 

including liquid crystals4, photorefractive crystals5 and Kerr media6, there have, to our 

knowledge, been no systematic studies of the reversible generation – the switching on and 

off - of self-trapped beams. 

Self-trapped beams are mathematically described by: 

𝑖𝑘0𝑛0
�2
�3
+ 4

%
∇$%𝜀 +

7
%
𝑘0%𝑛0Δ𝑛𝜀 +

7
%
𝑘0𝑛0𝛼𝜀 = 0                        (2.1) 

where e is the electric field amplitude and k0, the free-space wavenumber of the optical 

field and a is the attenuation coefficient of the medium.7 Eq 2.1 shows that self-trapping 

occurs when the natural diffraction of the beam (∇$%)	is countered by the beam-induced 

change in refractive index (Dn). Here we show that self-trapped laser beams can be 

reversibly generated during the laser-induced oxidation of I- by Ru(bpy)32+, which due to 
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its catalytic nature produces a Dn that can be deliberately erased by switching off the 

optical field: 

[Ru(bpy)3]2+              [Ru(bpy)3]2+*                       (2.2) 

[Ru(bpy)3]2+* + I–          [Ru(bpy)3]+ + I•                (2.3) 

I• + I-               I2•-                                                    (2.4) 

I2•- + I2•-                I–   +    I3–                                   (2.5) 

I2•- + [Ru(bpy)3]+             [Ru(bpy)3]2+  + 2I-    (2.6) 

Tris(bipyridine)ruthenium(II) absorbs light in the blue-green region (lmax of 460 nm), 

exciting a metal-to-ligand charge transfer (MLCT) that results in a triplet species (eq 2.2), 

which depending on its environment, reacts by accepting or donating an electron, or 

relaxes to the ground state by releasing light or heat.8,9,10 In the presence of iodide, the 

triplet accepts an electron and generates an iodide radical (eq 2.3), which reacts with 

excess iodide to form other species including triiodide (eqs 2.4, 2.5) or recombines to 

regenerate Ru(bpy)3Cl2 (eq 2.6). The photocatalytic reaction sequence11,12,13,14 in eqs 2.2-

2.6 has been elegantly exploited to design solar cells where a photo-excited ruthenium 

dye transfers an electron into the conduction band of titanium dioxide.15 The oxidized dye 

is reduced by iodide, leading to diiodide radicals, which disproportionate into iodide and 

triiodide (eqs 2.4-2.5). 

We reason that the same visible-light induced catalytic sequence in eqs 2.2-2.6 

produces the intensity-dependent, spatially localized and positive change in refractive 

index (Δn) required for optical self-trapping. Specifically, Dn originates from photo-

hv 
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generated I3- (eqs 2.4-2.5), which can be expected to be significantly more polarizable, 

and based on the Lorentz-Lorenz relationship, contributes to a larger n relative to its 

precursors16. The magnitude of Δn within a given volume in a specific time period is 

proportional to the quantum yield of I2 and I3- and thereby determined by optical field 

intensity (photons per unit area per unit time). To suppress rapid diffusion of 

photoproducts and ensure that Δn is spatially localized, the reaction is hosted in a 

hydrogel (Pluronic® F-127) consisting of polyethylene and polypropylene oxide triblock 

copolymer micelles17,18. Above the lower critical solution temperature (» 10°C), 

dehydration of poly(propylene oxide) segments together with the interleaving of 

poly(ethylene oxide) segments triggers gelation.19,20 In this diffusion-limited system, I3- 

(and Δn) accumulates strictly along the propagation path of a continuous wave, laser 

beam. Because of its intensity-dependence, the spatial profile of Δn mirrors the Gaussian 

beam shape - maximizing and then decaying with radial symmetry about the most-

intense, axial region; the resulting lens-like Δn profile is a key prerequisite of self-

trapping.21,22 Importantly, once the laser is switched off, photoproducts diffuse away, 

restoring the original profile of the medium along the beam path and erasing all traces of 

self-trapping. 

In a typical experiment, we launched a continuous wave, visible laser beam (l = 532 

nm) into an optically transparent sample cell containing the hydrogel doped with 

Ru(bpy)3Cl2 (1.3 mM) and NaI (0.2 M) (Supplementary 2.4.1). At the sample entrance 

face, the beam had a width of 20 µm (1/e2) and intensity of 8 W cm-2. In the hydrogel 

without the photocatalyst (i.e., under linear conditions), the beam diverged from its focal 
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width of 20 µm at the sample entrance face to 120 µm (0.015°) at the exit face 

(pathlength = 6.0 mm), exactly the same as the theoretical divergence in this system. 

Results collected in Figure 2-1 show that the beam’s natural divergence was strongly 

suppressed in hydrogels containing Ru(bpy)3Cl2 and NaI. Temporal variations in the 

spatial intensity profile of the beam, at the sample exit face, reveal that within the first 45 

s, the beam undergoes a four-fold decrease in width (1/e2) from 120 µm to 30 µm with a 

complementary increase in relative intensity from 10% to 70% (Figure 2-1a); select 2-D 

and 3-D profiles trace the striking, rapid transformation (Figure 2-1b-i). The results 

confirmed that the beam self-traps and propagates through the medium with minimal 

divergence. By contrast, the beam remained diverged and diffuse in a control experiment 

carried out in a hydrogel sample without Ru(bpy)3Cl2 and NaI, confirming that Δn 

required for self-trapping originated from reactions in eqs 2.2-2.6 (Figure 2-16). 

The apparent decrease in intensity and slight increase in effective beam width 

observed after t = 45 s (Figure 2-1a) signifies the excitation of high order optical modes 

of the self-trapped beam (Figure 2-1f-i). 
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Figure 2-1 (a) Temporal evolution of peak intensity and beam diameter of 532 nm, cw 
laser beam (8.0 W cm-2) propagating through a Pluronic® F-127 gel containing 1.3 mM 
Ru(bpy)3Cl2 and 0.2 M NaI. 2-D, 3-D Spatial intensity profiles at (b) 3 s, (c) 12 s, (d) 28 s, 
(e) 45 s, (f) 58 s, (g) 70 s, (h) 80 s, and (i) 96 s are included with colour intensity scales. 
(Also see Movie_S1). 

The self-trapped beam propagates in a region of enhanced index – a narrow 

cylindrical region defined by an increased concentration of I3- (eqs 2.4-2.5) – that is in 

fact a cylindrical waveguide. Initially, the beam propagates as the fundamental waveguide 

mode but as the concentration of photoproducts (and Δn) increases further, high order 

modes are excited: the approximately Gaussian profile of the fundamental mode (LP00) 

c b 

!"

#!"

$!"

%!"

&!"

'!!"

'#!"

'$!"

!"

'!"

#!"

(!"

$!"

)!"

%!"

*!"

&!"

!" #!" $!" %!" &!"

!
"
#
$%
&
#
'(
#
)
*
'+
,)
*
#
-#
.'
'/
0
1#

2
34
5
*
6'

7
#
8)
%
&
#
'9
#
)
:
';
<
-#
<
=,
->
'/
?
3'

@,*#'/=3'

d e f g h i a 
Diameter 
Intensity 

100 µm 

b 

c 

d 

  0% 

23% 

  0% 

23% 

  0% 

66% 

e 

  0% 

100% 

g 

h 

i 

  0% 

47% 

  0% 

47% 

  0% 

47% 

f 

  0% 

47% 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 65 

(Figure 2-1d, e) transforms into the anisotropic profiles characteristic of LP11 (Figure 2-

1f) and LP01+LP00 (Figure 2-1g-i) modes of cylindrical waveguides.23 

We confirmed laser-induced generation of I3- by acquiring a UV-Vis absorbance 

spectrum of a hydrogel doped with NaI and Ru(bpy)3Cl2, which had been exhaustively 

irradiated with 532 nm laser light (20 mW, 10 h). Comparison with a non-irradiated 

sample showed the emergence of absorbance bands attributed to I3- (Figure 2-2a: A = 290 

nm, B = 360 nm)12,13,14 and decrease in absorbance bands attributed to the metal-to-ligand 

charge transfer transition of Ru(bpy)32+ (Figure 2-2a: C = 455 nm). 

 

Figure 2-2 (a) Absorbance spectra of a gel with Ru(bpy)3Cl2 and NaI before and after 
irradiation (20 mW, 10 h). (b) Evolution of beam diameter during self-trapping at different 
incident intensities; minimum diameters are indicated.  
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The dynamics of self-trapping can be tuned through the rate of formation of I3-, 

which in turn is determined by the concentration of reactants and optical intensity. We 

first examined the intensity-dependence of self-trapping in hydrogels containing the 

greatest amount of precursors (1.3 mM Ru(bpy)3Cl2, 0.2 M NaI). In this system, self-

trapping was not elicited at intensities < 3.2 W cm-2 because a sufficiently large 

population of I3- (and Δn) could not be generated. At 3.2 W cm-2, the beam self-trapped 

to a minimum width of ~70 µm (Figure 2-2b) over a period of 100 s. With increasing 

intensity and corresponding rise in the rate and magnitude of laser-induced Δn, the rate of 

self-trapping increased significantly. For e.g. a minimum self-trapped beam width of 33 

µm was achieved at 45 s at 8.0 Wcm-2 while a width of 44 µm was achieved within only 

25 s at 32 W cm-2 (Figure 2-2b; Section 2.4.2) Prolonged, high-intensity irradiation also 

caused photodecomposition of Ru(bpy)3Cl2; depletion of the MLCT absorbance band 

(Figure 2-3a) indicated > 50% of the photocatalyst decomposed when irradiated for 3 h at 

6 kW cm-2. Self-trapping in systems containing smaller concentrations of NaI (<0.02 M) 

or Ru(bpy)3Cl2 (0.1 mM) could not be achieved at any of the previously employed 

intensities. In these cases, the concentration of photogenerated I3- was not large enough to 

induce the required Δn. Even greater concentrations of NaI (0.4 M) suppressed gelation of 

the hydrogel and could not be employed.24 

Self-trapping and waveguide-inscription in the Ru(II) system is reversible. Figure 2-

3a traces the beam diameter during the switching on-off-on sequence of a self-trapped 

beam. After initial self-trapping, which occurs during the first two minutes, the beam is 
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switched off. When the same beam, now at a low-intensity incapable of inducing Δn, was 

launched into the system, it reverts to its diverged form after 30 min. This off or “dark” 

period corresponds to the erasure or relaxation of the waveguide inscribed by the self-

trapped beam. Once the beam intensity was switched back “on”, the self-trapped beam 

(with minimum diameter = 30 µm) is regenerated within 2 min. The mechanism 

underlying reversibility is illustrated in Figure 2-3b; once the optical field is removed, I3- 

species that populated the beam path and formed the cylindrical waveguide diffuse away. 

This mass transport occurs through the Grotthuss-type exchange equilibria25,26:  

I-  +  I2     I3-                            (2.8) 

I-  +  [I-I-I] -    [I-I-I] -  +  I-          (2.9) 

Re-equilibration of the system ranges from 30 min to 8 h and was related to the 

concentration of photogenerated I3-; greater intensities and longer irradiation times result 

in longer relaxation times. To confirm this transport mechanism, a drop of a concentrated 

solution of NaI and I2 was injected into hydrogels with and without NaI distributed 

throughout the sample. In the latter, the injected droplet remained fixed in the medium 

while in the former, the droplet diffused throughout the gel over the course of 1 h and 

appeared homogeneously distributed.  
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Figure 2-3 (a) Reversible self-trapping demonstrated through changes in the beam diameter 
during the presence (light) and after the absence (dark) of the optical field. (b) Scheme of 
triiodide diffusion away from the original propagation path of the beam. 

We observed a significantly slower, irreversible form of self-trapping in hydrogels 

containing Ru(bpy)3Cl2 alone (i.e. in the absence of NaI); self-induced waveguides were 

permanently inscribed in this system, persisting under dark conditions for > 24 h (Section 

2.4.3). Self-trapping occurred over timescales at two orders of magnitude greater than and 

at intensities, at least an order of magnitude greater compared to systems with NaI, 

implying that a much smaller Dn governed this secondary process; for e.g. self-trapping 

occurred in 4000 s (159 W cm-2) versus the 45 s (at only 8 W cm-2) in samples with NaI. 

Detailed control experiments (Section 2.4.3) suggest that Dn originates from crosslinking 

of the Pluronic® F-127 hydrogel due to photogenerated singlet oxygen. In the presence of 
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NaI however, secondary self-trapping is negligible and self-trapped beams formed quickly 

and reversibly. 

In summary, we demonstrated the reversible generation of multimoded self-trapped 

beams of c. w., visible laser light in a hydrogel. Self-trapping originates from I3- species 

and corresponding Δn generated along the beam propagation path due to photocatalytic 

oxidation of NaI by Ru(bpy)Cl2. By exploiting Grotthuss-type diffusion of I3- in the 

absence of the optical field, self-trapped beams could be switched on and off at timescales 

of 2000 s at typical intensities of 8 W cm-2. Moreover, by controlling reaction kinetics 

through reagent concentration and/or optical intensity, it is possible to control self-trapping 

dynamics.  

These findings highlight the significant potential of reversible photochemical reactions 

in eliciting and precisely controlling reversible self-trapped beams. Although in the past 

half-century, self-trapped beams have predominantly been studied in systems where Δn 

originates from photophysical mechanisms (e.g. Kerr media, photorefractive and liquid 

crystals), the reversibility of these processes has not been examined in detail. Furthermore, 

photophysical systems such as Kerr media, while possessing fast, reversible responses (ns 

to ps), require extremely high intensities (GW cm-2) to generate the necessary Δn6 and 

moreover only support self-trapped beams within planar waveguides (and not bulk media). 

Liquid crystals and photorefractive crystals, while hosting self-trapped beams in the bulk, 

typically require electric fields, which can complicate experimental set-ups.4, 5  
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2.4 Supporting information 

2.4.1 Experimental methods 

2.4.1.1 Materials 

Methyl orange (Fisher Scientific Co.), fluorescein sodium salt (Aldrich), rhodamine 

B (Aldrich), methyl violet (Aldrich), tris(bipyridine)ruthenium(II) chloride hexahydrate 

(Strem Chemicals Inc.), Pluronic® F-127 polymer (Sigma-Aldrich), methyl viologen 

dichloride hydrate (Aldrich), and tetramethylorthosilicate (Aldrich) used without further 

purification. Furfuryl alcohol (Aldrich) was distilled under reduced pressure. 

2.4.1.2 Preparation of Pluronic® F-127 gels for optical self-trapping  

Gels were made by preparing a 25 wt. by wt.% solution of Pluronic® F-127 polymer 

below its lower critical solution temperature (LCST) by dissolving the polymer with a 

glass rod in deionized H2O (Milli-Q®, 18.2 MWcm) surrounded by an ice bath. 

Equilibration to room temperature results in the formation of a gel due to the dehydration 

of the PPO segments of the triblock copolymer.  

Doped gels were prepared by substituting deionized water with an aqueous solution 

of the desired dopant(s) in deionized water. Different concentrations were utilized, but 

optimal self-trapping was achieved for 1.3 mM Ru(bpy)3Cl2 and 0.2 M NaI. Samples 
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without iodide contained 80 µM tris(bipyridine)ruthenium(II) chloride hexahydrate.  

Samples for optical experiments were prepared by transferring the solutions below 

their LCST into cylindrical cells (diameter = 12 mm, pathlength = 6 mm) with optically 

flat, transparent windows.  

2.4.1.3 Optical assembly 

Self-trapping experiments were carried out on an optical assembly adapted from 

previous studies.21 The excitation source was the TEM00 mode (Gaussian beam, M2 < 

1.1) of c,w. visible (532 nm) light emitted by a diode-pumped solid-state laser (Verdi V2, 

Coherent, Inc., California, USA). The output beam, which had a diameter 2.25 mm and 

power of 500 mW, was passed through a l/2 waveplate, polarizing beam splitter cube and 

neutral density filter. The l/2 waveplate orientation was adjusted to obtain the required 

intensity and the attenuated beam was guided by a pair of 45° elliptical mirrors onto a 

planoconvex lens [focal length = 75.6 mm], which focused the beam to a diameter of 20 

µm onto the entrance window of the sample cell containing the sample.  

The spatial intensity profile of the beam at the exit face of the cell was imaged by a 

pair of planoconvex lenses (f. l. = 75.6 mm and f. l. = 300.0 mm) onto a high-resolution 

charge-coupled device (CCD) camera [736 horizontal × 484 vertical pixels; pixel size = 

4.80 µm horizontal × 5.58 µm vertical; LaserCam IIID 1⁄400, Coherent, Inc., California, 

USA]. Combinations of neutral density filters (F) mounted on three separate rotatable 

wheels (VARM, Coherent, Inc.) were placed between imaging lenses to prevent 

saturation of the CCD camera. All imaging optical components could be translated along 

the z direction with a resolution of 0.25 mm. Images were collected every second for the 
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first 256 s and then every 20 s afterwards. The camera used BeamView Analyzer 

software (Version 3.2), which calculates beam diameter (1⁄e2) and relative peak intensity, 

generates two-dimensional (2D) and three-dimensional (3D) intensity profiles and 

corrects for image magnification by the lenses (×4.0). The effective beam diameter 

corresponds to the circular area of all pixels with relative intensity > 13.5% (1/e2) of the 

maximum (peak) intensity. The relative peak intensity is the ratio between the greatest 

intensity on one or more pixels in an image and the saturation intensity of the camera.  

Intensities ranging from 6.4 W cm-2 to 318.0 W cm-2 were employed for experiments 

of self-trapping. For experiments probing the reversibility of self-trapping in samples 

without NaI, the laser beam was blocked after self-trapping had begun and then 

unblocked after a specific amount of time had lapsed. For samples containing NaI, the 

beam intensity was decreased by 100-fold in order to passively monitor the beam size. 

Plots of spatial intensity profiles of the beam were generated with SigmaPlotTM 

software. 
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Figure 2-4 Optical assembly for self-trapping.21 

 

2.4.1.4 Instrumental techniques 

UV-Visible spectroscopy  

Absorbance spectra were acquired by a Cary 50 spectrophotometer (Agilent 

Technologies). Fluorescence measurements were carried out on a Cary 50 Eclipse 

spectrophotometer (Agilent Technologies).  

An aqueous solution and separately, a Pluronic® F-127 gel of 

tris(bipyridine)ruthenium(II) chloride with and without NaI was irradiated in a quartz 

cuvette for 10 h with a 532 nm (20 mW) beam. Absorbance spectra were acquired before 

and after irradiation to identify photoproducts and photodecomposition. Fluorescence 

spectroscopy was used for the Stern-Volmer study (Section 2.4.1.6). 

Differential scanning calorimetry was carried out on a Q20 Differential Scanning 

Calorimeter (TA Instruments). Measurements were made of the 25 wt. by wt.% 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 74 

Pluronic® F-127 gels with and without Ru(bpy)3Cl2; scans of each sample were acquired 

before and after irradiation (3 h, 532 nm, 40 mW cm-2). Samples were prepared and 

weighed in TzeroTM hermetic sample cells; an empty hermetic sample cell served as the 

reference. A heating/cooling rate of 0.2 °C min-1 was employed. 

2.4.1.5 Control experiments 

Pluronic® F-127 gels were prepared from solutions of tris(bipyridine)ruthenium (II) 

chloride (80 µM). A sample was made with a solution of 100 mM of methyl orange to 

determine if optical self-trapping originates through a thermal mechanism. 

Pluronic® F-127 gels doped with different luminescent chromophores, fluorescein 

sodium salt (400 µM), rhodamine B (400 µM), and methyl violet (5 mM), were prepared 

to probe whether luminescence and excitation to a triplet state is a requirement for self-

trapping.  

To determine the effect of singlet oxygen scavengers on the rate of self-trapping, 

furfuryl alcohol (0.17 M) was added to a gel containing 80 µM Ru(bpy)3Cl2.  

To probe the role of the Pluronic® F-127 gel matrix on self-trapping, samples were 

also prepared from a siloxane glass (0.54 M tetramethylorthosilicate; 12 µM Ru(bpy)3Cl2 

in water). 

2.4.1.6 Quenching studies with methyl viologen 

Aqueous solutions of tris(bipyridine)ruthenium(II) chloride (80 µM) and methyl 

viologen dichloride hydrate with concentrations ranging from 0 mM-12 mM were 

prepared and degassed with water-saturated Ar immediately prior to acquiring their 

fluorescence spectra. Stern-Volmer plots were prepared by plotting relative fluorescence 
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intensity against the concentration of methyl viologen quencher; the Stern-Volmer 

constant was obtained according to: 

  [S1] 

The above-mentioned solutions were converted to Pluronic® F-127 gels for studies of 

optical self-trapping; absorbance and fluorescence spectra of gels were also obtained. The 

concentration of methyl viologen in the gel was obtained by using the absorbance spectra. 

Because gel formation leads to a volume change, the modified concentration of methyl 

viologen was obtained through the absorbance spectra of the gels.  

Regression analysis for Stern-Volmer plots was carried out with StatPlus and was 

used to confirm that the Stern-Volmer constants obtained from self-trapping and 

fluorescence were statistically the same. 

2.4.2 Intensity-dependence of optical self-trapping 

Optical self-trapping with 25% Pluronic® F-127 gels containing 1.3 mM Ru(bpy)3Cl2 

and 0.2 M sodium iodide was studied at intensities ranging from 3.2 W cm-2 to 159 

W cm-2. Figures 2-5 to 2-9 summarize the temporal evolution of the beam intensity and 

diameter during self-trapping. Results show that the rate of self-trapping increases with 

incident intensity. However, at intensities > 159 W cm-2, the Gaussian beam transformed 

into a single ring (Figure 2-9); greater intensities excite large populations of I3- and 

rapidly generate a flat-top Δn profile (different from the gradient, lens-like profile 

required for self-trapping) across the beam. Modeling previously showed that this elicits 

the transformation of a Gaussian beam into a ring-like structure23. Upon prolonged 

€ 

I
0
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irradiation at intensities > 6 kW cm-2, large NaI3 crystallites (~100 µm) accumulate and 

scatter light along the beam path, disrupting the self-trapping process (Figure 2-10). It is 

possible that a small amount of Ru(bpy)2I2 can also be generated at these high intensities 

according to Hoggard and coworkers.27 

 

Figure 2-5 Optical self-trapping with Pluronic® F-127 gel containing 1.3 mM 
Ru(bpy)3Cl2 and 0.2 M NaI at 3.2 W cm-2. The labeled dotted lines in the (a) graph 
showing temporal evolution of intensity and beam width correspond to (b-d) spatial 
intensity profiles of the beam. 
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Figure 2-6 Optical self-trapping with Pluronic® F-127 gel containing 1.3 mM 
Ru(bpy)3Cl2 and 0.2 M sodium iodide at 8.0 W cm-2. The labeled dotted lines in the (a) 
graph showing temporal evolution of intensity and beam width correspond to (b-d) spatial 
intensity profiles of the beam. 
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Figure 2-7 Optical self-trapping with Pluronic® F-127 gel containing 1.3 mM 
Ru(bpy)3Cl2 and 0.2 M sodium iodide at 16.0 W cm-2. The labeled dotted lines in the (a) 
graph showing temporal evolution of intensity and beam width correspond to (b-e) spatial 
intensity profiles of the beam. 
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Figure 2-8 Optical self-trapping with Pluronic® F-127 gel containing 1.3 mM 
Ru(bpy)3Cl2 and 0.2 M sodium iodide at 32.0 W cm-2. The labeled dotted lines in the (a) 
graph showing temporal evolution of intensity and beam width correspond to (b-d) spatial 
intensity profiles of the beam. 
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Figure 2-9 Optical self-trapping with Pluronic® F-127 gel containing 1.3 mM 
Ru(bpy)3Cl2 and 0.2 M sodium iodide at 159.0 W cm-2. The labeled dotted lines in the (a) 
graph showing temporal evolution of intensity and beam width correspond to (b-d) spatial 
intensity profiles of the beam. 

 

 

 

Figure 2-10 Optical micrograph of crystals formed after prolonged laser irradiation. 
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2.4.3 Optical self-trapping due to a secondary photo-oxidative process 

This Section describes the irreversible self-trapping that occurs in hydrogels 

containing Ru(bpy)3Cl2 alone in the absence of NaI. The process generates a permanent 

waveguide and takes over 4000 s to form at 159 W cm-2. The series of experiments 

described below suggest that ∆n in this case originates from crosslinking of the Pluronic® 

F-127 hydrogel due to photogenerated singlet oxygen. An intensity study revealed that 

self-trapping is saturable, but no formation of rings occurred, most probably due to the 

slow evolution time within this system (Figures 2-11 to 2-14). 

It was confirmed that Dn in this system did not originate from laser-induced heating 

and phase transitions in the hydrogel28,29,30,31: self-trapping did not occur in hydrogels in 

the absence of Ru(bpy)32+ (Figure 2-15) nor was it induced by heat dissipated by non-

radiative relaxation of photoexcited chromophores; for example, self-trapping was not 

observed when Ru(bpy)32+ was replaced with methyl orange, which has even greater 

absorbance at 532 nm (Figure 2-16). 

We found that the secondary self-trapping rate decreased with increasing 

concentrations of quencher, methyl viologen (Figures 2-17 to 2-22).32 Stern-Volmer plots 

comparing the effect of methyl viologen on secondary self-trapping rate and separately, 

photoluminescence of Ru(bpy)32+, yielded statistically equal KSV constants confirming that 

photoexcited Ru(bpy)32+ was critical to this secondary process (Figures 2-23 to 2-25). 

Specifically, singlet oxygen generated by Ru(bpy)32+* played a key role33; for e.g., there 

was a significant decrease in self-trapping rate in the presence of scavenger furfuryl alcohol 

(Figure 2-26).34 The photodegradation of Ru(bpy)3Cl2 at long times is also likely due to  
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singlet oxygen (Figure 2-27). Indeed, hydrogels containing a range of sensitizers capable 

of producing singlet oxygen including fluorescein, rhodamine b and methyl violet 

displayed secondary self-trapping, with the greatest rate found with chromophores 

possessing the largest quantum yields (Figures 2-28 to 2-30).35,36  

The fluorescence intensity of Ru(bpy)32+ remained unchanged by the furfuryl alcohol, 

indicating that the excited complex does not react directly with its gel medium (Figure 2-

31). However, the hydrogel is essential as self-trapping was not observed in water or a 

siloxane matrix containing Ru(bpy)32+ (Figures 2-32 to 2-33). Pluronic® copolymers can 

enhance the production of singlet oxygen,37 which is highly reactive towards olefins, ethers, 

and other electron-rich groups,3333,38,39 and can effect crosslinking of collagen gels when 

illuminated in the presence of a photosensitizer40 through a complex mechanism involving 

several radical species including hydroxyl radicals.41,42  

Based on the above-described observations, we conclude that singlet oxygen generated 

by photoexcited Ru(bpy)32+ leads to the irreversible oxidation and subsequent crosslinking 

of the Pluronic® F-127 hydrogel (Figure 2-34). While matrix densification due to cross-

linking was not detected by 1H NMR or IR spectroscopy, differential scanning calorimetry 

showed a shift of ~1ºC in the micellization temperature of the laser-irradiated Pluronic® F-

127 medium containing Ru(bpy)32+ (Figure 2-35). Crosslinking in the hydrogel localized 

to the beam path generates Dn, which underlies secondary self-trapping. In the presence of 

NaI however, the slow, secondary self-trapping is negligible and self-trapped beams can be 

quickly and reversibly generated.  
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Figure 2-11 Optical self-trapping with Pluronic® F-127 gel containing 12 µM 
Ru(bpy)3Cl2 at 6.4 W cm-2. The labeled dotted lines in the (a) graph showing temporal 
evolution of intensity and beam width correspond to (b-c) spatial intensity profiles of the 
beam. 

 

Figure 2-12 Optical self-trapping with Pluronic® F-127 gel containing 12 µM 
Ru(bpy)3Cl2 at 32 W cm-2. The labeled dotted lines in the (a) graph showing temporal 
evolution of intensity and beam width correspond to (b-d) spatial intensity profiles of the 
beam. 
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Figure 2-13 Optical self-trapping with Pluronic® F-127 gel containing 12 µM 
Ru(bpy)3Cl2 at 64 W cm-2. The labeled dotted lines in the (a) graph showing temporal 
evolution of intensity and beam width correspond to (b-d) spatial intensity profiles of the 
beam. 

 

Figure 2-14 Optical self-trapping with Pluronic® F-127 gel containing 12 µM 
Ru(bpy)3Cl2 at 159 W cm-2. The labeled dotted lines in the (a) graph showing temporal 
evolution of intensity and beam width correspond to (b-d) spatial intensity profiles of the 
beam. 
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Figure 2-15 Optical self-trapping with Pluronic® F-127 gel at 159 W cm-2. The labeled 
dotted lines correspond to the included spatial intensity profiles. 

 

 
Figure 2-16 Optical self-trapping with Pluronic® F-127 gel containing 100 mM methyl 
orange at 159 W cm-2. The labeled dotted lines in the (a) graph showing temporal 
evolution of intensity and beam width correspond to (b-d) spatial intensity profiles of the 
beam. 
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Figure 2-17 Optical self-trapping with Pluronic® F-127 gel containing 80 µM 
Ru(bpy)3Cl2 and no methyl viologen at 159 W cm-2. The labeled dotted lines in the (a) 
graph showing temporal evolution of intensity and beam width correspond to (b-d) spatial 
intensity profiles of the beam. 

 

 
Figure 2-18 Optical self-trapping with Pluronic® F-127 gel containing 80 µM 
Ru(bpy)3Cl2 and 6.0 mM methyl viologen at 159 W cm-2. The labeled dotted lines in the 
(a) graph showing temporal evolution of intensity and beam width correspond to (b-d) 
spatial intensity profiles of the beam. 
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Figure 2-19 Optical self-trapping with Pluronic® F-127 gel containing 80 µM 
Ru(bpy)3Cl2 and 11.9 mM methyl viologen at 159 W cm-2. The labeled dotted lines in the 
(a) graph showing temporal evolution of intensity and beam width correspond to (b-d) 
spatial intensity profiles of the beam. 

 
Figure 2-20 Optical self-trapping with Pluronic® F-127 gel containing 80 µM 
Ru(bpy)3Cl2 and 14.8 mM methyl viologen at 159 W cm-2. The labeled dotted lines in the 
(a) graph showing temporal evolution of intensity and beam width correspond to (b-d) 
spatial intensity profiles of the beam. 

d c b 

t = 36 s 

I = 10 % 

t = 6636 s 

I = 100 % 

t = 1576 s 

a b 

c 

d 

100 µm 

!"

#!"

$!!"

$#!"

%!!"

%#!"

!"

$!"

%!"

&!"

'!"

#!"

(!"

)!"

*!"

!" $!!!" %!!!" &!!!" '!!!" #!!!" (!!!"

!
"
#
$%
&
#
'(
#
)
*
'+
,)
*
#
-#
.'
'/
0
1#

2
34
5
*
6'

7
#
8)
%
&
#
'9
#
)
:
';
<
-#
<
=,
->
'/
?
3'

@,*#'/=3'

d c b 

t = 50 s 

I = 10 % 

t = 8076 s 

I = 100 % 

t = 2116 s 

a b 

c 

d 

100 µm 

!"

#!"

$!!"

$#!"

%!!"

%#!"

!"

%!"

&!"

'!"

(!"

$!!"

$%!"

!" $!!!" %!!!" )!!!" &!!!" #!!!" '!!!" *!!!" (!!!"

!
"
#
$%
&
#
'(
#
)
*
'+
,)
*
#
-#
.'
'/
0
1#

2
34
5
*
6'

7
#
8)
%
&
#
'9
#
)
:
';
<
-#
<
=,
->
'/
?
3'

@,*#'/=3'



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 88 

 
Figure 2-21 Optical self-trapping with Pluronic® F-127 gel containing 80 µM 
Ru(bpy)3Cl2 and 22.9 mM methyl viologen at 159 W cm-2. The labeled dotted lines in the 
(a) graph showing temporal evolution of intensity and beam width correspond to (b-d) 
spatial intensity profiles of the beam. 

 
Figure 2-22 Optical self-trapping with Pluronic® F-127 gel containing 80 µM 
Ru(bpy)3Cl2 and 35.7 mM methyl viologen at 159 W cm-2. The labeled dotted lines in the 
(a) graph showing temporal evolution of intensity and beam width correspond to (b-d) 
spatial intensity profiles of the beam. 
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Figure 2-23 Stern-Volmer plot for self-trapping in Pluronic® gels containing 
tris(bipyridine)ruthenium(II) chloride and methyl viologen dichloride. 

 
Figure 2-24 Photoluminescence spectra of Ru(bpy)32+ in Pluronic® gels as the 
concentration of methyl viologen increases. Increased concentration of quencher results 
in decreased photoluminescence. 
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Figure 2-25 Stern Volmer-plot for photoluminescence in Pluronic® gels containing 
tris(bipyridine)ruthenium(II) chloride (80 µM) and methyl viologen dichloride (0 mM-12 
mM).  

 
Figure 2-26 Self-trapping in Pluronic® gels containing tris(bipyridine)ruthenium(II) 
chloride in the presence of furfuryl alcohol. The labeled dotted lines in the graph showing 
temporal evolution of beam intensity and diameter correspond to (b-c) spatial intensity 
profiles of the beam. 
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Figure 2-27 UV-visible absorbance spectrum of Ru(bpy)32+ in 25% Pluronic® F-127 gel 
before and after extended irradiation at high intensities. 

Figure 2-28 Optical self-trapping with Pluronic® F-127 gel containing 5 mM methyl 
violet at 159 W cm-2. The labeled dotted lines in the graph showing temporal evolution of 
beam intensity and diameter correspond to (b-c) spatial intensity profiles of the beam. 

0

0.05

0.1

0.15

0.2

0.25

0.3

300 400 500 600 700 800

Ab
so

rb
an

ce
 (A

U
)

Wavelength (nm)

Unirradiated
Irradiated

c b 

t = 8 s 

I = 100 % 

t = 12756 s 

a b 

c 

100 µm 

!"

#!"

$!"

%!"

&!"

'!!"

'#!"

'$!"

'%!"

('"

!"

'"

#"

)"

$"

*"

%"

+"

&"

!" #!!!" $!!!" %!!!" &!!!" '!!!!" '#!!!"

!
"
#
$%
&
#
'(
#
)
*
'+
,)
*
#
-#
.'
'/
0
1#

2
34
5
*
6'

7
#
8)
%
&
#
'9
#
)
:
';
<
-#
<
=,
->
'/
?
3'

@,*#'/=3'



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 92 

 
Figure 2-29 Optical self-trapping with Pluronic® F-127 gel containing 400 µM 
fluorescein at 159 W cm-2. The labeled dotted lines in the graph showing temporal 
evolution of beam intensity and diameter correspond to (b-d) spatial intensity profiles of 
the beam. 

 
Figure 2-30 Optical self-trapping with Pluronic® F-127 gel containing 400 µM 
rhodamine B at 159 W cm-2. The labeled dotted lines in the graph showing temporal 
evolution of beam intensity and diameter correspond to (b-c) spatial intensity profiles of 
the beam. 
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Figure 2-31 UV-visible emission spectrum of Ru(bpy)32+ in H2O with and without 
furfuryl alcohol (FFA). 

 
Figure 2-32 Optical self-trapping in an aqueous solution containing 80 µM Ru(bpy)3Cl2 
at 159 W cm-2. The labeled dotted lines in the graph showing temporal evolution of beam 
intensity and diameter correspond to (b-c) spatial intensity profiles of the beam. 
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Figure 2-33 Optical self-trapping within a siloxane gel containing 12 µM Ru(bpy)3Cl2 at 
159 W cm-2. The labeled dotted lines correspond to the included spatial intensity profiles. 
The labeled dotted lines in the graph showing temporal evolution of beam intensity and 
diameter correspond to (b-c) spatial intensity profiles of the beam. 

 
 

 
Figure 2-34 Optical self-trapping of a Pluronic® F-127 gel containing Ru(bpy)32+ at 
159 W cm-2; the beam was blocked for extended periods of time in order to determine 
that the system is irreversible. “On” denotes that the beam is incident on the sample and 
“Off” denotes that the beam has been blocked to allow the sample to relax. The beam 
profile does not change even when blocked for over an hour, suggesting an irreversible 
process has occurred. 
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Figure 2-35 DSC traces for Pluronic® F-127 gels with and without Ru(bpy)32+. Scans 
were acquired for both samples prior to and after irradiation. 

 

2.4.4 Description of movies 

The following movies are available from the original article with:  
DOI: 10.1021/acs.jpclett.6b00126 
 
MOVIE_S1: Optical self-trapping due to iodide oxidation 

Temporal evolution and dynamics of the spatial intensity profile of laser beam (532 nm, 

8 W cm-2) at the exit face of a 25% Pluronic® F-127 gel containing 1.3 mM Ru(bpy)3Cl2 

and 0.2 M sodium iodide. 

MOVIE_S2: Optical self-trapping due to oxidation of Pluronic® F-127 

Temporal evolution and dynamics of the spatial intensity profile of laser beam (532 nm, 

159 W cm-2) at the exit face of a 25% Pluronic® F-127 gel doped with 12 µM 

Ru(bpy)3Cl2 compared to a 25% Pluronic® F-127 gel without Ru(bpy)3Cl2. 
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3 Opto-chemo-mechanical transduction in photoresponsive 

gels: switchable self-trapped beams and their remote 

interactions‡ 

3.1 Abstract 

Due to its discrete, linear “on-off” photoresponse, spiropyran isomerization is one of 

the most extensively employed photoswitching mechanisms in applications ranging from 

drug delivery and microfluidics to optical data storage and sensing. Here, we show that this 

photoisomerization process generates unique nonlinear conditions, which elicit a new class 

of rapidly switchable self-trapped beams that control each other’s propagation dynamics 

both in the short range - where there is significant overlap in the optical fields of the beams 

- and even in the long range - where such overlap is negligible. Through comprehensive 

experiments and simulations, we find that these nonlinear processes occur when optical 

energy is reversibly transduced to mechanical deformation in a spiropyran-functionalized 

hydrogel: a Gaussian beam self-traps when localized photoisomerization and consequent 

contraction of the hydrogel generate a transient waveguide, which entraps the optical field 

and suppresses divergence. The waveguide is erased and reformed within seconds when 

                                                
‡ Submitted. The authors of the manuscript are Derek R. Morim, Amos Meeks, Ankita 
Shastri, Andy Tran, Anna V, Shneidman, Fariha Mahmood, Joanna Aizenberg and 
Kalaichelvi Saravanamuttu. Contribution: DRM, AM and AS contributed equally to this 
manuscript. DRM, AS, AT, FM, KS designed, carried out and analysed data from 
experimental studies. AM developed and wrote the numerical model and carried out the 
simulations as well as experiments supporting parameter choices. DRM, AS, AM, AVS, 
JA, KS co-wrote the manuscript. 
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the optical field is sequentially removed and reintroduced; this allows the self-trapped beam 

to be rapidly and repeatedly switched on and off at remarkably low powers in the milliwatt 

regime. This opto-chemo-mechanical transduction of energy mediated by the spiropyran-

functionalized, 3D crosslinked hydrogel network creates unique conditions for long-range, 

pairwise communication between multiple self-trapped beams and their mutual tunability 

over separation distances up to ten times the beam width. The discovery of a material that 

enables switchable and strongly interacting self-trapped beams holds significant potential 

in the development of next generation, circuitry-free, reconfigurable photonics systems and 

logic gates for computing, as well as dynamic light-activatable soft robotics.  

3.2 Introduction 

Self-trapped light beams and spatial solitons emerge in a rich variety of 

photoresponsive materials that display intensity-dependent changes in refractive index.1–4 

These nonlinear waves propagate without diverging through self-inscribed waveguides and 

exhibit intriguingly particle-like interactions such as collisions,5 fusion and birth,6 

annihilation7 and spiraling,8 typically in the short-range (where there is significant overlap 

in their optical fields) and in rare cases, over long distances (where overlap is negligible 

and beams are remote).9,10 Because they travel without changing shape, self-trapped beams 

hold potential for optical interconnects and fiber optics,11 applications in image 

transmission,12 rerouting light,13,14 and logic gates for computing.15 Importantly, they form 

the basis of the next-generation light-guiding-light approach to optical signal processing, 

which envisions a circuitry-free, reconfigurable and multi-layered photonics technology 

powered by the dynamic interactions of self-trapped beams.13,14 Advances, however, have 
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been limited by the need for robust photoresponsive materials with switchable—rather than 

irreversible—changes in refractive index, Dn, which would generate the rapidly 

reconfigurable self-trapped beams and transient waveguide architectures necessary for 

repeated dynamic interactions. Extensive studies of self-trapped beams in reversibly 

responsive media such as photorefractive crystals,16 liquid crystals,17 atomic vapour18 and 

Kerr media19 have focused predominantly on steady-state self-trapping conditions due to 

their generally fast dynamics. Moreover, Dn in these materials can only be generated at 

large powers (several W) or in the presence of an external electric field.2,3,6–10 While 

reversible self-trapping of a single relatively low power beam (25 µW) due to iodide photo-

oxidation has been reported in a gel for two cycles spanning hundreds of seconds, the 

persistence of triiodide within the sample prevented further cycling.20 

Here we show that reversible opto-chemo-mechanical transduction in a spiropyran-

functionalized hydrogel elicits rapidly switchable self-trapped laser beams at low powers 

(µW-mW) and facilitates their dynamic, mutually tuneable pairwise interactions both in the 

short range and remotely. We demonstrate that self-trapped laser beams form repeatedly 

within seconds with excellent reproducibility and no evidence of material fatigue over at 

least 45 fully reversible cycles. Rapidly switchable self-trapping in this material originates 

from the generation of a transient waveguide appearing due to the reversible laser-initiated 

isomerization of spiropyran chromophores and concomitant contraction of the host gel in 

the irradiated region.21,22 The same mechanism serves as an elegant photoswitch in drug 

release,23 data storage,24,25 sensing,26 nanofluidics,27 self-assembly28 and, when 

incorporated into polymers,29 enables tuning of stiffness,30 surface wettability,31 and 
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photonic bandgaps.32 Isomerization-related swelling in hydrogels21,32,33 has been used in 

the design of microfluidics,34 multi-responsive polymers,35 and photo-controllable surface 

topographies36 and can be achieved with a variety of photoswitches37,38. In these wide-

ranging applications, photoisomerization is a discrete event with a linear correlation to the 

photoresponse of the medium. Self-trapping, by contrast, relies on the positive nonlinear 

feedback between the optical field and nascent refractive index changes in the hydrogel. 

Our detailed theoretical and experimental results suggest that self-trapping of laser beams 

in the chromophore-functionalized hydrogel is enabled by the transduction of optical 

energy to mechanical deformation of the flexible, three-dimensionally (3D) interconnected 

matrix. Significantly, the deformation is delocalized beyond the incident optical field in the 

medium, which permits long-range communication between self-trapped beam pairs. These 

findings address the critical need for rapidly switchable self-trapped beams in soliton-

driven photonics such as light-guiding-light computing24,25 and opens entirely new 

opportunities in the design of intelligent light-responsive materials such as autonomous 

light-activatable soft robotics,39 drug-delivery mechanisms23 and transient waveguide 

circuitry.14 

3.3 Results and discussion 

To generate and study the interactions of self-trapped laser beams, we synthesized pH-

responsive poly(acrylamide-co-acrylic acid) (p(AAm-co-AAc)) hydrogel containing 

covalently attached dangling spiropyran (SP) moieties (Figure 3-1). Details of the synthesis 

and gel composition are provided in the Materials and Methods Section and Supplementary 

3.7.1.21,22,40,41 Figure 3-1a is a scheme of the merocyanine to spiropyran isomerization in 
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the hydrogel and Figure 3-1b is a photograph of samples employed in experiments. When 

immersed in water, the chromophores exist predominantly in the ring-open merocyanine 

form due to the presence of vicinal acrylate anions.40 When this chromophore-modified 

p(AAm-co-AAc) gel is irradiated with visible light, the isomerization of merocyanine to its 

closed-ring spiropyran1 form triggers a cascade of events, which culminates in an increase 

in the refractive index (Dn) of the hydrogel. Specifically, if the merocyanine is protonated 

then the proton release that accompanies isomerization causes a decrease in the local pH 

and, in turn, a decrease in the concentration of charged hydrophilic carboxylate moieties 

that govern swelling in the hydrogel (Figure 3-1a).22,33 Even without being protonated, 

however, the spiropyran form is much more hydrophobic than the charged merocyanine 

form. The result of the change of the hydrophobicity of the polymer backbone is the local 

expulsion of water and contraction of the hydrogel. Evidence for photoisomerization is 

shown in Figure 3-1c where the depletion of the absorbance band (lmax = 420 nm), 

attributed to the p-p* electronic transition of the protonated merocyanine, is accompanied 

by growth of an absorbance band in the UV region (lmax = 320 nm), associated with the p-

p* electronic transition of the chromene moiety in the spiropyran isomer.40 Isomerization 

is reversible so that in the absence of visible radiation, spiropyran thermally relaxes back 

to the merocyanine isomer.  
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Figure 3-1 Spiropyran-modified hydrogels (a) Photoisomerization scheme of 
chromophore substituents from the protonated merocyanine (MC, left) to spiropyran (SP, 
right) forms in the methylenebis(acrylamide) cross-linked p(AAm-co-AAc) hydrogel. (b) 
Photographs of chromophore-containing p(AAm-co-AAc) hydrogel monoliths employed 
in experiments. (c) UV-visible absorbance spectra demonstrating reversible isomerization 
of MC (absorption lmax = 420 nm) to SP (lmax = 320 nm) in solution. (d) Experimental set-
up (top) to probe laser self-trapping due to photo-induced local contraction of the hydrogel, 
schematically depicted on the bottom (see also MOVIE_S1). A laser beam is focused onto 
the entrance face of the hydrogel while its exit face is imaged onto a CCD camera. 
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3.3.1 Self-trapping of visible laser light 

We exploit the light-triggered contraction and corresponding increase in refractive 

index, Dn, of the SP-modified p(AAm-co-AAc) hydrogel to elicit rapid, efficient and 

reversible self-trapping of a visible laser beam. In our experimental design (Figure 3-1d), a 

continuous wave (c.w.) visible (532 nm) laser beam is focused onto the optically flat 

entrance face (z = 0 mm) of the hydrogel monolith shown in Figure 3-1b immersed in 

deionized water within a glass sample holder. In all cases herein, the beam diameter is 

defined in the conventional way, as the axial distance at which the beam intensity drops to 

1/e2 of its maximum value, and is set to be 20 µm at z = 0 mm. The spatial intensity profile 

of the beam at the sample exit face (z = 3.9 mm) is imaged and monitored over time through 

a pair of plano-convex lenses onto a CCD camera. Under linear conditions, where there are 

no photo-induced changes along its path (i.e., at low powers or in the absence of 

isomerizable chromophores), the beam divergence is calculated to be ~130 µm for a 

propagation distance of 3.9 mm (greatly exceeding the Rayleigh length of 0.6 mm) through 

the gel.4 We anticipated that this natural optical divergence would be strongly suppressed 

when the beam initiates isomerization of protonated merocyanine moieties and in turn, 

contraction of the pH-responsive hydrogel along its propagation path (Figure 3-1d, right). 

Because this contracted region contains a greater volume fraction of polymer, its refractive 

index is greater compared to its immediate surroundings, which now contains an increased 

proportion of water (refractive indices of the polymer and water are n ~ 1.49 and n ~1.33, 

respectively42). This densified region serves as a cylindrical microscopic waveguide19,43–46 
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– a self-induced optical fibre – that entraps the laser beam as its fundamental optical mode 

and guides it through the medium without diverging. 

Experimental results confirming our hypothesis are shown in Figure 3-2. A visible 

laser beam, which under linear conditions would broaden and diminish in intensity with 

distance, self-traps and propagates without diverging through the SP-modified p(AAm-co-

AAc) hydrogel. We launched a c.w. laser beam (l = 532 nm; power = 6.0 mW) with a 

width of 20 µm (corresponding peak intensity = 3.77 kW cm-2) into the hydrogel and 

monitored its spatial intensity profile at the exit face. Under linear conditions— in the 

absence of photo-induced changes—the beam diverges along the 3.9 mm pathlength to a 

width of 120 µm (in agreement with the calculated value of 130 µm; Figure 3-6). The 

temporal dynamics of the beam as it self-traps in the hydrogel is contained in plots of peak 

intensity and width and corresponding spatial intensity profiles (Figure 3-2a). The peak 

intensity refers to the greatest intensity within the camera’s linear dynamic range as a % 

(details are provided in Supplementary 3.7.3.1). Within 50 s, the beam undergoes a ~20-

fold increase in peak intensity from approximately 10% to 200% with a concurrent ~3-fold 

decrease in width from 120 µm to 40 µm (Figure 3-2a). With time, the beam continues to 

increase in relative intensity to 390% with a corresponding decrease in width to 22 µm, 

which is comparable to its width of 20 µm at the entrance face. This signifies that the self-

trapped beam now propagates from the entrance to the exit face without significant 

divergence. 
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Figure 3-2 Evolution of self-trapping in the spiropyran-modified hydrogel; 
experiments and simulations (a) Experimentally measured temporal evolution of peak 
intensity (blue) and effective width (red) of a laser beam (532 nm, 6 mW) acquired at the 
sample exit face; the beam is turned on at t = 0. Breaks in plots are time lapses between 
image logs. The experimental plots (dotted lines) are compared to numerical simulations 
(solid lines); the dashed black box above provides a zoomed-in view from 0 to 50 s. (b) 2-
D spatial intensity profiles experimentally acquired at select times. (c) Temporal 
evolution of beam width during self-trapping experiments at different optical powers. (d) 
Comparison of calculated and experimental values of minimum self-trapped beam width 
as a function of beam power. 

We find that self-trapping dynamics depends strongly on optical intensity. Temporal 

plots of beam width (Figure 3-2c) trace self-trapping at powers (intensities) ranging from 

0.37 mW (232 W cm-2) to 9.0 mW (5.65 kW cm-2). Detailed plots and beam profiles are 

provided in Figure 3-7. Self-trapping efficiency defined as the greatest % change in beam 

width relative to the initial diverged width increases monotonically from roughly 30% to 

80% (with a concomitant decrease in minimum beam width from ~110 µm to ~20 µm) 

when optical power was increased from 0.37 mW to 6 mW. However, the efficiency 
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decreased to ~54% when the power was increased further to 9 mW. These trends were 

observed in at least nine repeat experiments at each intensity. 

To describe and provide insight into the self-trapping process, we developed a 

numerical model that couples the photoisomerization of chromophores with localized 

volume changes in the hydrogel; details are provided in the Methods Section and 

Supplementary 3.7.3.3. Briefly, the model couples the photo-induced isomerization of 

spiropyran to the local swelling and contraction of the hydrogel and calculates the resulting 

impact on light propagation in the medium.47–49 As the covalently tethered SP moieties 

cannot diffuse freely, they are transported with their host polymer chains upon swelling 

and contraction of the hydrogel. The amount of isomerized spiropyran within a given 

volume – i.e., its concentration – therefore depends on the flux of polymer chains as well 

as the optical intensity-dependent rate constant associated with merocyanine-to-spiropyran 

isomerization and the intensity-independent rate of thermal relaxation of spiropyran to 

merocyanine. The osmotic pressure induced by the isomerization process leads to a local 

change in the polymer volume fraction. The corresponding changes in refractive index (Dn) 

and isomerization-dependent light absorption are calculated and employed in the nonlinear 

paraxial wave equation to determine the intensity distribution of light within the gel. This 

new distribution of optical intensity is then employed to calculate the isomerization 

dynamics and associated Dn in the gel. This cycle is repeated iteratively until the desired 

time is reached.  

Consistent with experiments, the model accurately captures the short-term (<500 s) 

self-focusing dynamics along with the intensity-dependent self-trapping efficiency of a 
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single laser beam in the hydrogel (see Figure 3-2a and Figure 3-8). As in experiments, the 

simulated self-trapping efficiency increases monotonically with beam power spanning 0.37 

mW to 6.0 mW (Figure 3-2d). This trend originates from the intensity-dependence of the 

photoisomerization process: at lower intensities, the proportion of protonated merocyanine 

isomerized to spiropyran does not extend far enough into the hydrogel to create the Dn 

needed for appreciable self-focusing; as the intensity increases, the concentration of 

isomerized spiropyran molecules rapidly saturates to a plateau in self-trapping efficiency. 

At the higher intensities, the spiropyran-rich region surrounding the beam leads to 

contraction of the hydrogel that is large enough to prevent significant divergence of the 

beam, enabling a greater proportion of the optical energy to extend further into the gel. This 

triggers more isomerization and thus additional focusing of the beam in a nonlinear 

feedback loop.  At greater powers and longer times, the material exhibits a decrease in self-

trapping efficiency due to the excitation of high order modes43 as the saturation of 

isomerization at large intensities forms a flat-top concentration profile that extends beyond 

the beam width, creating a wider waveguide (Figure 3-9).  

3.3.2 Reversibility of self-trapping 

Photoisomerization of merocyanine moieties enables the self-trapped beam to be 

controllably switched on and off >45 times in the same hydrogel. Here, the c.w. visible 

laser beam self-traps within ~30 s and is then blocked for “dark periods”, which were varied 

from 40 s to 300 s. Temporal plots of relative peak intensity and beam width (Figure 3-3) 

show that after each dark period, the relaunched beam always diverges to approximately 

120 µm – its original diverged form under linear conditions (vide supra). This can only 
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occur if the waveguide previously induced by the self-trapped beam is completely erased 

and the hydrogel relaxes to its equilibrium state. Accordingly, self-trapping efficiency is 

consistent between experiments with typical values ranging from 57% to 65% 

(corresponding to minimum beam widths of 42 µm and 56 µm, respectively).  

 

 

Figure 3-3 Rapidly reversible self-trapping in the spiropyran-modified p(AAm-co-
AAc), experiments (a) Temporal plots of peak intensity (blue) and effective diameter 
(red) over 45 cycles of self-trapping of a laser beam. Cycles were separated by dark 
periods ranging from 300 s to 40 s (indicated above the plots). (b) Scheme and spatial 
intensity profiles showing the “off” (divergent) and “on” (self-trapped) states of the laser 
beam over select cycles. White circles trace the diameter (1/e2) of the initially divergent 
beam in the “off” state. 

3.3.3 Mechanism of self-trapping 

We elucidated the mechanistic origins of reversible self-trapping in the hydrogel 

through a carefully designed series of control experiments (Figure 3-4; Figures 3-10 to 3-
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12; Supplementary 3.7.3.4) in conjunction with simulations. Experiments involving 

p(AAm-co-AAc) gel without chromophore (Figure 3-4a), a solution of free spiropyran 

without a gel (Figure 3-4b), p(AAm-co-AAc) hydrogel dispersed with untethered 

spiropyran molecules (Figure 3-4c), and a non-pH responsive 

poly(hydroxyethyl)methacrylate p(AAm-co-HEMA) hydrogel with covalently bound 

spiropyran (Figure 3-4d) exhibited negligible or significantly suppressed self-focusing 

compared to the pH-responsive p(AAm-co-AAc) incorporating covalently bound 

spiropyran (Supplementary 3.7.3.4). These studies, further supported by time-dependent 

UV-Visible Spectroscopy (Figure 3-13a-c; Supplementary 3.7.3.5) and Fluorescence 

Recovery After Photobleaching (FRAP) measurements (Figure 3-13d-e; Supplementary 

3.7.3.6), show that all of the following features are critical in eliciting the nonlinear 

conditions required for efficient self-trapping: i) the photoisomerization, (ii) presence of a 

gel network, (iii) chromophore tethering, and (iv) acidic moieties on the polymer backbone, 

supporting the hypothesis that self-trapping originates from a sequence of events triggered 

by the photoisomerization of the merocyanine isomer and consequent contraction of the 

pH-responsive hydrogel.22,34,40,48 This transduction of optical-to chemical-to mechanical 

energy is most efficient and reversible when the chromophore units are covalently tethered 

to the 3D-interconnected hydrogel (Figure 3-2).  
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Figure 3-4 Self-trapping in control systems; experimental measurements. Temporal 
plots of peak intensity (blue) and width (red) of a laser beam acquired at the exit face of 
(a) an unmodified p(AAm-co-AAc) hydrogel, (b) solution of spiropyran in DMSO:water, 
(c) p(AAm-co-AAc) hydrogel dispersed with untethered spiropyran, and (d) spiropyran-
modified poly(hydroxyethyl)methacrylate p(AAm-co-HEMA) hydrogel. Laser power of 9 
mW (5.65 kW cm-2) was employed in (a) and 6 mW (3.77 kW cm-2) in (b) – (d). 

 

3.3.4 Remote interactions of a parallel pair of self-trapped beams 

We found that a self-trapped beam could be dynamically and reciprocally controlled 

by launching a second, parallel-propagating counterpart into the medium. Remarkably, this 

communication between the self-trapped beam pair occurs remotely—even over separation 

distances (Dx) that greatly exceed (by at least 10-fold) the widths of either self-trapped 

beam. This behaviour is significant because the interactions between self-trapped beams 

typically rely on the overlap of the optical fields and therefore decrease exponentially with 

Dx. For example, self-trapped beams in a photopolymer did not interact when separated by 

four times the beam width.45 Although there are multiple examples of nonlocal 

photoresponses based on the diffusion of heat, matter, or charge carriers, there are only two 

previous experimental examples of long-range interactions between self-trapped beams.9,10 

This was achieved in a liquid crystal system where cooperative motion of liquid crystals 
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extended the index changes outside of the light field,9 but only under an externally applied 

electric field. Nonlocal interactions were also achieved in a thermally conductive lead glass 

where the nonlocal diffusion of heat extended the photoresponse outside of the optical 

field,10 but only at optical intensities that were three orders of magnitude greater than those 

employed in our study. 

Interactions between self-trapped beams in our material are facilitated by the reversible 

photoresponse and mediated through the 3D-interconnected, flexible network of the SP-

modified p(AAm-co-AAc) hydrogel. The former enables a self-trapped beam to rapidly 

and reversibly alter its intensity profiles in response to a second beam. The latter enables 

the two self-trapped beams to communicate even when overlap between their optical fields 

is negligible. Temporal plots of relative intensity capture the rich internal dynamics of two 

identical and parallel beams propagating through the SP-modified p(AAm-co-AAc) 

hydrogel; Dx in these experiments ranged from ~25 µm to ~200 µm (limited only by the 

experimental assembly), which were 1.25 to 10 times larger, respectively, than the input 

beam diameter of 20 µm (Figure 3-5; Figure 3-14). To enable ease of comparison of the 

interacting beams, the intensity of each beam in these studies was scaled to its initial 

intensity and reported as a dimensionless ratio termed relative peak intensity; such plots 

trace the dynamics of each beam when its counterpart is blocked for some time (Figure 3-

5a-b, left). At all values of Dx, the beams self-trapped significantly to widths of ~20 µm 

individually (Figure 3-2; Figure 3-14) but mutually suppressed self-trapping efficiency 

when propagating together. This is evident even in the remote interactions at Dx = ~200 µm 

(Figure 3-5a).  
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Figure 3-5 Dynamic interactions of two parallel self-trapped beams. (a) Temporal 
plots of relative peak intensities (left) and corresponding 2-D spatial intensity profiles 
(right) acquired at select times at the sample exit face for two beams separated by Dx = 
~200 µm. When propagating together, beam 1 (blue) and beam 2 (red) self-trapped over 
625 s to a relative peak intensity of 12 and 9, respectively (from an initial value of 1), and 
comparable widths of ~ 40 µm (details in Supplementary 3.7.4.1). When Beam 2 was 
selectively blocked, Beam 1 rapidly returned to high self-trapping efficiency, increasing 
in relative intensity to ~20 with a minimum width of ~28 µm over 250 s. When Beam 2 
was reintroduced however, Beam 1 diminished in self-trapping efficiency, decreasing in 
relative peak intensity to 5.3 and broadening again ~40 µm over 800 s. Beam 2 also 
showed reduced efficiency, attaining a maximum relative peak intensity of only 7 and a 
width of ~40 µm. The equivalent effect was observed when Beam 1 was blocked in the 
next cycle of the same experiment. (b) Temporal plots of relative peak intensities and 
corresponding 2-D spatial intensity profiles for two beams separated by Dx = 25 µm. (c) 
Simulations snapshots of the interactions of two self-trapped beams with Dx = 25 µm. 
Color shows the intensity in W m-2. See also Figure 3-15, MOVIE_S2 and MOVIE_S3. 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 115 

Spatial intensity profiles of the two beams acquired at different times during these 

cycles highlight the striking differences between single and co-propagating self-trapped 

beams (Figure 3-5a-b, right). By measuring the self-trapping rates of two beams introduced 

sequentially into the hydrogel, we further show that there is strong reciprocal correlation 

between the photo-induced Dn (and therefore, the extent of contraction) between the two 

remote regions of the hydrogel (Figure 3-14; Supplementary 3.7.4.1). 

Initial simulations of the dynamics of two proximal beams (∆x = 25 µm) confirm that 

all of the experimentally observed behaviours are strongly influenced by photo-induced 

deformation of the hydrogel network (Figures 3-5c and 3-15, Supplementary MOVIE_S3; 

Supplementary 3.7.4.2). As the gel contracts along the propagation path of the beam, 

expelled solvent causes the surrounding matrix to swell. Competition arises when a second 

self-trapped beam induces contraction in a neighbouring region. Solvent is now expelled 

by both beams leading to opposing forces of expansion so that at early times (20 s), the 

beams briefly repel each other. Simultaneous self-trapping prevents either beam from 

eliciting the maximum possible ∆n and therefore, neither beam is able to attain its optimum 

self-trapping efficiency. Simulated beams launched simultaneously attain a minimum 

width of ~35 µm (Figure 3-15), and when one beam is removed, the other decreases in 

width to ~20 µm and doubles in relative peak intensity – behaviour consistent with 

experiments. A full and detailed understanding of how the beams communicate in this 

material at longer separation distances will be the subject of future work, but regardless of 

the mechanism, these unique interactions between self-trapped beams in a photoresponsive 

hydrogel reveal intriguing dynamics for optically modulating beams of light. 
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3.4 Conclusions 

We showed that rapidly switchable and strongly interacting self-trapped beams of 

visible laser light can be elicited in a soft, processable hydrogel functionalized with a 

chromophore. Our material system relies on the photoisomerization of spiropyran 

moieties, which is extensively employed as a binary “on-off” photoswitching 

mechanism.40 We showed that the same isomerization process can serve as the conduit 

that transduces optical energy through reversible chemical transformations into 

mechanical forces in the gel, which in turn generate unique nonlinear conditions required 

for self-trapping. More specifically, a visible laser beam self-traps by initiating 

isomerization of photoacidic merocyanine substituents tethered to a p(AAm-co-AAc) 

hydrogel network. The concomitant protonation of acrylate groups in the vicinity of the 

isomerized chromophore along with the changing hydrophobicity of the polymer chain 

results in the local expulsion of water, contraction of the gel and consequent increase in 

refractive index (Dn). This creates a reciprocal, positive feedback between the optical 

field and nascent Dn along its propagation path, thus generating a transient waveguide. 

When the optical field is removed, isomerization is reversed, and the hydrogel relaxes to 

its original state; in this way, the self-trapped beam is reversibly and reproducibly 

switched on and off by sequentially removing and reintroducing the Gaussian beam. 

Intriguingly, interactions between beams extend well beyond the confines of the incident 

optical field in this material. As a result of this nonlocal response, a pair of parallel-

propagating self-trapped beams exhibits strong, mutually responsive interactions in the 
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short and long range. Our numerical model provides valuable mechanistic insight into 

these interactions, by coupling photoisomerization to osmotic-pressure-driven contraction 

of the gel.  

In conventional nonlinear materials,1–4,16–19 self-trapping suffers from one or more of 

the following disadvantages: (i) the need for large incident beam powers (~W),19 (ii) 

presence of an external field,16,17 (iii) loss of beam interactions at distances beyond the 

overlap of their electromagnetic fields, 2,13  and (iv) it is slow and irreversible.11,45 By 

striking contrast, our materials system demonstrates highly efficient self-trapping (i) at 

small easily accessible (~mW) beam powers, (ii) under ambient conditions; it is (iii) rapid 

(~50 s), (iv) fully reversible at relatively fast timescales (~100 s), and shows (v) sustained 

repeatability over multiple cycles (at least ~50) and (vi) almost instantaneous beam 

interactions for separation distances up to 10 beam widths. These exceptional properties 

are enabled by the large Dn created by gel contraction, reversibility of all chemical 

reactions (i.e chromophore isomerization and gel protonation) and 3D interconnectivity of 

a polymer network. Importantly, our study elucidates an opto-chemo-mechanical 

transduction pathway to elicit nonlinear optical conditions in a photochromic hydrogel. In 

this way, it lays the foundation for rational design of other classes of photoresponsive 

hydrogels as rewritable optical media for self-modulating beams. The possibility to 

reversibly modulate beams of visible light remotely at relatively low powers opens the 

door to all-optical computing with ambient light,24,25 autonomous stimuli-responsive soft 

robotic systems39 and actuators for a wide range of applications including drug delivery23 

and dynamic optics – devices that modify their optical properties with external stimuli.40 
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3.5 Materials and methods 

 (Please see Supplementary 3.7.1 for additional experimental details.)  

3.5.1 Preparation of hydrogel samples 

The polymerizable hydrogel matrix was prepared by dissolving acrylamide:acrylic 

acid (1:1 wt./wt.) or acrylamide:HEMA (1:1 wt./wt.) in a mixture of DMSO:deionized 

water (4:1 vol./vol.) before addition of the crosslinker N,N’-methylenebis(acrylamide) at 2 

% wt./vol. Acrylated spiropyran (for tethered samples) or hydroxyl-substituted spiropyran 

(1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-ol) at 0.25 mol.% of total monomer was 

then added to the unpolymerized hydrogel matrix followed by ammonium persulfate (2% 

wt./vol.) and a drop of tetramethylethylenediamine (TEMED) catalyst. The components 

were mixed and transferred into a circular plastic mold (d = 10 mm, h = 3 to 4 mm thick) 

sandwiched between two glass slides, protected from exposure to light and cured at ambient 

temperature for up to three days. Cured hydrogel samples were immersed in HCl (1 mM) 

for up to four days in order to remove excess, unreacted monomers. For optical 

experiments, samples were placed in semi-circular, transparent cells (thickness = 4 mm) 

containing deionized water.  

3.5.2 Optical experiments 

Self-trapping experiments were carried out on an optical assembly that focused either 

one or two beams (c.w., 532 nm, d = 20 µm) onto the entrance window of the cell containing 

the hydrogel sample (Supplementary Figure 3-6c, e. In the case of two parallel and 

orthogonally polarized beams, the separation distance (Dx) was varied from 20 µm to 200 

µm. The spatial intensity profile of the beam(s) at the exit face of the cell was imaged by a 
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plano-convex lens pair onto a charge-coupled device (CCD) camera, with neutral density 

filters placed between the plano-convex lenses used for imaging. The resulting images were 

used to create plots of relative peak intensity and diameter. Images were acquired every 

second with short time lapses between logs. Due to the dynamic range of the camera, values 

below 10% peak responsivity were omitted as the calculated beam diameter is affected at 

low intensities. 

3.5.3 Simulations 

Supplementary 3.7.3.3 provides details of the model employed for simulations. 

Briefly, a Gaussian beam is launched into the medium that initially has a uniform refractive 

index profile. The intensity-dependent rate of photoisomerization leads to corresponding 

changes in local osmotic pressures, calculated by solving the linearized equations of gel 

dynamics.47 Changes in the refractive index (Dn) originating from changes in the volume 

fraction of polymer chains are then input into the nonlinear Schrödinger equation to 

simulate the resulting modified distribution of light intensity in the medium. In this way, 

the rate equations for photoisomerization, osmotic-pressure induced gel deformation and 

optical intensity are solved iteratively until a steady state is reached. The model was 

implemented in Mathematica version 11.1.1 and solved numerically using the built in 

NDSolve differential equation solver. Single beam simulations were carried out by 

employing cylindrical coordinates while double beam simulations employed a 2D 

coordinate system.  
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3.7 Supplementary information 

3.7.1 Preparation and characterization of spiropyran-modified hydrogels 

3.7.1.1 Materials 

Acrylamide, acrylic acid, N,N’-methylenebis(acrylamide), 

tetramethylethylenediamine (TEMED), dimethyl sulfoxide (DMSO), triethylamine (TEA), 

tetrahydrofuran (THF), acryloyl chloride, trifluoroacetic acid (TFA), acetonitrile, ethyl 

acetate, sodium bicarbonate, (hydroxyethyl)methacrylate (HEMA), and hydrochloric acid 

were all purchased from Sigma-Aldrich. 1’,3’,3’-trimethyl-6-hydroxyspiro(2H-1-

benzopyran,2-2’-indoline) (Acros Organics), and OmniPur® ammonium persulfate (APS, 

EMD Millipore) were used without further purification.  
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Buffered solutions of different pH were prepared by mixing monosodium phosphate, 

monohydrate and disodium phosphate heptahydrate in 100 mL of deionized water at 50 

mM concentration to generate the desired pH. The pH of the resulting buffers was measured 

by a Thermo Scientific Orion 3 STAR pH meter. 

 

3.7.1.2 Preparation of SP gels and controls for optical self-trapping 

3.7.1.2.1 Synthesis of spiropyran acrylate monomer (1’,3’,3’-trimethylspiro[chromene-

2,2’-indolin]-6-yl acrylate) 

Spiropyran acrylate monomer (1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-yl 

acrylate) was synthesized based on a procedure described previously.50 Briefly, 1’,3’,3’-

trimethyl-6-hydroxyspiro(2H-1-benzopyran,2-2’-indoline) was treated with acryloyl 

chloride and triethylamine in THF at 0°C and reacted for 15 h at 25°C. The product was 

washed in ethyl acetate with saturated aqueous sodium bicarbonate solution and brine. 

After evaporation of solvent, the crude product was dissolved in DMSO at 1-5 mg/mL and 

purified by HPLC-P (Agilent 1200 Preparative High-Performance Liquid 

Chromatography) with a C18 column at a rate of 20 mL/min Elution solvent consisted of a 

mixture ranging from 5-95% v/v acetonitrile in deionized water, with 0.1% trifluoroacetic 

acid (TFA). The purified product was characterized by LC-MS (Agilent 1290/6140 Ultra 

High-Performance Liquid Chromatography/Mass Spectrometer containing a Quadrupole 

MSD system, electrospray ionization) [M + H+] = 348.2 m/z. The solvent was evaporated 

to yield the red-colored product (yield ~65%).  
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3.7.1.2.2 Synthesis of hydrogels 

1:1 w/w acrylamide:acrylic acid or 1:1 w/w acrylamide:HEMA were dissolved in 4:1 

v/v DMSO:deioinized water. To this solution, 2% w/v N,N’-methylenebis(acrylamide) was 

added as crosslinker. Acrylated spiropyran (for tethered samples) or unacrylated 

spiropyran, 1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-ol (for untethered samples) at 

0.25 mol% of total monomer was dissolved in the pre-polymer solution. Before curing, 2% 

w/v APS was added to the solution. Upon addition of TEMED catalyst, the hydrogel pre-

polymer solution was dispensed into a circular plastic mold (3 mm thick and 10 mm in 

diameter) sandwiched between two glass slides and left to cure in the dark at ambient 

temperature for at least 2-3 days. Cured hydrogel samples were then immersed in 1 mM 

HCl (aq) water bath for 3-4 days to remove excess, unreacted monomers (Figure 3-6a). 

Finally, the hydrogel was transferred to a half-ring cell containing deionized water for 

optical measurements. Samples containing (hydroxyethyl)methacrylate (HEMA) were 

prepared by substituting acrylic acid for HEMA. Control hydrogels were prepared by not 

including the chromophores into the hydrogel. 

3.7.1.2.3 Preparation of solution containing free-flowing spiropyran 

Hydroxyl spiropyran [1’,3’,3’-trimethylspiro[chromene-2,2’-indolin]-6-ol] (4.0 mg) 

was dissolved in DI water (971 µL) and DMSO (498 µL). The solution, which consists 

primarily of the MCH+ form of the chromophores, was filtered by an Acrodisk syringe filter 

(Pall Corp., Michigan) and stored in the dark under ambient conditions prior to its use in 

optical experiments. 
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3.7.2 Characterization methods of spiropyran-modified hydrogel samples 

3.7.2.1 Photoactuation of spiropyran-modified and unmodified hydrogel 

Hydrogels were prepared in a manner similar to that described above, but as films 

sandwiched between two glass slides glued together without a spacer. The resulting cured 

thin film hydrogel was washed in 1 mM HCl (aq.) solution and cut into smaller pieces to 

observe within the field of view of the optical microscope. Hydrogel samples were 

immersed in DI water for photoactuation measurements and imaged under a Leica DMRX 

optical microscope with a 5X objective. The entire hydrogel sample was irradiated with 

green light from a halogen light source passed through a filter cube (N2.1 BP 515-560 nm) 

for a period of 6 min and imaged at 2 min intervals. The power of the light source was 

measured with X-cite® power meter at 538 nm to be 0.2 mW and focused onto a region of 

interest (ROI) on the hydrogel sample with a radius of around ~2 mm. Visible light-induced 

shrinkage in the hydrogel is sufficiently large to be observed macroscopically. 

Transmission optical micrographs showed that a hydrogel thin film shrank by up to ~3% 

in area when completely irradiated with low power green light (~Dl = 515nm - 560 nm, 

0.2 mW) for six minutes (Figure 3-6b, top). In a control experiment, an undoped but 

otherwise identical p(AAm-co-AAc) hydrogel remained unchanged when irradiated under 

the same conditions (Figure 3-6b, bottom). 

3.7.2.2 Swelling ratio measurements 

Pre-polymer solutions were prepared in the same way as described above and 

deposited in an Eppendorf® cap (~10 mm diameter and ~0.5-1 mm thick) and cured at 

ambient temperature for 1-2 days in the dark. Cured hydrogels were washed in 0.1 mM 
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HCl (aq) water bath to wash away unreacted monomers. Washed hydrogels were then 

immersed in each of the 50 mM phosphate-buffered solutions of different pH. After 

equilibration in the pH buffer, the swollen mass of each hydrogel was measured after 

removing excess water with filter paper. The hydrogels were then allowed to dry in air over 

several days and their dried weight recorded. The swelling ratio for each pH buffered 

solution was calculated as SR = (mass swollen – mass dry)/mass dry.  

 

3.7.2.3 UV-Visible spectroscopy kinetics 

Absorbance spectra were acquired by a Cary 50 spectrophotometer (Agilent 

Technologies). The absorbance spectra were recorded over time under continuous 

irradiation in order to monitor the isomerization kinetics between merocyanine and 

spiropyran within different 1 mm samples. The intensity of the incident incandescent light 

(5 mW, Cole-Parmer horizontal fiber optic illuminator 09790-series) was the same for each 

sample in order to make comparisons. The relaxation of spiropyran to merocyanine was 

also monitored by recording the spectra in the absence of light after irradiation. Data was 

fit to (eq 3.1) according to Tork, et al.51  

− ln n[u($)gu�]
[u(0)gu�]

r = 𝑘𝑡 ,                                          (3.1) 

where A(t) represents the absorbance at time t and A(0) represents the absorbance at time 

zero. Ae is the absorbance measured at the photostationary state, and k is the photoreaction 

rate constant.  
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3.7.2.4 Confocal microscopy: fluorescence recovery after photobleaching (FRAP) 

Samples were prepared in a manner similar to those for self-trapping experiments with 

a sample height of 1 mm achieved by sandwiching the pre-polymer solution between two 

glass slides with a 1 mm plastic spacer. The upright Zeiss LSM 710 Confocal microscope 

was used to conduct FRAP measurements in which imaging was done at 100-210 µW at 

514 nm and bleaching was done at 5.7 mW at 514 nm on a 40 µm diameter ROI, with a 

10X water immersion objective. Fluorescence emission was collected from 525-599 nm 

(where fluorescence signal was strongest). Resulting fluorescence recovery curves were 

normalized to correct for acquisition bleaching effects and by taking pre-bleach 

fluorescence intensity as 1 and bleach intensity as 0.49 Igor Pro was used to fit single- and 

bi-exponential curves of the resulting normalized FRAP data. 

 

3.7.3 Self-trapping of single beams 

3.7.3.1 Optical assembly for self-trapping experiments 

The optical assembly for single beam self-trapping experiments is shown in Figure 3-

6c. A continuous wave diode-pumped solid-state laser (Verdi V5 Coherent, Inc., 

California) was used as the excitation source.
 
The source produced a beam (λ = 532 nm) 

with a diameter of 2.25 mm at a power of 100 mW. The beam was passed through a λ/2 

waveplate (W) and a polarizing beam splitter cube (C). It was then passed through an 

absorption filter (F) and was guided by a mirror (M) onto a focusing lens (L1, f = 75.6 

cm). This produced a beam focused to a diameter of ~20 µm onto the entrance face of a 

hydrogel sample within the sample cell (S). The profile of the beam at the exit face of the 
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sample was imaged by a pair of planoconvex lenses (L2, f = 100 mm; L3, f = 300 mm) 

onto a charge-coupled device (CCD) camera (736 (H) x 484 (V) pixels, 4.8 µm (H) x 5.58 

µm (V) pixel size; LaserCam IIID 1⁄4”, Coherent Inc., CA, USA). The software 

associated with this camera was BeamView Analyzer, which calculated the beam 

diameter (1/e2) and peak intensity. The peak intensity is a linear scale that is dependent on 

the intensity range of the camera; the value corresponds to the maximum intensity present 

for any pixel on the CCD camera and is represented as a percentage. To avoid 

oversaturation of the camera, a series of absorption filters (F) on three separate rotatable 

wheels (VARM, Coherent Inc. California) was placed between L2 and L3; the peak 

intensity was corrected each time these filters were changed. The imaging components 

were mounted onto carriers that could be moved along the path of beam propagation (z-

axis). In all self- trapping experiments, the beam diameter was measured at the exit face 

of the sample.  

A hydrogel or solution containing free-flowing spiropyran was placed in the sample 

holder. DI water was added to the sample cell holder in the case of a hydrogel sample. 

Hydrogel thickness was measured using an electronic caliper (The L.S. Starrett Co., 

Massachusetts). Samples were typically 3.63 – 3.93 mm thick and the imaging 

components were adjusted to view the beam at the exit face. The output power of the 

source was tuned by adjusting the λ/2 waveplate and measured by a power meter 

(Coherent Inc., CA, USA) (Figure 3-6c). For experiments in which the reversibility of 

self-trapping was measured, each self-trapping trial was performed at the same position 

on a spiropyran-modified or untethered spiropyran hydrogel sample. The sample was 
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irradiated for approximately 30 s. Laser irradiation was then temporarily removed by 

blocking the source between the mirror and L1 (Figure 3-6c). A period of time in the 

dark, ranging from 40 s to 300 s, was given before restoring laser irradiation by 

unblocking the source. This irradiation and relaxation processes were repeated until the 

desired number of experiments was completed (>40). The magnification was accounted 

for when preparing plots of spatial intensity profiles using SigmaPlotTM graphing 

software. The beam divergence was examined within a control hydrogel without 

chromophores (Figure 3-6d) in order to determine the beam profile under linear 

conditions.  

Double beam self-trapping experiments were carried out on an optical assembly 

similar to the single beam setup, but with the introduction of a second beam parallel to the 

first beam (Figure 3-6e). The output beam was passed through a l/2 waveplate and split 

into two beams using a polarizing beam splitter cube.  The l/2 waveplate orientation was 

adjusted to change the ratio of intensities between the two beams. The beams were 

directed by mirrors and a second polarizing beam splitter cube, through a set of filters and 

a planoconvex lens [focal length = 75.6 mm], which focused the beams to a diameter of 

20 µm onto the entrance face of the sample in the sample cell. The separation distance 

between the focused beams could be adjusted using the dials on the beam splitter cube 

adjustable mounts. The result was two orthogonally polarized beams of light separated by 

25 to 200 µm at the entrance of the sample. 

The spatial intensity profile of the beam at the exit face of the sample was imaged by 

a pair of planoconvex lenses (f. l. = 75.6 mm and f. l. = 250.0 mm) onto a CCD camera 
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[2040 horizontal × 1532 vertical pixels; pixel size = 3.20 µm x 3.20 µm; WinCamD 

XHR, DataRay Inc., California, USA]. Combinations of neutral density filters mounted 

on three separate rotatable wheels (VARM, Coherent, Inc.) were placed between imaging 

lenses to prevent saturation of the CCD camera. All imaging optical components could be 

translated along the z direction with a resolution of 0.25 mm. Images were collected every 

second for 50 s logs. The camera used Data Ray software (Version 7.1H25Bk), which 

calculates beam diameter (1⁄e2) and peak intensity, generates two-dimensional (2D) and 

three-dimensional (3D) intensity profiles, and corrects for image magnification by the 

lenses. The effective beam diameter corresponds to the circular area of all pixels with 

relative intensity > 13.5% (1/e2) of the maximum (peak) intensity. The relative peak 

intensity was scaled with respect to the initial intensity for two-beam experiments as 

cross-sectional intensity distributions had to be used due to the overlap of the beams. This 

value is a ratio that is linear with respect to the intensity. Plots of spatial intensity profiles 

of the beam were generated with SigmaPlotTM software. 

 

3.7.3.2 Dependence of optical self-trapping on incident light power 

Optical self-trapping within spiropyran-modified hydrogels was studied at incident 

light powers ranging from 0.37 mW to 9 mW. Figure 3-7 summarizes the temporal 

evolution of the beam intensity and diameter during self-trapping. Results show that the 

rate of self-trapping increases with incident intensities and plateaus at 6 mW (Figure 3-2). 

At higher intensities, a flat-top Dn profile is generated, allowing for the formation of 

rings.52 This occurs because the system is saturable and intensities above the saturation 
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limit cause the beam to generate a different Dn profile compared to the lens-like profile 

required for self-trapping. Generating this type of profile affects the manner in which the 

polymer contracts and ultimately affects the profile of light that is observed leaving the 

sample. At lower intensities, the degree of change to the beam diameter is less than at 6 

mW since not enough light is incident on the sample to isomerize sufficient merocyanine 

to spiropyran to trigger the polymer to contract and generate a fully self-trapped beam. 

 For all powers, at very long times (> 500 s), the emergence of intensity features 

around the fundamental mode lead to an effective decrease in relative peak intensity. This 

redistribution of intensity originates from high order modes, which are excited as the flat-

top profile of saturated spiropyran creates a refractive index distribution of a cylindrical 

waveguide that is significantly wider than the radius of the beam.52  

 

3.7.3.3 Model of self-trapping in SP-functionalized p(AAm-co-AAc) hydrogels 

The numerical model couples the photochemical isomerization of spiropyran to the 

local swelling and contraction of the hydrogel, from which a change in the index of 

refraction is calculated and used in the nonlinear paraxial wave equation to calculate the 

intensity distribution of light within the gel.4 The new intensity distribution of light is 

then used to calculate the isomerization dynamics of the gel, and the cycle is repeated. 

Detailed descriptions of each process are provided below. 
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3.7.3.3.1 Spiropyran photochemical isomerization 

The spiropyran moiety undergoes a photochemical isomerization from the ring-open 

merocyanine (MC) form to the ring-closed spiropyran (SP) form.5 From the SP form it 

thermally isomerizes back to the MC form. Since the spiropyran molecules are covalently 

bonded to the polymer backbone they do not undergo diffusion, but they are transported 

along with the polymer chains. These three factors (MC->SP, SP->MC, and polymer 

transport) give the following differential equation for the change of the spiropyran 

isomerization: 

W~
W$
= −∇ ∙ �𝑐𝐉�	� + 𝑘4𝐼(1 + 𝜓 − 𝑐) − 𝑘0𝑐	,                         (3.2) 

where 𝐽� is the polymer flux, defined as: 

𝐉� = −Λ(𝜙��)[(𝜆 + 2𝜇)∇𝜓 − 𝜒�c𝐶0𝜙��∇𝑐] ;                      (3.3) 

𝑐 and 𝜓 are the percentage of MC isomerization to SP and the relative variation of gel 

volume fraction, respectively, defined as: 

𝑐 = �
�M

                                                   (3.4) 

𝜓 = �g���
���

                                               (3.5) 

and Λ(𝜙��) is the kinetic coefficient: 

Λ(𝜙��) =
4g���
�(���)

 ,                                          (3.6) 

where 𝜁(𝜙��) is the coefficient of friction between the water and polymer, 𝐶 is the 

concentration of SP, 𝐶0 the total equilibrium concentration of MC molecules, 𝜙 is the 

volume fraction of polymer in the gel, 𝜙��  is the equilibrium volume fraction of polymer, 
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𝜆 and 𝜇 are Lamé’s first and second parameters (related to the elastic and shear moduli, 

respectively), 𝜒�c is the fitting parameter coupling the spiropyran isomerization to the gel 

deformation, 𝐼 is the light intensity, 𝑘4 is the ring-closing rate constant, and 𝑘0 is the 

thermal ring-opening rate constant. No-flux boundary conditions were used. 

 

3.7.3.3.2 Gel dynamics 

Our model of gel dynamics follows the model previously laid out by Yashin and 

Balazs,47 and Kuksenok and Balazs.53 The spiropyran isomerization reaction is coupled to 

the gel deformation through an induced osmotic pressure characterized by the parameter 

𝜒�c, which we leave as a fitting parameter in the model. This results in the following 

equation governing the gel dynamics: 

W�
W$
= −∇ ∙ 𝐉� = −∇ ∙ Λ(𝜙��)[(𝜆 + 2𝜇)∇%𝜓 − 𝜒�c𝐶0𝜙��∇%𝑐] .            (3.7) 

This equation shows that there is a competition between the first term on the right-

hand side of (eq 3.7), in which the elastic properties of the gel diffusively spread out 

higher concentrations of polymer, and the second term, in which the isomerization of 

spiropyran leads to the local concentration of polymer. The time scale of this competition 

is set by the kinetic coefficient Λ�𝜙���. Fixed boundary conditions were used for the gel. 

 

3.7.3.3.3 Light propagation 

The propagation of light through the gel is modeled by the nonlinear paraxial wave 

equation: 
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Wu
W3
= 4

%7 
	∇¡%𝐴 − 𝑖𝑘

∆e
eM
𝐴 − 𝛼𝐴,	                               (3.8) 

 

where A is the complex field amplitude, z is the direction of propagation, k is the 

wavenumber (𝑘 = 2𝜋/wavelength), 𝛼	is the isomerization-dependent absorption 

coefficient of the spiropyran-doped gel, defined as: 

 

𝛼 = 𝛼0 + (𝛼4 − 𝛼0)𝑐                                         (3.9) 

 

𝑛0 is the unperturbed refractive index of the gel, and the change in the index of refraction 

∆𝑛 is defined as: 

 

∆𝑛 = (𝑛c − 𝑛�)𝜙��𝜓  ,                                      (3.10) 

 

where 𝑛c and 𝑛� are the refractive indices of the polymer and solvent, respectively.  

The transverse Laplacian ∇¡%  is defined as: 

 

∇¡%=
W)

W*)
+ W)

W-)
   .                                            (3.11) 

 

For boundary conditions, 𝐴 was set to zero at infinity in the 𝑥 and 𝑦 directions, and 				 

𝐴 = 𝐼0𝑒
©)(ª)«¬))

­M
)  at 𝑧 = 0, where 𝐼0 is the initial peak intensity of the beam and 𝑤0 is the 

waist radius of the Gaussian beam focused onto the entrance face of the gel.  
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3.7.3.3.4 Parameter values 

All parameter values utilized in the model can be located in Table 3-1. 𝜆 and 𝜇 were 

estimated based on the measured modulus of elasticity of the spiropyran-doped poly(AAm-

co-AA) gels and the poisson ratio of similar PAAm gels.54 The coefficient of friction was 

estimated by measuring the poroelastic diffusivity using the method by Hu et. al.54 𝜒�c was 

a fit parameter, as mentioned above. 𝐶0 and 𝜙��  are known from the fabrication of the gels, 

while 𝑘, 𝐼0, and 𝑤0 are prescribed by the optical setup of the experiments.  

𝑘4 was estimated by matching the initial rate of self-focusing. 𝑘0 was estimated based 

on the observation from the cycling tests shown in Figure 3-3 that full relaxation of the gel 

does not occur for dark periods of 60 s or less. Assuming that the SP->MC isomerization 

limits the relaxation time gives an isomerization timescale of approximately 1/60 s » 0.015 

s-1. 

𝑛c was taken to be an average of the index of refraction of poly(acrylic acid) (1.53) 

and poly(acrylamide) (1.45) and 𝑛� is the index of refraction of water (1.33).9 	

𝛼0 was estimated based on measuring the relative initial maximum beam intensity after 

passing through the sample compared to passing through the sample holder filled with 

water only. 𝛼4 was chosen to match the rate and extent of self-focusing to the experiments. 
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3.7.3.3.5 Single beam results 

This model was used to simulate the self-focusing process at a variety of intensities 

matching experimental intensities. Model results are in good agreement with experiments 

both in the dynamics of self-focusing and the minimum degree of focusing reached as a 

function of intensity, as seen in Figure 3-2 and Figure 3-8. Discrepancies arise primarily 

due to the use of a single set of parameters for simulations, while experiments were done 

with different samples at different times leading to some variation in actual gel properties 

for different experiments. At long times (>500 s), higher order modes arise as the 

waveguide grows to be larger than the beam width, which is captured in the model for 

some choice of parameters but not others. The discrepancy may be explained either by a 

mismatch between the exact experimental conditions and those utilized in simulation, as 

well as by the ellipticity of the experimental beam. Indeed, at higher beam powers, the 

ellipticity of the beam may lead to the formation of two focused points of lower intensity 

rather than a single focused point of higher intensity and lower width surrounded by a 

ring, as is observed in the perfectly cylindrical simulations. 

 

3.7.3.4 Examination of relevant parameters that support efficient self-trapping of light 

and the proposed mechanism 

To verify the mechanism of self-trapping, optical experiments were performed on a 

series of control samples in order to ensure that the contraction of the polymer was 

responsible for the refractive index change that elicits self-trapping. Furthermore, 

experiments were done to determine the effects of pH and monomer chemistry on the 
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ability of the system to self-trap light by substituting (hydroxyethyl)methacrylate for 

acrylic acid in the hydrogel. The kinetics of spiropyran isomerization in different 

hydrogels was further studied to relate the observed dynamics to self-trapping behaviors 

observed in experiments. This was done by using absorbance spectroscopy and 

fluorescence recovery after photobleaching (FRAP). 

 

3.7.3.4.1 Effect of spiropyran tethering and hydrogel matrix on self-trapping 

To show that photoisomerization is the critical first step in a sequence of events that 

generates Dn, we launched the laser beam into a p(AAm-co-AAc) hydrogel without 

spiropyran substituents (z = 3.2 mm). The beam diverged to a width of ~95 µm and did 

not display significant changes in width or intensity over 1000 s (Figure 3-4a), confirming 

that spiropyran is necessary for self-trapping. We then found that the hydrogel matrix 

plays an equally important part in self-trapping by running an experiment in a solution of 

free-floating spiropyran molecules in a DMSO/water mixture. We kept the chromophore 

concentration in solution the same as it had been in the SP-modified p(AAm-co-AAc) 

hydrogel (Figure 3-4b). The control sample exhibited only very weak self-trapping over a 

significantly longer time-scale; the beam decreased in width to ~70 µm over 1000 s 

compared to a decrease of width to ~44 µm in just 30 s in the spiropyran-modified 

p(AAm-co-AAc) hydrogel (Figure 3-2). 

Further experiments showed that self-trapping is most efficient when spiropyran 

moieties are covalently tethered to the hydrogel matrix. Although the beam did self-trap 

in a p(AAm-co-AAc) hydrogel dispersed with untethered spiropyran molecules (Figure 3-
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4c, Figure 3-10a), the efficiency of self-trapping was just above 10%, much smaller than 

the ~80% self-trapping efficiency of SP-modified p(AAm-co-AAc) hydrogel (Figure 3-

2). 

 

3.7.3.4.2 Effect of solution pH on self-trapping 

Changes in pH affects the amount of available merocyanine initially present that can 

be converted to spiropyran and elicit refractive index changes within the sample (Figure 

3-10b). It also changes the degree with which the hydrogel samples swell, as acrylic acid-

containing polymers are pH-responsive. At higher pH, the hydrogels swell due to the 

deprotonation of carboxylic acid moieties within the hydrogel (Figure 3-10b). In order for 

self-trapping to occur effectively, deionized water must be employed. In pH 4.8 buffer, 

the self-trapping efficiency decreased over time as the sample swelled over the course of 

three days (Figure 3-11a). Higher pH values decrease the self-trapping efficiency even 

more significantly, preventing the beam from narrowing and increasing the beam 

diameter as time progresses (Figure 3-11b). 

 

3.7.3.4.3 Effect of monomer chemistry and pH-response of hydrogel on self-trapping 

Self-trapping did not occur when the acidic pH-sensitive acrylate substituents of 

p(AAm-co-AAc) were replaced by non-pH responsive moieties in the SP-modified 

p(AAm-co-HEMA) gel (Figure 3-4d; Figure 3-12). The former exhibits significant pH-

dependent volume changes: when immersed in phosphate buffer solutions, its swelling 
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ratio increased by ten-fold from 1.6 to 16.6 as the pH was increased from 3.2 to 7.4 

(Figures 3-10 to 3-11). By contrast, neither the chromophore-modified p(AAm-co-

HEMA) nor the undoped p(AAm-co-HEMA) undergoes pH-induced volume changes 

(Figure 3-12). 

Moreover, the protonated ring-open merocyanine form is predominant in p(AAm-co-

HEMA) when immersed in water (Figure 3-12b), illustrating that photoisomerization of 

merocyanine to spiropyran is still occurring within the SP-functionalized p(AAm-co-

HEMA) gels. Light propagation experiments showed that the optical beam was defocused 

over time instead of being guided, likely due to a decrease in refractive index. This 

change in behavior must be due to the replacement of acrylic acid monomers with 

HEMA, which changes both the responsiveness of the gel to the release of protons as well 

as the distribution of spiropyran molecules between their different isomers. 

3.7.3.5 UV-Visible spectroscopy kinetics 

We carried out time-dependent UV-Visible spectroscopy to ensure that this difference 

in behaviour originates from the pH-responsiveness—rather than differences in 

photoisomerization kinetics—of the two materials (Figure 3-13a-c). SP-modified 

hydrogel samples were irradiated continuously with white light (5 mW) and their 

absorbance measured over time. As expected, continuous visible light irradiation resulted 

in a decrease in the absorbance band of merocyanine (420 nm). Indeed, 

photoisomerization rates were comparable: 0.05 ± 0.01 s-1 and 0.02± 0.01 s-1 for p(AAm-

co-HEMA) and p(AAm-co-AAc), respectively (Table 3-2). Corresponding rates for 

thermal relaxation of spiropyran to protonated merocyanine were also comparable at 
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0.0020 ± 0.0005 s-1 and 0.0010 ± 0.0004 s-1, respectively (Table 3-2). Despite the 

comparable rates of photoisomerization in both materials, no self-trapping occurred in the 

p(AAm-co-HEMA) system (Figure 3-4d, Figure 3-12); in fact, the beam propagating 

through this gel increased in width with a concomitant decrease in relative peak intensity 

and became more diffuse over time.  

These results suggest that the photostationary state was reached faster in the p(AAm-

co-HEMA) hydrogel based on the rate constants obtained (Table 3-2). The percentage of 

conversion of merocyanine to spiropyran upon visible light irradiation is comparable in 

both hydrogels. However, self-trapping is only observed in the p(AAm-co-AAc) 

hydrogel, indicating that the acrylic acid and its pH-induced contraction of the hydrogel is 

necessary for the observed self-trapping behaviour. 

The forward isomerization rates for the conversion of merocyanine to spiropyran are 

intensity dependent, and therefore these rates cannot be directly applied to our 3.9 mm 

samples that are used for self-trapping. The comparison does allow us to identify that 

although both samples undergo a merocyanine to spiropyran isomerization under light 

irradiation with rates on the same order of magnitude, only hydrogel samples containing 

acrylic acid generate self-trapped beams. 

 

3.7.3.6 Fluorescence recovery after photobleaching (FRAP) 

We employed Fluorescence Recovery After Photobleaching (FRAP) to further probe 

differences in the mobility of chromophores that were either tethered or simply dispersed 

in the p(AAm-co-AAc) hydrogel and to understand the impact of this parameter on self-
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trapping dynamics. In FRAP experiments, an excitation laser beam (488 nm) of a 

confocal microscope activates isomerization in a specific area of the sample. The 

recovery of fluorescence (as protonated merocyanine is replenished) in this bleached 

region is imaged over time and fit to an exponential curve with time constant t ( y = yo + 

Aexp(-τ•t)). The fluorescence recovery curves were also fit to bi-exponential curves (y = 

yo + A1exp(-τ1•t) + A2exp(-τ2•t)), in order to extract two different time constants that 

would describe the two processes of isomerization and diffusion (Table 3-3). 

This study relied on the fluorescence of the ring-open form merocyanine, which 

allowed the hydrogels to fluoresce in the visible region. In contrast, control p(AAm-co-

AAc) hydrogels that contained no spiropyran showed no fluorescent signal. Laser light at 

488 nm from the confocal microscope was briefly irradiated onto a small area of the 

hydrogel sample (region of interest (ROI) indicated by the 40 µm circle in Figure 3-

13d,e), bleaching merocyanine fluorescence in that area. After the light was turned off, 

recovery of the fluorescence by isomerization and diffusion of the surrounding untethered 

spiropyran molecules into the area was measured over time to generate a fluorescence 

recovery curve. When light at 405 nm was irradiated on an area of the hydrogel 

containing spiropyran, the fluorescence instead increased (Figure 3-13d,e), signifying the 

isomerization from the ring-closed form of spiropyran to the fluorescent ring-open form 

at shorter wavelengths.  

The fluorescence recovery of spiropyran in prepolymer solution was compared to that 

of untethered spiropyran dispersed in the p(AAm-co-AAc) hydrogel and spiropyran 

tethered to the p(AAm-co-AAc) hydrogel (Figure 3-13d,e). It is evident that the fastest 
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recovery occurs for spiropyran in solution (green curve), while that of spiropyran 

untethered in the hydrogel (blue curve) is faster than that of spiropyran tethered to the 

hydrogel (red curve). Since there is little, if any, diffusive component in the hydrogel to 

which spiropyran is tethered, the fluorescence recovery observed relies on the thermal 

relaxation of spiropyran back to the ring-open form, after irradiation with intense visible 

light isomerized most of the ring-open form to the closed-ring form. This suggests that 

there are two processes occurring in the fluorescence recovery: 1) diffusion of spiropyran 

into the bleached area, and 2) thermal isomerization of spiropyran back to the ring-open 

form. We expect spiropyran tethered to the hydrogel to be comprised mainly of the 

second process while the untethered systems would contain both processes.   

The τ value determined for samples where spiropyran was tethered to the hydrogel, 

~0.01 s-1, was found to be comparable to the τ1 values obtained for the more diffusive 

systems when they were fit with a double exponential (Table 3-3). This value likely 

represents the isomerization kinetics of spiropyran back to the ring-open form in each of 

the systems after the intense visible light is turned off. The τ2 value of the double 

exponential fit represents the diffusivity of spiropyran in the system. τ2 for untethered 

spiropyran in solution and in the hydrogel are both ~0.1 s-1. The immobile fraction of 

spiropyran in the hydrogel that contains some molecules that are fully bleached is 

represented by the grey line in Figure 3-13e. Interaction of the spiropyran with the 

hydrogel network leads to immobile fractions, influencing its measured recovery, whereas 

in solution there is more fluidity of all components and thus more recovery. For 

spiropyran tethered to the hydrogel in which most of the spiropyran is immobilized by 
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covalent attachment, full photobleaching of some of the spiropyran molecules by the 

intense irradiation of light could similarly account for less fluorescent recovery over a 

longer time (plateaus at lower fluorescence).  

FRAP studies revealed that t in the case of untethered chromophores was reduced by 

at least 35% to 0.030 ± 0.004 s-1 relative to the solution-only system (0.046 ± 0.003 s-1). 

Importantly, self-trapping is most efficient in the spiropyran-modified p(AAm-co-AAc) 

hydrogel, where covalently tethered chromophores possess the least mobility as indicated 

by a t = 0.012 ± 0.006 s-1. The differences in spiropyran mobility between each of the 

systems help to explain the self-trapping efficiencies observed; the presence of immobile 

spiropyran within a hydrogel matrix leads to sharper refractive index gradients and an 

increase in self-trapping efficiency over those in solution. 

These results highlight the collaborative roles of the tethered spiropyran moieties and 

the p(AAm-co-AAc) matrix in eliciting the nonlinear conditions required for self-

trapping. They show that local pH-induced contraction of the gel triggered by 

photoisomerization generates the Dn necessary for self-trapping. The efficiency and rate 

of self-trapping is optimal when chromophores are covalently tethered to the matrix and 

thus have limited mobility. Equally important, self-trapping is absent in the pH-

independent spiropyran-modified poly(AAm-co-HEMA) material. This confirms that 

neither laser-induced local heating of the hydrogel nor changes in its optical density due 

to chromophore depletion generate the nonlinear conditions required for self-trapping. 

 

3.7.4 Interactions of two self-trapped beams 
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3.7.4.1 Self-trapping inhibition in double beam experiments 

The introduction of a second beam in the chromophore-modified p(AAm-co-AAc) 

hydrogel results in the decrease of the self-trapping efficiency of the first self-trapped 

beam. The two beams reach an equilibrium condition that is dependent on the intensity of 

each beam. (Figure 3-14). 

As one of the beams is blocked, the beam that remains is then able to change its 

refractive index sufficiently in order to generate a more fully self-trapped beam, and this 

process occurs regardless of the distance between the beams (Figures 3-14). We fit the 

temporal intensity plots of Beams 1 and 2 (Figure 3-5) to the phenomenological equation  

𝐼 = 𝐼0 + 𝐴𝑒hM$,                                      (3.12) 

where I represents intensity in arbitrary units and t, time in seconds (Figures 3-14), Ro 

corresponds to the initial rate of change in intensity, and A is a proportionality constant. 

We then compared Ro values of both beams after the initially blocked Beam 2 was 

reintroduced into the medium. Ro values associated with the consequent decrease in 

intensity of Beam 1 and concomitant increase in intensity of Beam 2 as it began to self-

trap were –0.034 s-1 and +0.023 s-1, respectively. Ro values measured after first blocking 

and then reintroducing Beam 1 were +0.021 s-1 and –0.028 s-1, respectively. These results 

show that the rate of self-trapping of a newly introduced beam is commensurate with the 

decrease in self-trapping of an already formed self-trapped beam in the hydrogel. In other 

words, there is strong reciprocal correlation between the change in refractive index (and 

extent of contraction) between the two regions of the hydrogel. Similar effects are 
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observed even when the two beams possess different initial intensities although the 

absolute changes in intensity are smaller (Figure 3-14). 

3.7.4.2 Double beam simulations 

Initial 2D simulations of two co-propagating beams were carried out for separations 

of 25, 50, 100, and 200 µm. The choice to use a 2D coordinate system was made to 

reduce computation time in initial simulations, but also has a significant effect on 

simulation results. Specifically, it corresponds to an infinite focused line of optical 

intensity rather than cylindrical beams. This leads to decreased loss of optical intensity as 

light propagates through the gel, changing the dynamics of self-focusing. In this work we 

used unrealistic parameter values for double beam simulations in order to show that 

qualitative dynamics are well captured for small separation distances by the relevant 

physics, while a precise match between double beam simulations and experiments is left 

for future work. The parameters that differed between single and double beam 

simulations were 𝜒�c = 4.4 × 10± Pa M-1, 𝑘4 = 6 × 10g³ m2 W-1 s-1, 𝑘0 = 10 s-1, 𝛼0 =

𝛼4 = 90 m-1, and 𝐼0 = 3.8 × 10· W m-2. While significant inhibition between the beams 

was observed with these parameters for a separation of 25 µm, inhibition was not 

observed for a much larger separation of 200 µm, contrary to the experimental evidence.  

The qualitative dynamics of the two beams with a separation of 25 µm match the 

observed experimental dynamics. When two beams propagate in parallel, they mutually 

inhibit self-focusing, but when one beam is turned off, the remaining beam focuses to ~20 

µm (Figure 3-15a). The model also reveals the internal dynamics of the beams 

(Supplementary MOVIE S3), which is inaccessible experimentally. Beams are seen to 
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initially repel and bend away from each other. Then, when one beam is blocked, the 

remaining beam bends towards the blocked beam’s prior position before eventually 

straightening. A comparison of the exit face intensity distribution for the experiments and 

models suggests that these dynamics are qualitatively representative of the experimental 

system (Figure 3-15b).   

This mechanism does not, however, explain the interactions of self-trapped beams 

separated by ten times the beam width as it cannot account for the almost instantaneous 

response of one beam to the introduction or blocking of the other over long distances. 

Indeed, as the poro-elastic diffusivity describing the swelling mechanism is on the order 

of D ~ 10-11 m2 s-1 (Table 3-1), and the relevant length scale (beam separation) is on the 

order of 100 µm, gel deformation-related effects are expected to occur on the order of 

1,000 s given the solvent-expulsion swelling mechanism described above; this is orders of 

magnitude slower than the observed interaction timescale. Thus, we anticipate an 

alternative mechanism to dominate at large beam separations within this material. Heat-

induced swelling of the gel upon light absorption may lead to long-range inhibition of 

self-trapped beams.40 We have observed experimentally that the p(AAm-co-AAc) gels 

swell as temperature is increased, which we confirm with simulations has an inhibitory 

effect on self-focusing. Thermal defocusing has been observed in other systems as 

refractive index tends to decrease with heat.55 In addition, heat is transported very quickly 

relative to poroelastic effects, as the thermal diffusivity in water is on the order of 10-7 

m2 s-1,56 leading to an interaction timescale on the order of 0.1 s for a separation of 200 

µm. Proton diffusion can occur on a timescale of 1-10 s given the distances between the 
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beams and may also contribute to these interactions. Further studies are ongoing to 

investigate these interactions under further conditions. 

 

3.7.5 Description of movies 

MOVIE_S1 

Schematic representation of reversible optical self-trapping of a single Gaussian beam 

within a SP-functionalized hydrogel at 6 mW. 

 

MOVIE_S2 

Schematic representation of optical self-trapping within SP-functionalized hydrogels 

with two remote beams; each beam is switched on and off to control the interaction. 

 

MOVIE_S3 

Simulation results for two beams with a separation distance of 25 µm. 
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3.7.6 Supplementary figures 

 
Figure 3-6 (a) SP-modified hydrogel sample preparation (b) Optical micrographs 
showing (top) shrinkage/contraction of spiropyran-modified p(AAm-co-Aac) after 6 min 
of visible light irradiation of the entire hydrogel and (bottom) corresponding control study 
with unmodified p(Aam-co-Aac). The blue line indicates the original boundaries of the 
gel prior to irradiation. (c) Optical assembly for single-beam self-trapping experiments 
featuring the sample (S), a l/2 wave plate (W), polarizing beam splitter cube (C), 
absorption filters (F), mirror (M), planoconvex lenses (L1-L3) and a CCD camera. (d) 
Control study of beam divergence in an unmodified control sample and resulting 
experimental plot with fitted linear trendline.  € Optical assembly for self-trapping in two 
beam experiments with additional mirror (M2) and polarizing beamsplitter cube (C2) (L1 
= L2 = plano-convex lenses with f.p. 75.6 mm; L3 = plano-convex lens with f.p. of 250 
mm). 
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Figure 3-7 Spatial intensity profiles for the self-trapping of light in spiropyran-modified 
p(AAm-co-AAc) and the corresponding relative peak intensity (blue) and effective beam 
diameter (red) as a function of time. Incident beam power is (a) 0.37 mW, (b) 0.75 mW, 
(c) 1.5 mW, (d) 3 mW, (e) 6 mW and (f) 9 mW. Intensity scale of spatial intensity 
profiles changed at different times to improve visualization. 
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Figure 3-8 Simulated spatial intensity profiles for the self-trapping of light in spiropyran-
modified p(AAm-co-AAc) and the corresponding peak intensity (blue, solid line is 
simulated) and beam diameter (red, solid line is simulated) as a function of time. Incident 
beam power is (a) 0.37 mW, (b) 0.75 mW, (c) 1.5 mW, (d) 3 mW, (e) 6 mW, and (f) 9 
mW. 
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Figure 3-9 Spiropyran concentration and intensity profile within the SP-modified 
p(AAm-co-AAc) at 500 s looking at z = 0.5 mm for a 6 mW simulation. The black 
vertical line indicates the beam radius. 
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Figure 3-10 (a) Spatial intensity profiles for the self-trapping of light in a p(AAm-co-
AAc) hydrogel containing spiropyran that is not attached covalently. Beam power is 6 
mW. Left: Intensities scaled for better beam visualization. Right: Corresponding relative 
peak intensity (blue) and effective beam diameter (red) as a function of time.  Bottom: 
Relative peak intensity (blue) and effective beam diameter (red) as a function of time 
showing the reduced reversibility and repeatability of self-trapping in a p(AAm-co-AAc) 
hydrogel containing untethered spiropyran units. (b) Absorbance spectra of spiropyran 
acrylate in solutions buffered at varied pH (left) and swelling ratio of spiropyran-modified 
p(AAm-co-AAc) hydrogels immersed in solutions buffered at varied pH (right). Error bar 
represents standard deviation, n = 5. 
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Figure 3-11 Self-trapping of light in spiropyran-modified p(AAm-co-AAc) hydrogel.   
(a) swollen in solution of pH 4.8 on different days. (b) immersed in solutions of different 
acidity. Relative peak intensity (blue) and effective beam diameter (red) as a function of 
time are shown, for which the incident beam power is 6 mW. 
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Figure 3-12 Investigations of a spiropyran-modified p(AAm-co-HEMA) hydrogel to 
confirm the importance of the AAc groups in the self-focusing mechanism. (a) Swelling 
ratio of spiropyran-modified p(AAm-co-HEMA) hydrogel immersed in solutions buffered 
at different pH. There is no significant volume change over the pH range tested. Error bar 
represents standard deviation, n = 6. (b) Absorbance spectrum of spiropyran-modified 
p(AAm-co-HEMA) hydrogel in water. Absorbance peak at lmax = 420 nm corresponds to 
a p-p* transition of the protonated ring-open form, merocyanine. (c) Spatial intensity 
profiles for the self-trapping of light in non-pH-responsive SP-modified p(AAm-co-
HEMA) hydrogel (intensities scaled for better visualization) and the corresponding 
relative peak intensity (blue) and effective beam diameter (red) as a function of time for 
which the incident beam power is 6 mW. 
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Figure 3-13 Change in absorbance spectra of a piece of spiropyran-modified p(AAm-co-
AAc) hydrogel upon (a) irradiation with 5 mW of white light and (b) relaxation process in 
the dark. (c) Changes in integrated absorbance from 400 to 500 nm over time of a 
spiropyran-modified p(AAm-co-HEMA) hydrogel upon irradiation with 5 mW of white 
light. (d) Fluorescence recovery after photobleaching studies; confocal photobleaching 
images show the effect on the fluorescence of p(AAm-co-AAc) hydrogel containing 
spiropyran when the area within the red circle (40 µm diameter) is irradiated with 488 nm 
or 405 nm light. (e) Representative normalized fluorescence recovery curves after 
photobleaching of different systems containing spiropyran. 
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Figure 3-14 (a) Spatial 2D intensity profiles at the exit face of spiropyran-modified 
p(AAm-co-AAc) at various times illustrating the effect of beam separation on two-beam 
interactions in the spiropyran-modified hydrogel. (b)-(f) Plots and tables detailing the 
changes to the intensity of two co-propagating beams (Dx = 200 µm) when a beam is 
blocked and unblocked as denoted by the labels in Roman numerals (I-IV). (c) Example 
of exponential fit using ORIGIN software for beam blocking experiments using I = Io + 
Aexp(Rot).  Exponentially fitted values represent the rate at which self-trapping occurs for 
each beam in the initial 150-200 s. (b)-(f) Beam 1 = 6.7 mW. (b),(d) Beam 2 = 6.8 mW 
(e),(f) Beam 2 = 1.6 mW.  
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Figure 3-15 (a) Simulated relative peak intensities and corresponding beam widths for 
two co-propagating 6.7 mW beams with a separation of 25 𝛍m. The second beam is 
turned off at 500 s, resulting in full self-focusing of the remaining beam. (b) Comparison 
between transverse intensity cross-sections on the outlet face of the gel in experiment (left 
columns) and simulation (right columns). The red box denotes when the beam on the 
right side (Beam 2) is blocked. Beams are observed in both cases to initially focus and 
repel each other, and when one beam is blocked the remaining beam bends towards the 
blocked beam’s position.  

  



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 156 

3.7.7 Supplementary tables 

 
Table 3-1 Parameter values used for the model. 

Parameter Value Used Units 

𝜙��  0.4 - 

𝜁(𝜙��) 1 × 104± Pa s m-2 

𝐶0 1.14 × 10gR M 

𝜆 58 kPa 

𝜇 3.4 kPa 

𝜒�c 8.8 × 10± Pa M-1 

𝑘4 1.53 × 10g· m2 W-1 s-1 

𝑘0 0.015 s-1 

𝑘 1.2 × 10· m-1 

𝛼0 1200 m-1 

𝛼4 800 m-1 

𝑛c 1.49 - 

𝑛� 1.33 - 

𝐼0 0.24× 10· to 5.7 × 10· W m-2 

𝑤0 1 × 10g± m 

 
  



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 157 

Table 3-2 Photoreaction rate constants for isomerization of merocyanine to spiropyran 
using a 5 mW white light source and relaxation rate constants for conversion of 
spiropyran to merocyanine in the dark. 

 Photoreaction Rate 

Constant (k) [s-1] 

Relaxation Rate  

Constant (k) [s-1] 

Spiropyran tethered to 

p(AAm-co-AAc) hydrogel 

0.02± 0.01 0.0010 ± 0.0004 

Spiropyran tethered to 

p(AAm-co-HEMA) hydrogel 

0.05 ± 0.01 0.0020 ± 0.0005 

 

Table 3-3 Table of average time constants of fluorescent recovery from single and bi-
exponential fits of the fluorescence recovery curves of each of the systems. Error 
represents standard deviation, n = 3-6. 

 Single-exp. fit Double-exp. fit 

 

Average τ 

(s-1) 

Average τ1 

(s-1) 

Average τ2 

(s-1) 

Spiropyran in AAm-AAc 

pre-polymer solution 0.046 ± 0.003 0.014 ± 0.002 0.076 ± 0.005 

Spiropyran untethered in 

p(AAm-co-AAc) 

hydrogel 0.030 ± 0.004 0.011 ± 0.008 0.099 ± 0.042 

Spiropyran tethered to 

p(AAm-co-AAc) 

hydrogel 0.012 ± 0.006   
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4 Interactions between collinear photochemically-formed self-

trapped beams§  

4.1 Abstract 

Self-trapped beams suppress diffraction and maintain their shape as they propagate 

through light-induced changes in refractive index and can be generated in materials based 

on a photochemical response. The interactions between self-trapped beams within these 

materials rely on the spatial distribution of light and chemical species. We demonstrate 

that the interaction between two self-trapped beams of light is dependent on the spatial 

proximity of the beams relative to one another, the rate of the light-induced chemical 

changes in refractive index and the locality of the index change. These processes were 

investigated in two distinct types of optochemical systems relying on a 

photopolymerization and a photo-oxidation reaction. In one, polymerization of monomer 

units with a suitable photoinitiator results in permanently inscribed light-guiding 

structures – self-written waveguides that are embedded in the resin. The interaction 

between two self-trapped beams results in merging only when the beams are close; the 

output of light intensity revealed the swapping of beam positions within the self-inscribed 

waveguide due to the lens-like eyes that form in high intensity regions. These 

                                                
§In preparation. The authors of the manuscript are Derek R. Morim, Ankita Shastri, 
Joanna Aizenberg, Ignacio Vargas-Baca and Kalaichelvi Saravanamuttu. Contribution: 
DRM, AS, KS designed, carried out and analysed data from experimental studies. DRM, 
IVB wrote the numerical model and carried out the simulations. DRM, JA, IVB, KS co-
wrote the manuscript. 
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observations were supplemented with simulations that describe the behaviour of these 

high-index regions. In the second system, photo-oxidation of iodide to triiodide using a 

tris(bipyridine)ruthenium(II) catalyst within a Pluronic® F-127 gel creates a waveguide 

that dissipates over time due to equilibrium and diffusion processes.  Nonlocal diffusion 

of triiodide from the photo-oxidation resulted in the nonlocal attraction of the beams over 

long periods of time. These studies demonstrate that self-trapping in optochemical 

systems is reliant on the mechanism and the associated rates of these processes dictate the 

behaviour of two beams interacting within. 

 

4.2 Introduction 

Spatial solitons and self-trapped beams are self-reinforcing waves capable of 

traveling long distances without divergence or significant changes to their intensity 

profiles.1,2 Self-trapped beams form through the process of self-trapping when light both 

causes and responds to photo-induced refractive index changes and can be found in 

materials such as photorefractive crystals3, Kerr media4, atomic vapours5 , liquid 

crystals6–9 and photopolymers10–13. Optochemical systems such as photopolymers are able 

to change their refractive index (Dn) through photochemical reactions, eliciting non-

instantaneous spatially varying and cumulative refractive index patterns that are 

dependent on the underlying chemistry within the system. Self-trapped beams can 

become permanently embedded waveguides within the material (i.e. photopolymers) or 

they may form and disappear once the optical field is removed (i.e. Kerr media). 

Photopolymers have been used to create individual self-written waveguides,14–17 optical 
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interconnects18,19 and microstructured lattices20 and have been applied to holography,17,21 

computing,22 photolithography,23 and 3D printing.24  

Self-trapped beams are able to interact with one another as a consequence of their 

ability to change the index within the materials they are travelling through. Two beams 

with partial overlap of their optical fields will induce changes that influence the other 

based on their self-induced gradients in refractive index, allowing them to guide or affect 

neighbouring beams.25–27 The concept of interacting self-trapped beams in nonlinear 

materials would potentially allow for advanced signal processing by controlling the input 

and observing the output from the interaction.  For example, soliton collisions have been 

used to develop logic operations governed by the change in beam position upon 

interaction with a second beam.28 Behaviours ranging from soliton bending, fusion29 and 

repulsion, to birth and annihilation30 and even spiraling beams27,31 have been studied. 

These responses tend to be localized to the incident optical field, such as those observed 

in Kerr media.9 Nonlocal media, however, exhibit changes in refractive index that extend 

beyond the optical field. Rotschild et al. reported a lead glass which comprises a highly 

nonlocal nonlinear medium in which nonlinear interactions are propagated by thermal 

diffusion.6 Liquid crystals also possess nonlocal responses mediated by dipole 

interactions between adjacent molecules – a light-induced reorientation of the liquid 

crystals results in twisting of neighbouring liquid crystals.9 A reversible, photoresponsive 

spiropyran-functionalized hydrogel was recently shown to self-trap visible light through 

the contraction of the hydrogel matrix (Chapter 3). Within this system, two beams are 

able to influence each other remotely based on the contraction of the interconnected 
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network. Soliton interactions can also depend on distance between beams,13 relative phase 

of beams,32 intensity,9 beam angles,31 and medium response.6,9 Intensity-dependent 

nonlinear systems tend to interact strongest when the diffracting optical profiles initially 

overlap.33  

By monitoring changes to the optical profile over time, we investigated the dynamics 

of two interacting self-trapped beams in two different optochemical systems with 

different degrees of reversibility and locality: a photopolymerization and a photo-

oxidation. The photopolymer system is comprised of Irgacure® 784 photoinitiator and 3-

methacryloxypropyltrimethoxysilane (MAPTMS)10 and the photo-oxidative system 

employs a tris(bipyridine)ruthenium(II) photocatalyst to oxidize iodide within a Pluronic® 

F-127 matrix (Chapter 2). The concept of interactions between self-trapped beams may 

present a method of all-optical logic operations between beams by exploiting the dynamic 

chemistries and index changes between beams.22,26 

 

4.3 Results and discussion 

4.3.1 Interactions between self-trapped beams in photopolymers: Experimental and 

theoretical 

The following describes the interaction between two collinear, orthogonally-

polarized laser beams of equal intensity and how the systematic alteration of the beam 

separation distances affects their behaviour within these non-instantaneous soft-matter 

systems. In the organosiloxane photopolymer, the light-induced polymerization causes an 

increase in density and associated increase in refractive index, which leads to self-
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trapping of the laser beam and formation of a permanent waveguide10. Prior to optical 

self-trapping, this system is partially polymerized to make a viscous gel; otherwise, the 

rapid diffusion of monomers prevents the self-trapping process from occurring at nW 

powers (Supplementary 3.6.1). By altering the prepolymerization time, we can control the 

amount of remaining monomer available for the inscription process and thereby change 

the initial rate of polymerization during self-trapping. Less polymerized samples have 

been shown to exhibit a faster response time due to the availability of more monomer for 

polymerization.  

A typical self-trapping experiment is conducted by focusing a 532 nm laser beam 

onto the entrance face of a sample containing photopolymer (Figure 4-1A, Supplementary 

3.6.2). Light exiting the sample is imaged over time using a CCD camera to obtain 

spatiotemporal intensity plots of the beams. A single initially diffracted, 8 mW cm-2 

Gaussian beam transformed into a self-trapped beam with an approximate width of 20 µm 

(1/e2) at z = 6 mm within 50 s (Figure 4-1B). This process was confirmed to occur for 

each individual beam in the prepolymerized (8 min) sol. The titanocene photoinitiator 

initiates polymerization along its propagation path and the subsequent reactions give rise 

to spatial changes in the refractive index profile of the medium. The photochemical 

changes lead to a decrease in the beam diameter from ~120 µm to 20 µm – a 5-fold 

decrease in diameter.  

In order to examine their interactions, two parallel beams were launched concurrently 

into the medium and continuously monitored at z = 6 mm. With a centre-to-centre 

separation of Dx = 50 µm (2.50x beam width), each beam self-trapped independently to 
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form two separate self-trapped beams (Figure 4-1C). The intensity of each beam at the 

beginning of this process is initially greatest near the entrance of the sample which 

consequently results in poor optical overlap between these beams (< 1%) throughout the 

self-trapping process. The correspondingly small refractive index changes between the 

beams allows for each self-written waveguide to develop separately.  

As the beams are moved closer to one another (Dx = 25 µm; 1.25x beam width) such 

that greater partial optical overlap exists, the subsequent changes that occur are consistent 

with the beams interacting (Figure 4-1D). The initially diffracted beams decrease in size 

as the photoreaction progresses. The beams also appear to merge into a single waveguide, 

with the spatial position of the beams moving to the centre, followed by the reformation 

of each beam. The change from two individual beams to a single beam and back again 

occurs multiple times. The oscillation of the spatial position of each beam suggests that 

light from each beam is being guided by its co-propagating partner. These fluctuations in 

light intensity contribute to the overall refractive index changes that occur, but they do 

not indicate the refractive index pattern that has been inscribed in the medium.  
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Figure 4-1 (A) (left) Optical assembly for self-trapping with (right) a zoomed-in view of 
the sample (CCD = charge coupled device camera; L1 = L2 = plano-convex lens with f.p. 
of 75.6 mm; L3 = plano-convex lens with f.p. of 250 mm; S = sample; F = filters; C1 = 
C2 = polarizing beamsplitter cube; M1 = M2 = mirror; W = l/2 waveplate 10 and Dx 
represents the separation between the beams. (B-D) Spatial intensity profile of images 
collected at the exit face (z = 6 mm) of the sample during self-trapping experiments of (B) 
a single beam and two beams separated by Dx = (C) 50 µm and (D) 25 µm at select points 
in time within MAPTMS photopolymer. Scale bar = 50 µm. 

In order to determine the corresponding refractive index profile for the given 

spatiotemporal intensity profiles, optical micrographs were obtained. The acquisition of 

optical micrographs required the use of a 5 mm glass cuvette and a change in the 

orientation of the beams from horizontal to vertical. The resultant trends in behavior of 

the beams was consistent with the results obtained from the horizontally positioned 

beams. Micrographs of the single beam and the beams separated by Dx = 50 µm (2.50x 

beam width) were shown to form separate channels that propagate independently (Figure 

4-2A, B), matching the images of the spatial intensity profile (Figure 4-1B, C).  

Micrographs of the organosiloxane with beams separated by Dx = 25 µm (1.25x 

beam width) illustrate that the beams merge into a single waveguide around z = 1.9 mm 

in samples prepolymerized for 10 min. Although there were fluctuations to the spatial 

intensity profile at the exit face throughout the self-trapping experiment, the 
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corresponding index profile show that the two beams have combined to form a single 

beam. The same procedure was carried out with two other samples: an organosiloxane-

epoxy composite prepolymerized for 4 min, and MAPTMS that was prepolymerized for 

12 min (Figure 4-7). The rate of oscillation in light intensity was slower for these two 

systems and resulted in the beams merging further along z (at 3.3 mm and 3.8 mm) 

(Figure 4-7). This behaviour suggests that slower polymerization kinetics results in 

different interaction behaviour, delaying the merging of the beams within the sample.  

 

Figure 4-2 Optical micrographs (top) and simulated refractive index profiles (bottom) of 
(A) a single beam and two beams separated by (B) Dx = 50 µm (2.50x beam width) and 
(C) Dx = 25 µm (1.25x beam width). Samples were prepolymerized for 10 min at 1.5 
mW. Simulations utilized an exposure time of 125 s and an A-parameter of 
1x10-6 cm2 mW-1 s-1; path length of z = 5 mm; I = 8 mW cm-2. 

This observation is consistent with the rapid rates in Kerr media which often result in 

merging very early on - the near-instantaneous response causes each beam to interact 

strongly throughout propagation.27 Within liquid crystals, intensity-dependent interactions 

have illustrated that higher intensities often result in the interaction occurring earlier 

along the propagation direction.7,9 Larger or more rapid refractive index changes appear 
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to cause the merging and interaction of two self-trapped beams to be stronger. The 

intensity-dependence of this interaction was not studied in detail within our 

organosiloxane as higher intensities can result in effects such as self-phase modulation 

and the formation of higher order modes, rings and filaments.34–36 

Simulations were carried out using a model that solves for the optical profile using 

(eq 4.1) and uses the spatial intensity profile obtained ((𝑥, 𝑧) = |𝐸(𝑥, 𝑧)|%) to be related 

to an updated refractive index (eq 4.2): 

𝑖𝑘0𝑛0
(2
(3
+ 4

%
∇$%𝜀 + 𝑘0%𝑛0Δ𝑛𝜀 +

7
%
𝑘0𝑛0𝛼𝜀 = 0                                   (4.1) 

where the electric field amplitude (E) can be described in terms of the free-space 

wavenumber of the optical field (k0), the attenuation coefficient of the medium (a), and 

nonlinear refractive index changes inherent in the material’s response to light (Δn)37–39 

and: 

WXe(Z,\,])
W$

= 𝐴	𝐼(𝑥, 𝑧, 𝑡)c '1 − ∆e(*,3,$)
∆ef

+                                        (4.2) 

where a material-dependent A-parameter is related to the initial rate of increase. As the 

refractive index changes, Dn, approaches the saturable index change, Dns, the 

development in index over time approaches zero. These changes are also linear with 

respect to the intensity (I(x,z,t)) provided that the photoexcitation is a one-photon process 

(p = 1).11,14,40–43 Full details into these simulations can be found in Supplementary 4.6.4. 

The behaviour of the distance-dependent interactions shows qualitative agreement with an 

A-parameter of 1 x 10-6 cm2/mWs, with only the Dx = 25 µm beams merging into a single 

waveguide. 
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To better understand the temporal development of two beams with Dx = 25 µm 

(1.25x beam width), individual beam blocking experiments were performed during the 

development of each self-trapped beam. Each beam was rapidly blocked throughout the 

experiment in an 8 min (Figure 4-3; Supplementary 4.6.5) prepolymerized sample of 

MAPTMS. Throughout the development of these self-written waveguides separated by 

Dx = 25 µm, one of the beams was blocked in order to observe the spatial position of the 

complementary beam. The close proximity of the beams often makes it difficult to 

identify an individual beam in the CCD images without blocking. Blocking of beams in 

an organosiloxane with a path length of 6 mm revealed that the two beams swap positions 

twice during the self-trapping process within the first 50 s (Figure 4-3).    

 

Figure 4-3 2D spatial intensity profiles collected at the exit face of the sample during 
self-trapping experiments (I = 8 mW cm-2) of two beams separated by Dx = 25 µm at 
select points in time within MAPTMS photopolymer prepolymerized for 8 min with one 
beam blocked rapidly throughout (green box = beam 1 blocked; yellow box = beam 2 
blocked). Scale bar = 25 µm. 

Beam 2 (green, originally on the right) at 21 s is positioned on the left relative to the 

opposite beam. At 31 s, Beam 1 (yellow, originally on the left) is found on the right. At 

41 s, Beam 2 is still positioned on the left and at 50 s, the intensity of the first beam 

appears to be coupled into both beams. The same switching behaviour occurs in a sample 

that was prepolymerized for 5 min, albeit at a faster rate and resulted in 3 swapping 
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events (Figure 4-8; Supplementary 4.6.5). This behaviour demonstrates the additive effect 

of overlapping intensity on interactions between beams that are in close proximity to one 

another.   

Simulations were carried out to better understand this phenomenon and suggest that 

regions of higher refractive index along the propagation path – often referred to as eyes – 

form and act as lenses that influence the two beams after they have merged (Figure 4-

4A).14 Within the intensity simulations (Figure 4-4B), the primary eye is observed at 

iteration 17 s with a secondary eye observed at 33 s. These eyes act as lenses that cause 

the beams to swap positions. Simulations of individual beams launched into index 

profiles written by two beams illustrates that the position of each beam changes position 

at the exit face of the sample as time progresses (Figure 4-4C, D). 

The formation of eyes occurs in materials that possess cumulative refractive index 

changes such as photopolymers and photosensitive glasses.14,44–47 The point of maximum 

intensity generates a primary eye – often a precursor to waveguide formation – and moves 

further along z as time progresses.44,47 For individual beams, this maximum occurs near 

the entrance of the sample, but the maximum for two beams with Dx = 25 µm (1.25x 

beam width) occurs in the region of overlap between the beams (Figure 4-4E). Primary 

eye formation is followed by the formation of secondary eyes from other high intensity 

regions along the waveguide. The spacing between eyes in one-photon systems tends to 

be nearly equal based on past studies carried out with single beams.44,46,47 

The refractive index increases that occur during eye formation creates a gradient-

index lens on the input beam.44 As time progresses, the refractive index continues to 
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increase, and the associated focal length of that lens decreases. This results in the 

secondary maximum shifting towards the entrance face along z. This was observed in 

simulations with the 1st 2° eye shifting significantly to the left as time progresses 

(Figure 4-4E). The formation of these eyes explains the swapping behaviour of the beam 

positions as self-trapping occurs. Each eye acts as a lens and inverts the position of the 

beams in the merged waveguide; similar to a Fourier Transform that inverts the image.14 

As new eyes form along the growing waveguide, the two beams switch positions again, 

which is also evident in the 5 min prepolymerized sample (Supplementary 4.6.5).  
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Figure 4-4 (A) Refractive index profiles for two interacting beams separated by 25 µm 
using A = 1 x 10-6 cm2 mW-1 s-1 at 8 mW cm-2 input intensity , and the corresponding 
intensity profiles launched into those refractive index patterns: (B) both beams , (C) beam 
2  and (D) beam 1. Dotted line in C and D indicates the centre point between the beams. 
Each eye that forms throughout the self-trapping process acts like a lens capable of 
swapping the positions of the beams. (E) Plot tracking the positions of eye formation 
during the self-trapping process. Dotted lined indicates final position of eyes at 125 s. 

From simulations, we have observed that larger A-parameters result in beams 

merging earlier along z (Figure 4-7). By adjusting the rate of polymerization, we can 

tailor the interaction of the beams separated by 25 µm. An A-parameter of 8 x 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 176 

10-7 cm2/mWs, for example, demonstrates that a slower rate of index change given the 

same exposure time, results in a refractive index profile where the beams merge further 

along z (Supplementary 4.6.5).  

 

4.3.2 Interactions between self-trapped beams in Pluronic® F-127 with Ru(bpy)32+ and 

NaI: Experimental  

Pluronic® F-127 containing Ru(bpy)32+ and sodium iodide constitutes a 

photochemical system that results in a refractive index change that dissipates over time. A 

self-trapped beam within this material erases in 2000 s after 200 s of light exposure at 25 

µW (Chapter 2). Ru(bpy)32+ becomes excited to a reactive triplet state by the irradiation 

of visible light; this excited species reacts with iodide and ultimately leads to the 

generation of triiodide due to a photo-oxidation reaction.48, 49 The Pluronic® F-127 

hydrogel decreases diffusion of the chemical species within, localizing the initial index 

changes and allowing self-trapping to occur.  

Irradiation with a focused laser beam of 20 µm results in self-focusing and formation 

of a self-trapped beam in less than 1 min at 8 W cm-2 (Figure 4-5A; Chapter 2). Two self-

trapped beams travelling within this system initially interact in a local fashion; 

interactions are not observed within the first 50 s with Dx = 80 µm (4.00x beam width) 

and 50 µm (2.50x beam width) (Figure 4-5B,C). Although two beams separated by 

Dx = 50 µm do no interact over short time scales, they do move closer to one another over 

thousands of seconds. The iodide-triiodide equilibrium leads to diffusion due to a 

Grotthuss-like exchange mechanism that occurs over a longer time scale relative to 
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triiodide formation.50 The diffusion of triiodide creates a nonlocal refractive index 

gradient that becomes apparent when the beams are separated by Dx = 50 µm (2.50x 

beam width). The spatial positions of the beams shift towards one another and illustrate a 

nonlocal attraction between the beams. There exists a larger concentration of triiodide 

between the beams relative to the periphery of the beams, as both beams produce triiodide 

that can diffuse into the region between the beams. The gradient in refractive index 

results in the nonlocal attraction and is highly reminiscent of other nonlocal systems 

(liquid crystals and the photothermal glass).6,9   

At Dx = 25 µm (1.25x beam width), the beams swap positions once within the first 

minute due to primary eye formation (Figure 4-5D). The beams remain in the same 

relative position throughout the remainder of the experiment, and eventually move further 

apart from one another at the exit face. Diffusion within this system only permits the 

cumulative buildup of the primary eye, with secondary eye formation being slow relative 

to diffusion. This permits a single inversion to occur and explains why the beams swap 

positions only once, unlike in the photopolymer MAPTMS where the cumulative 

formation of eyes along the merged waveguide results in multiple swapping events due to 

multiple eyes. 
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Figure 4-5 Spatial intensity profile of images collected at the exit face of the sample 
during self-trapping experiments of  (A) a single beam and two beams separated by Dx = 
(B) 80 µm, (C) 50 µm and (D) 25 µm at select points in time within the doped Pluronic® 
F-127 gel. Scale bar = 50 µm. 

 The diffusive nature of this system underlies its nonlocal refractive index change 

and is responsible for the nonlocal attraction of the beams that we observe. We are unable 

to confirm the refractive index profile within these samples because the resulting 

structures do not provide enough index contrast for microscopy and dissipate over time, 

so the spatiotemporal profiles from the CCD camera were used. The chemical kinetics of 

this system were approximated based on the times taken to reach a stable self-trapped 

beam without accounting for diffusion (Supplementary 4.6.5). Chemical systems with 
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more rapid diffusion coefficients may provide an interesting platform for studying 

nonlocal interactions further.  

4.4 Conclusions 

Time-dependent interactions between two self-trapped beams in two separate 

photoresponsive systems have been studied. The type of interaction is dependent on the 

underlying reactions and their kinetics. Two orthogonally polarized self-trapped beams in 

close proximity (Dx = 25 µm; 1.25x beam width) merge into a single waveguide and 

high-index eyes along the waveguide swap the positions of the beams. Due to its diffusive 

nature, only a single eye forms within doped Pluronic® F-127 gels.  

As the beams are moved apart (Dx = 50 µm; 2.50x beam width), there is less 

overlapping intensity between the initially diffractive beams, resulting in beams that do 

not interact within the first 50 s. The Grotthuss mechanism within the Pluronic® F-127 

gels allows the beams to interact over long timescales due to an increased nonlocal 

response. Enhancing the nonlocal response with a more diffusive system may enable 

interactions between beams separated by greater distances.  

 Simulations exhibit qualitative agreement with the experimental results in the 

photopolymer system and also reveal that the lens-like eyes that develop along the 

growing waveguide are responsible for the inversion of the beam positions along z 

throughout the self-trapping process. The separation-dependent interactions were shown 

to depend on the kinetics of the system, and the corresponding A-parameters simulated 

were related to the chemical kinetics.  



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 180 

 Materials that change in response to an input can produce a particular output 

based on a mathematical operation. For example, metastructures have been designed to 

solve equations;51 broad beams in photopolymers have been observed to transfer 

information between beams based on the ordering of the output beam filaments;22 

changes to beam position have been observed based on interacting beams in 

photorefractive crystals.52 The all-optical manipulation of light in photoresponsive media 

may be realized by increasing the complexity (e.g. Gaussian, Bessel, Laguerre-Gauss 

beams) and number of input beams, and using new materials with different, perhaps even 

spatially varying or anisotropic, responses. Visualization of the output and determining its 

relationship to the optical inputs would provide a means of transforming light with light.  
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4.6 Supplementary information 

4.6.1 Preparation of samples 

4.6.1.1 Materials 

 3-Methacryloxypropyltrimethoxysilane (MAPTMS), 0.1 N hydrochloric acid, 2,4-

Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate,  Poly(tetrahydrofuran), 

Camphorquinone, Pluronic® F-127 polymer, and sodium iodide were purchased from 

Millipore Sigma. Irgacure® 784 (Bis(h5-cyclopentadien-1-yl)-bis(2,6-difluoro-3-(1H-
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pyrrol-1-yl)-phenyl) titanium(IV) (max = 393 nm, 460 nm) obtained from Ciba Specialty 

Chemicals Inc. Tris(bipyridine)ruthenium(II) chloride hexahydrate was obtained from 

Strem Chemicals Inc.  (4-octyloxyphenyl) phenyliodonium hexafluoroantimonate (OPPI) 

purchased from Hampford Research Inc. Epoxypropoxypropyl terminated 

polydimethylsiloxane was purchased from Gelest. 

 

4.6.1.2 Preparation of 3-Methacryloxypropyltrimethoxysilane (MAPTMS) photopolymer 

The photopolymerizable organosiloxane photopolymer was prepared through acid-

catalyzed hydrolysis and condensation of 3-methacryloxypropyltrimethoxysilane. 0.3 g 

(1.5 x 10-5 mol) of 0.05 N hydrochloric acid (diluted from a standardized 0.1 N HCl 

aqueous solution) was added to 4.9 g (0.020 mol) of MAPTMS. Magnetic stirring 

transformed the phase-separated mixture into a homogeneous, transparent, colourless 

fluid. The sol was sensitized to visible light by adding 0.027 g of Irgacure® 784 (bis(h5-

cyclopentadien-1-yl)-bis(2,6-difluoro-3-(1H-pyrrol-1-yl)-phenyl) titanium(IV), a free-

radical photoinitiator. The sol was shielded from ambient light by aluminum foil and 

stirred continuously for a minimum of 16 h. As the hydrolysis and polycondensation 

reaction occurs, the refractive index gradually increases. In order to maintain consistency, 

samples were used between 5-7 days after initial preparation. For self-trapping 

experiments, 1.0 mL of photosensitized sol was injected through a small opening into a 

cylindrical cell (z = 6 mm) with flat and transparent windows. The cell consisted of 

microscope coverslips (25 x 25 mm) glued onto both sides of a 6 mm Delrin® ring with 

an external diameter of 16 mm. The organosiloxane sol was then uniformly irradiated in a 
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fabricated irradiation chamber with an aluminum foil interior to evenly distribute the light 

onto the sample. White light from a quartz-tungsten-halogen lamp (3 mW, Cole-Parmer 

09790-series) was directed into the chamber for 8 min, causing partial polymerization of 

methacrylate groups, and converting the liquid into a gel. Micrographs were obtained in z 

= 5 mm glass cuvettes; irradiation conditions were adjusted such that 0.3 mL was 

irradiated for 10 min at 1.5 mW, taking care to ensure no microstructures formed within 

the sample through modulation instability.53 

4.6.1.3 Preparation of organosilane:epoxy hybrid (MAPOXY) 

2.5 g Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate, 1.3 g  

epoxypropoxypropyl terminated polydimethylsiloxane, 1 g poly(tetrahydrofuran), 100 mg 

camphorquinone, and 100 mg ( 4-octyloxyphenyl) phenyliodonium hexafluoroantimonate 

(OPPI) were stirred together for 12 days while shielded by aluminum foil. This epoxy 

mixture was combined with 6-day-old MAPTMS in a ratio of 3:7 (i.e. 3 parts epoxy: 7 

parts organosiloxane). This hybrid mixture was stirred for 1 hour before use. This hybrid 

photopolymer was formulated in order to increase the viscosity of the medium and 

decrease the prepolymerization time. Prepolymerization of 0.3 mL MAPOXY in a 5 mm 

(z dimension) glass cuvette was performed by irradiating at 1.5 mW for 4 min. 

4.6.1.4 Preparation of doped Pluronic® F-127 hydrogels  

A solution of 1.3 mM Ru(bpy)3Cl2 and 0.2 M NaI was prepared using deionized water 

(Milli-Q®, 18.2 MWcm). 1.0 g of Pluronic® F-127 was added to 3 mL of this solution. This 

mixture of Pluronic® F-127 polymer was cooled below its lower critical solution temperature 

(LCST) using an ice bath and mixed with a glass rod to solubilize the polymer. The sample was 
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then injected into the opening of a 6 mm ring cell while cold. Equilibration to room temperature 

resulted in the formation of a gel due to the dehydration of the PPO segments of the triblock 

copolymer.  

 

4.6.2 Experimental setup for self-trapping 

Self-trapping experiments were carried out on an optical assembly adapted from 

previous studies (Figure 4-1).10 The excitation source was the TEM00 mode (Gaussian 

beam, M2 < 1.1) of c.w. visible (l = 532 nm) light emitted by a diode-pumped solid-state 

laser (Verdi V2, Coherent, Inc., California, USA). The output beam, which had a 

diameter 2.25 mm and power of 500 mW, was passed through a l/2 waveplate and split 

into two beams of equal intensity using a polarizing beam splitter cube.  The beams were 

directed by mirrors and a second beam splitter cube, through a set of filters and through a 

planoconvex lens (focal length = 75.6 mm), which focused the beams to a diameter of 20 

µm onto the entrance window of the sample cell. The separation distance (Dx) and angles 

between the focused beams were adjusted with the beam splitter mounts. The setup 

produced two orthogonally polarized beams of light that are parallel to one another and 

coplanar in y. 

The spatial intensity profile of the beam at the exit face of the cell was imaged by a 

pair of planoconvex lenses (f. l. = 75.6 mm and f. l. = 250.0 mm) onto a charge-coupled 

device (CCD) camera (2040 horizontal × 1532 vertical pixels; pixel size = 3.20 µm x 3.20 

µm; WinCamD XHR, DataRay Inc., California, USA). Combinations of neutral density 

filters (F) mounted on three separate rotatable wheels (VARM, Coherent, Inc.) were 
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placed between imaging lenses to prevent saturation of the CCD camera. All imaging 

optical components could be translated along the z direction with a resolution of 0.25 

mm. Images were collected every second. The camera used Data Ray software (Version 

7.1H25Bk), which calculates beam diameter (1⁄e2) and relative peak intensity, generates 

two-dimensional (2D) and three-dimensional (3D) intensity profiles and corrects for 

image magnification by the lenses (×3.3). The effective beam diameter corresponds to the 

circular area of all pixels with relative intensity > 13.5% (1/e2) of the maximum (peak) 

intensity. The relative peak intensity is the ratio between the greatest intensity on one or 

more pixels in an image and the saturation intensity of the camera. Plots of spatial 

intensity profiles of the beam were generated with Python v2.7 (modules: os, scipy, 

numpy, matplotlib). 

	

4.6.3 Material characterization 

4.6.3.1 Optical microscopy 

Samples that were prepared in 5 mm glass cuvettes were imaged with an optical 

microscope (Olympus BX51) under transmission mode to visualize the waveguide 

structures obtained from the self-trapping process (MAPOXY, 4 min, 1.5 mW; 

MAPTMS, 10 min and 12 min, 1.5 mW).  

4.6.3.2 Shore hardness 

Shore hardness measurements were performed on photopolymerized, cylindrical 

MAPTMS samples (thickness: 6 mm; diameter; 15 mm) with prepolymerization times of 
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5, 8, 12, and 30 min at 3 mW. A Shore OO durometer was used to take multiple 

measurements to compare the hardness of samples polymerized for different times. 

4.6.3.3 Refractive index measurements 

The refractive index of the MAPTMS sol prior to prepolymerization was measured 

using a refractometer (ABBE-3LTM, Fisher). A precise value of the prepolymerized 

refractive index was difficult to obtain as a gel, therefore the literature values for 

MAPTMS films of n0 = 1.460 and Dn = 0.006 were used for simulations.54  

4.6.3.4 UV-Visible spectroscopy 

The UV-Visible spectrum was acquired for MAPTMS samples on a Cary50 

Spectrophotometer (Agilent Technologies) in 1 cm path length cuvettes. Kinetic studies 

were performed by monitoring the changes in absorbance over time for an irradiated 

sample. 

4.6.4 Simulations 

The description of light in space can be obtained from solving the paraxial wave 

equation that assumes small changes along z (eq 4.1), where the electric field amplitude 

(E) can be described in terms of the free-space wavenumber of the optical field (k0), the 

attenuation coefficient of the medium (a), and nonlinear refractive index changes 

inherent in the material’s response to light (Δn).37–39 

 

             𝑖𝑘0𝑛0
(2
(3
+ 4

%
∇$%𝜀 + 𝑘0%𝑛0Δ𝑛𝜀 +

7
%
𝑘0𝑛0𝛼𝜀 = 0                                (4.1) 
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The transverse profile of light ( 𝛻»% = 𝜕% 𝜕𝑥%⁄ + 𝜕% 𝜕𝑦%⁄ ) changes with the changes 

in photo-induced refractive index – self-focusing of the beam occurs as the refractive 

index increases. The beam propagation method (BPM) is a technique often implemented 

for modelling fiber optic photonic devices and uses the slowly varying envelope 

approximation. These simulations were carried out by combining simulations of the 

spatial intensity profile (eq 4.1) using BeamPropTM software (RSoftTM ) with a model 

used for saturable systems (eq. 4.2). 

 
WXY(Z,[,\,])

W$
= 𝐴𝐼(𝑥, 𝑦, 𝑧, 𝑡)c '1 − ∆e(*,-,3,$)

∆ef
+                                        (4.2) 

 

The initial refractive index (n0) is set as homogeneous and the attenuation of the 

medium (a) determined using UV-visible spectroscopy. Simulations were carried out 

with the phenomenological model employing a material-dependent A-parameter and later 

related to the chemical kinetics of each system (Supplementary 4.6.5 and 4.6.6).11,14,40–42 

As the refractive index Dn approaches the saturable index, Dns, the changes in index over 

time approaches zero. These changes are also linear with respect to the intensity 

(I(x,z,y,t)) provided that the photoexcitation is a one-photon process (p = 1).11,14,40–43 

The program BeamPropTM was used to solve for the electric field amplitude, E, given 

a particular refractive index, n(x,z). The problem is formulated using a scalar field (i.e. 

omitting polarization effects) and incorporating paraxiality (i.e. propagation angles 

restricted). The geometry of the problem is dependent on the refractive index distribution, 

n(x,z), and the input Gaussian wave field, which is submitted into the simulation. There 
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are advantages and disadvantages associated with the assumptions implemented in 

BeamPropTM software. The assumption of the slowly varying field allows for coarser 

numerical simulations, allowing for higher efficiency. This assumption can be made due 

to the noninstantaneous nature of the medium (i.e. the response rate << rate phase 

variation). The above simplification also converts a second order boundary problem to a 

first order initial value problem, the efficiency of which is dictated by the number of 

longitudinal grid points (Nz). The Crank-Nicolson method is a finite difference method 

that is used by the software to solve the wave equation along the propagation directions 

(z) in a stepwise fashion. This improves the accuracy of the simulation at points far from 

the beam input along z.55–57   

The following simulations investigate two orthogonally polarized beams. The 

resultant electric field amplitude obtained from (eq 4.1) can be converted to an intensity 

distribution via:  𝐼(𝑥, 𝑧) = |𝐸(𝑥, 𝑧)|%. This intensity distribution can be related to a new 

refractive index profile according to a phenomenological model (eq 4.2) which employs a 

parameter (A) that is dependent on a material’s properties. This parameter is dependent on 

the kinetics of the various processes that results in a changing refractive index (i.e. rate 

constants associated with photoinitiation, propagation, and termination).  The refractive 

index change is a saturable process and approaches a maximum index change, Dns, which 

accounts for the depletion of reactive monomers and the formation of a permanent 

structure. The new refractive index obtained from this equation can be updated and 

reintroduced into eq 4.1. This process was done iteratively and also allowed for snapshots 
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of the intensity and index distributions in the material at several exposure times. The 

associated parameters for the simulations are included in Table 4-1. 

 

Table 4-1 Parameter values used for simulations 

Parameter Value Used 

l 532 nm 

I 8 mW cm-2 

w0 20 µm 

Nx 2000 

Nz 60 

n0 1.46 

Dns 0.006 

dt 0.125 s 

A-parameters 1x 10-6 cm2 mW-1 s-1 

8 x 10-7 cm2 mW-1 s-1 

 

Simulations were carried out on a single beam and two beams separated by Dx = 25 

µm (1.25x beam width) and Dx = 50 µm (2.50x beam width). For Figure 4-4 C,D, the 

refractive index profiles from select time points from a two-beam self-trapping simulation 

were used to launch a single beam into the structure. This virtual beam blocking 

experiment was done to confirm the swapping of the beam positions at the exit face of the 

sample (Dx = 25 µm) as the eyes form. 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 189 

4.6.5 Influence of chemical kinetics on self-trapping behaviour: Photopolymerization 

Simulations of an individual beam launched into a medium with a refractive index of 

1.460, a maximum refractive index of 1.466, an intensity of 8 mW cm-2, and an A-

parameter of 1 x 10-6 cm2 mW-1 s-1 were carried out. The corresponding refractive index 

and intensity plots at select points in time illustrate the behaviour of the beam as self-

trapping occurs (Figure 4-6 A,B). The same conditions were used to simulate two beams 

separated by 50 µm (2.50x beam width) (Figure 4-6 C,D) 

 

Figure 4-6 Simulated profiles of (A) refractive index and (B) intensity of a single 20 µm 
beam with an A-parameter of 1 x 10-6 cm2 mW-1 s-1 and (C, D) the corresponding 
profiles of 2 beams separated by 50 µm (2.50x beam width). 
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Simulations of two beams separated by 25 µm with A-parameters of 

1 x 10-6 cm2 mW-1 s-1 and 8 x 10-7 cm2 mW-1 s-1 irradiated for 125 s revealed that the 

point of merging between the beams can vary depending on the kinetics. Slower kinetics 

resulted in the beams merging further along z. Optical micrographs within a hybrid 

photopolymer (MAPOXY) and in MAPTMS with less available monomer (12 min 

prepolymerization) resulted in micrographs where the merging of the beams occurred 

further along z in the slower sample containing less monomer. 

 

Figure 4-7 Simulated refractive index profiles of 25 µm separated beams with A-
parameters of (A) 1 x 10-6 cm2 mW-1 s-1 and (B) 8 x 10-7 cm2 mW-1 s-1 exposed for 
125 s. Optical micrographs illustrating the refractive index profiles of (C) MAPOXY 
prepolymerized for 4 min and (D) MAPTMS prepolymerized for 12 min. Structures in 
(C) and (D) were both formed from 125 s of irradiation at 8 mW cm-2.  

The swapping of beam positions in two separate MAPTMS samples (Dx = 25 µm) 

revealed that faster swapping occurs in samples with more available monomer 

(prepolymerization time = 5 min) due to the faster merging of the beams and subsequent 

formation of eyes within the shared waveguide (Figure 4-8). 
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Figure 4-8 2D (A, C) XY spatial intensity profiles and corresponding intensity plots 
along X through the centroid (B and D) collected at the exit face of the sample during 
self-trapping experiments (I = 8 mW cm-2) of two beams separated by Dx = 25 µm at 
select points in time within MAPTMS photopolymer prepolymerized for (A, B) 8 minutes 
and (C, D) 5 min with one beam blocked rapidly throughout (green box = beam 1 
blocked; blue box = beam 2 blocked). Scale bar = 25 µm. 
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Shore Hardness for gels irradiated for times of 5, 8, 12, and 30 min at 3 mW were 

acquired and resulted in Shore OO values of 73, 78, 88, and 71, respectively. At 5 and 8 

min, the resulting gels still have large amounts of monomer available for polymerization. 

At 12 min, there is less available monomer, resulting in significantly slower changes to 

the beam profile during self-trapping experiments. At 30 min, the Shore Hardness had 

decreased significantly, owing to the increasingly brittle nature of the sample from 

excessive crosslinking. Samples were not irradiated to the point of saturation for this 

reason.  

Refractive index measurements of the hydrolyzed organosiloxane gave a value of 

1.4265 for 6-day old sample, and continued to increase daily, likely due to partial escape 

of methanol from the vial over time and formation of larger molecular weight oligomers 

from crosslinking (Figure 4-9). These studied were performed to determine an ideal time 

to leave samples which allowed consistency.  

The refractive index of this system has been previously reported at 1.46 with a 

change to 1.466 after photopolymerization of a film.14 These values were used for 

simulations since we were unable to obtain the refractive index of prepolymerized 

samples. The absorbance of the sample prior to self-trapping is 0.36 at 532 nm for a 6 mm 

sample based on UV-Vis spectroscopy.  
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Figure 4-9 The refractive index of MAPTMS taken on an Abbe refractometer at sodium 
D-line over time during hydrolysis without prepolymerization. 

 By monitoring the UV-visible absorbance spectrum of a sample of MAPTMS 

irradiated at 20 mW (l = 532 nm) for 45 s, a quantum yield of 0.52 (Figure 4-11A) was 

obtained for Irgacure® 784 within this photopolymer environment according to eq 4.6. 

 

([¾¿]
($

= −𝜙|𝐸|%[1 − exp(−𝜀𝑙[𝑃𝐼])]                                        (4.6) 
 

 
 
Figure 4-10 Absorbance of Irgacure® 784 in MAPTMS after irradiation at 20 mW (l = 
532 nm). 
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As photopolymerization occurs, monomer is depleted, and the rate of polymerization 

can be described by the depletion of monomer (eq 4.7) based on steady state kinetics. 

([i]
($

=  Á
 ÂM.Ã

[𝑀]𝜙|𝐸|%[1 − exp(−𝜀𝑙[𝑃𝐼])]0.±                              (4.7) 

Based on the above expression, the depletion of monomer is highly dependent on the 

propagation (kp) and termination rate constants (kt). The saturation in refractive index for 

a system with an A-parameter of 1 x 10-6 cm2 mW-1 s-1 occurs at ~ 2000 s; the 

corresponding ratio of kp /kt0.5 required to saturate the index is ca. 10 (Figure 4-11). These 

rates are difficult to confirm due to increased scattering and decreased solubility that 

occurs when these samples are polymerized for extended periods of time, preventing the 

acquisition of rate constants using infrared spectroscopy. Even with a different initial 

monomer concentration, the time at which all the monomer has been consumed remains 

the same (based on kp and kt). Although the time to reach saturation is the same, larger 

monomer depletion would be expected to create a larger overall change in refractive 

index and would be represented by a larger A-parameter in simulations (Dns).  
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Figure 4-11 (A) Simulated plot of Irgacure® 784 concentration at 8 mW cm-2. (B) The 
simulated refractive index of a constant 8 mW cm-2 region with an A-parameter of 
1 x 10-6 cm2 mW-1 s-1. (C, D) The simulated concentration of monomer over time with 
kp=1 x 104 M-1 s-1, kt = 1 x 106 M-1 s-1 and the quantum yield of 0.52 at 8 mW cm-2. The 
time taken to reach saturation is the same, regardless of the amount of initial available 
monomer, but the total amount of monomer converted and therefore the refractive index 
rate/A-parameter changes. 

The kinetics were expressed without consideration of oxygen, which has been 

documented to cause a delay in the polymerization.12,23,58–61 A second model exists that 

considers this delay, and implements a critical exposure value, but both models have been 

shown to portray the same behaviour in materials that exhibit permanent changes in 

refractive index. 11,12,14,23,40–42,60 Our simulations still show excellent qualitative 

agreement between our experimental results and illustrate the importance of the rates on 

the interaction behaviour.  
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4.6.6 Influence of chemical kinetics on self-trapping behaviour: Photo-oxidation 

The kinetics of the photo-oxidation of iodide to triiodide are more difficult to 

investigate due to the small index contrast and nonlocal nature of the response, both of 

which preclude observations of the index profile with microscopy. The rate of the 

photoreaction is dependent on the formation of the excited state, Ru(bpy)32+*, and 

therefore depends on the number of photons absorbed (A = el[Ru(bpy)32+]), the incident 

intensity (I = |E|2) and the quantum yield for the photo-oxidation of iodide to generate an 

iodide radical (𝜙¾Å). The rate of formation for triiodide can therefore be described by 

(4.8) based on pseudo-first order kinetics due to the large concentration of iodide relative 

to Ru(bpy)32+. 

([¿Æ©]
($

∝ 𝜙¾Å|𝐸|%[1 − exp�−𝜀𝑙È𝑅𝑢(𝑏𝑝𝑦)R
%NÌ�]                          (4.8) 

 

The initial rate of triiodide formation was determined using UV-Visible spectroscopy 

for a diluted sample of Ru(bpy)32+ (0.05 mM) in water with sodium iodide (0.2 M). A plot 

of the change in triiodide concentration (e = 23,200 M-1 cm-1 at 360 nm) against 

irradiation time (532 nm, 260 mW) resulted in a linear correlation with little consumption 

of Ru(bpy)32+ or iodide. This resulted in a 𝜙¾Å value of ca. 0.03 for the photo-oxidation 

reaction in water under these dilute conditions – a value comparable to luminescence 

quantum yields in water.62–64 
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Figure 4-12 Pseudo-first order kinetics of triiodide formation with irradiation at 260 mW 
(532 nm) based on UV-Vis spectroscopy and e = 23,200 M-1 cm-1 at 360 nm for triiodide. 

Assuming that the system is initially local and the rates of the reactions that generate 

triiodide are larger than recombination or diffusion, this system saturates around 200 s at 

8 W cm-2 (Chapter 2). Given the larger intensities required to observe self-trapping in this 

system, the A-parameter of this system would be expected to be on the order of 10-8-

10-11 cm2 mW-1 s-1 if we assume a refractive index change on the order of 10-3 to 10-4 at 

saturation. In the absence of recombination, the reaction requires two photons to create a 

single molecule of triiodide, and given the concentrations within this system, the 

depletion of Ru(bpy)32+ is the limiting reagent that determines the point of saturation. The 

net equation without considering recombination and the other elementary reactions can be 

described by (4.9). 

2𝑅𝑢(𝑏𝑝𝑦)R%N + 3𝐼g + 2ℎν → 𝑅𝑢(𝑏𝑝𝑦)RN + 𝐼Rg                                (4.9) 

Over long periods of time, the equilibrium reaction (4.10) and diffusion processes allow 

the chemical species to move throughout the sample, resulting in the dissipation of the 

index profile. Nonlocal diffusion processes are much slower than the photoreaction within 
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the first 50 s which explains why the beams separated at Dx = 50 µm only interact over 

long periods of time. 

        𝐼g + 𝐼% ⇌ 𝐼Rg                                                        (4.10) 

Future work will involve modelling this system and other diffusive systems to investigate 

nonlocal beam interactions further. 
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5 3D spiraling self-trapped light beams in photochemical 

systems** 

5.1 Abstract 

We report that a pair of visible laser beams self-trap and spiral about each other as 

they propagate through soft, polymer gels undergoing two different types of 

photochemical reactions. When launched into gels that undergo photopolymerization of 

methacrylate substituents and separately, photo-oxidation of iodide anion, two non-

coplanar (skewed) Gaussian beams collide and then spiral about each other as they 

advance through the evolving medium. In the absence of chemical reactions, the linearly 

polarized beams – which possess no angular velocity - broaden naturally and propagate 

along their original, straight-pathed trajectories. By contrast, refractive index gradients 

generated by the photochemical reaction both elicit self-trapping and introduce an 

attractive interaction between the self-trapped beams. These self-trapped beams spiral 

when their mutual attraction perfectly counterbalances their original tendency to diverge 

away from each other. Remarkably, these findings show that the photochemically-

mediated interactions of incident optical fields within the gel-medium impart curvature 

and angular velocity to the self-trapped beams. The ability to precisely control the 

                                                
**Submitted. The authors of the manuscript are Derek R. Morim, Damian Bevern, Ignacio 
Vargas-Baca and Kalaichelvi Saravanamuttu. Contribution: DRM and DB performed 
experimental work. DRM, IVB, KS conceived experiments, analyzed data and wrote the 
manuscript. 
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interactions and trajectories is critical for next-generation light-guiding-light photonics, 

soliton-based computing and photolithography of 3-D structures. 

 

5.2 Introduction 

Self-trapped beams are spatially localized, nonlinear optical waves, which induce 

refractive index changes (Dn) along their paths and in this way, counter their natural 

tendency to broaden.1,2 Described by the nonlinear Schrödinger equation, self-trapped 

beams are fundamentally similar to - and serve as experimentally accessible models of – 

diverse nonlinear waveforms ranging from Bose Einstein condensates to rogue ocean 

waves. They characteristically exhibit particle-like interactions3,4 such as attraction and 

repulsion,5,6 fusion7  and annihilation.8 The most intriguing but least studied of these is 

their pairwise spiraling,3,9,10 which is elicited only under exquisitely controlled 

experimental conditions.11-13 It is moreover important to note that this differs 

fundamentally from the behavior of vortices, which inherently possess orbital angular 

momentum, and can induce spiral relief structures in photoresponsive films.14 By strong 

contrast and reminiscent of planetary motion,15 the spiraling self-trapped beams raise 

fundamental questions about angular momentum conservation in the system, the 

centripetal and centrifugal forces underlying their circular motion and the relative phase, 

coherence and energy exchange between these nonlinear waves.11  

Spiraling self-trapped beams have until now been observed exclusively in 

photophysical systems, namely photorefractive crystals,11 liquid crystals13 and 
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photothermal glasses12 – and only under steady state conditions. Our experiments 

demonstrate that this extraordinary behavior of self-trapped beams can be elicited through 

fundamental photochemical mechanisms such as free-radical polymerization16 and photo-

oxidation of iodide anion.17 The relatively slow (ms to minutes) kinetics of chemical 

reactions allows us to trace the evolution of the self-trapped beam pair and gain direct 

insight into the dynamics that govern spiraling.  

5.3 Experimental observation of spiraling self-trapped beams 

We launched a pair of continuous wave (c.w.), visible (l = 532 nm) laser beams 

(A and B) onto the entrance face (z = 0.0 mm) of a transparent cell containing 

photopolymerizable methacrylate-derivatized siloxane gel15 (Section 5.6.1). Beams A and 

B are mutually orthogonally polarized but otherwise identical with widths (1/e2) and 

powers of 20 µm and 30 nW, respectively. The beams are non-coplanar, each slightly 

inclined from the z axis, and converge to their closest separation distance (Dsmin) before 

veering away from each other (Figure 5-1, Figure 5-7). To study their interactions, we 

tuned the angular separation (q) – skewness - of beams A and B from 0.23º to 0.86º while 

keeping Dsmin constant at ~20 µm (Section 5.8.3). We monitored the temporal evolution 

of the beam-pair at the exit face (z = 6.0 mm) with a charge-coupled device (CCD) 

camera. 
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Figure 5-1 Experimental configuration: (a) beams A (blue) and B (yellow) with angular 
separation q are launched into a cuvette containing photopolymerizable sol. Black arrows 
represent the beam propagation axes while cones depict their broadening under linear 
conditions. (b) Plots of their centre-to-centre separation (Ds) versus z show that beams 
reach Dsmin ~ 20 µ𝐦 (INSET); their skewness (extent to which they diverge from Dsmin) 
depends on q. 

Beams A and B self-trap and spiral about each other as they propagate through the 

gel, initiating free-radical polymerization of methacrylate moieties and corresponding 

Dn15 along z (Figure 5-2a). Intensity profiles at z = 6.0 mm show that the beams self-trap 

and simultaneously rotate about their mid-point (Figure 5-2b-d). Because they are not 

coplanar, this mutual rotation indicates that the self-trapped beams must spiral or orbit 

about each other along z. 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 207 

 

Figure 5-2 (a) Schemes of linear propagation (left) and polymerization-induced self-
trapping and spiraling (right) of beams A (blue) and B (yellow). Experimental evolution 
of intensity profiles acquired at z = 6.0 mm at q = (b) 0.70°, (c) 0.23° and (d) 0.86°. In (b-
d), white dots at t = 2 s and 26 s, represent beam-centres under linear conditions. Red and 
white dotted lines respectively show the initial and current orientation of beams. The 
scheme (left) depicts the beams’ trajectories under linear conditions. Scale bar = 25 µm. 
For clarity, some images are 2x magnified. (See also Figure 5-8). 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 208 

The extent of spiraling maximizes at q = 0.70° (Figure 5-2b): here, at early times 

(t = 2 s) the gel behaves as a linear (non-photoresponsive) medium and the beams each 

broaden due to natural diffraction from 20 µm to 130 µm as they travel from z = 0.0 mm 

to z = 6.0 mm. Broadening renders the beams indistinguishable at z = 6.0 mm but their 

centres (denoted as white points) confirm that they follow their original skewed 

trajectories and do not interact. However, within seconds (t = 6 s) of photopolymerization, 

the beams exhibit striking changes in intensity distribution and relative orientation: they 

each undergo a > three-fold decrease in width to ~ 40 µm and simultaneously rotate about 

their midpoint by ~11° (yellow line) relative to their original positions (red line). Over the 

next 20 s, the beams each narrow to ~21 µm and rotate by ~117°; this corresponds to a 

twist angle of ~242° from the entrance (z = 0.0 mm) to the exit (z = 6.0 mm) face of the 

gel. 

5.4 Mechanism of self-trapping and spiraling 

Self-trapping and spiraling arise from spatially non-uniform photopolymerization 

reactions, which in turn induce temporally and spatially anisotropic Dn in the gel 

according to:i, ii 

 

WXe(*,-,3,$)
W$

= 𝐴𝐼(𝑥, 𝑦, 𝑧, 𝑡) '1 − ∆e(*,-,3,$)
∆ef

+                                  (5.1) 

 

where I = incident optical intensity, A = material-dependent parameter and 

Dns = maximum Dn at saturation. Because it is intensity dependent, Dn mirrors the 
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Gaussian profile of each beam – maximizing at and then decaying radially from the most 

intense, axial region. The resulting Dn gradient – a lens - at z = 0.0 mm focuses each 

beam and counters its natural divergence. A symbiotic, nonlinear interaction ensues in 

which the beams become entrapped and continue to initiate polymerization within two 

strongly localized reaction fronts.15 These fronts are in fact cylindrical waveguides, which 

guide each beam as the fundamental mode (m = 0), enabling them to propagate as self-

trapped beams (Figure 5-2b-d). Self-trapping is possible only because Dn saturates when 

accessible methacrylate units in the gel are depleted. A non-saturating Dn by contrast 

would cause continuous self-focusing of the beam and ultimately, damage the medium 

due to a catastrophic increase in intensity. 

The self-trapped beams collide at Dsmin = ~20 µm - where there is maximum 

overlap of their tightly confined optical fields (Figure 5-1b). Because beams A and B are 

mutually orthogonally polarized, their overlapping fields do not interfere but superpose 

instead to increase the overall intensity - and thereby Dn - in the region between them. 

Through a nonlinear, positive feedback mechanism, intensity from both self-trapped 

beams now spontaneously tunnels into this interstitial region increasing Dn even further 

and serving effectively as a mutually attractive force. At Dsmin = ~20 µm, this attraction 

between the self-trapped beams is sufficiently strong to elicit an out-of-plane collision, 

which significantly disrupts and imparts curvature to their initially straight-pathed 

trajectories.  

The self-trapped beams, which individually would possess only linear velocity, 

acquire curved trajectories and angular velocity upon collision.11 This is because their 
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propensity to continue along their paths skewed away from each other is now countered 

by mutual attraction, which maximizes at Dsmin. Upon collision, the self-trapped beams, 

which can be considered equivalent because they are both single-moded and possess the 

same intensity, are akin to a two-body system. The dynamic competition between their 

opposing tendencies - reminiscent of centripetal and centrifugal forces – triggers 

spiraling. The greatest extent of spiraling occurs at q = 0.70° during the time t = 2 s to 26 

s when the attraction between the self-trapped beams exactly counterbalances their 

tendency to follow their original, skewed paths (Figure 5-2b). Under these conditions, the 

self-trapped beams possessed a maximum calculated angular velocity of ~ 0.24 rads-1.  

 To further confirm the above-proposed mechanism, we show that the self-trapped 

beams can either be made to fuse or follow their original trajectories by varying the 

balance between their attraction and skewness: when q < 0.70°, the attractive force 

remains the same and the self-trapped beams collide at Dsmin ~20 µm but diverge away 

from each other to a smaller extent (Figure 5-1b). As a result, at q = 0.56°, the attractive 

force is strong enough to diminish spiraling by ~25 % to ~88° (compared to ~117° when 

q = 0.70°)  (Figure 5-8). At q = 0.23°, the attractive force dominates so that after rotating 

by ~21°, the self-trapped beams fuse (Figure 5-2c). Conversely, the tendency of the self-

trapped beams to diverge from each other dominates at q > 0.70°; this also suppresses 

orbiting so that at q = 0.86°, the beams rotate by only ~10° (Figure 2d). When q = 0.96°, 

the attractive force is insufficient to elicit interactions between the self-trapped beams, 

which follow their original trajectories (Figure 5-8). 
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Because they are orthogonally polarized, we could monitor beams A and B 

individually during spiraling by inserting the appropriate crossed polarizer in the imaging 

optics. Figure 5-3 selectively traces the evolution of each beam at z = 6.0 mm during two 

separate but identical experiments at q  = 0.74°. When superposed, the orthogonally 

polarized image-sets provide direct insight into the mechanism underlying spiraling: at 

t = 2 s, there is significant overlap of the beams but once photopolymerization is initiated, 

their intensity rapidly segregates into two tightly-focused lobes corresponding to the self-

trapped beams. Significantly, these lobes are interconnected by a clearly delineated, 

narrow region containing intensity from both beams – this is the attractive interaction, 

which draws intensity from both self-trapped beams into the high-Dn, interstitial region 

between them (vide supra). This intensity overlap remains strongly localized during 

rotation of the self-trapped beam-pair over ~110°. This is because their attraction exactly 

counterbalances their tendency to follow skewed trajectories and is not strong enough to 

facilitate intensity-exchange or fusion. Indeed, spiraling ceases when this interstitial 

region disappears at t = 26 s and intensity from self-trapped beam B pervades A. Here, the 

attractive force dominates, suppressing spiraling, facilitating intensity-exchange and 

ultimately, fusion of the self-trapped beams at t > 30 s.  
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Figure 5-3 Polarized spatial intensity profiles of Beams A and B (top two rows) acquired 
in two separate, identical experiments at q = 0.74° were overlaid (bottom row) to 
selectively reveal intensity distribution of each beam during self-trapping and spiraling. 
Scale bar = 25 µm. 
 

5.5 3D spiraling trajectory 

We reconstructed the 3-D spiraling trajectories of the self-trapped beams by 

measuring their maximum rotation at increasing propagation distances (Figure 5-3a-c). 

Figure 5-3c captures their curved trajectories, which become strikingly pronounced at 

z = 2.0 mm, their point of collision (Dsmin), which disrupts their original paths and triggers 

spiraling. For these experiments, we employed a different photochemical system: 

Pluronic® F-127 gels doped with Ru(bpy)32+ and NaI. We previously demonstrated that 

Dn due to photo-oxidation of I- in this system elicits self-trapping of 532 nm light 
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(Chapter 2).16 In our current experiment, we first confirmed that Beams A and B self-trap 

and exhibit spiraling. We then exploited the processability of these gels to prepare 

monolithic samples with three different pathlengths, 2.0 mm, 4.0 mm and 6.0 mm 

(identical samples with different pathlengths are challenging to generate with 

organosiloxane gels, which must undergo a pre-polymerization step that can introduce 

variations in samples of different dimensions.) Figure 5-4 collates results of experiments 

carried out at  q = 0.78° in each Pluronic® F-127 sample; in all cases, Dsmin = 20 µm. At t 

= 0 s (under linear conditions), the beams each broaden with pathlength from 20 µm to ~ 

43 µm, ~87 µm and ~130 µm at 2.0 mm, 4.0 mm and 6.0 mm, respectively. Accordingly, 

self-trapping is rapider at shorter distances: at 15 s, the beams narrow in width to ~27 µm 

at 2.0 mm, to ~51 µm at 4.0 mm and ~70 µm at 6.0 mm. The self-trapped beams rotate to 

a maximum of 62° (t = 15 s) at 2.0 mm, 104° (t = 30 s) at 4.0 mm and 169° (t = 45 s) at 

6.0 mm. All rotations were measured with respect to the expected beam positions at that 

pathlength. The 3-D reconstruction of their trajectories through the gel is based on their 

final positions (at t = 45 s) at each pathlength. 
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Figure 5-4 (a) Scheme of Beams A and B propagating through the photo-oxidation 
system (Pluronic® F-127 gels doped with Ru(bpy)32+ and NaI) at q = 0.78°; longitudinal 
and select cross-sectional profiles are provided, (b) their rotation due to photooxidation at 
z = 6.0 mm (top), 4.0 mm (middle) and 2.0 mm (bottom) and (c) corresponding 3-D 
reconstruction of their spiraling trajectories with select transverse profiles. Scale bar = 25 
µm. 

  

 

5.6 Conclusions 

These investigations showed that a skewed pair of laser beams self-trap and spiral 

as they propagate through two different, nascent photochemical systems. The nonlinear 

evolution of Dn originating from photopolymerization and separately, 

photo-oxidation engenders an attractive interaction between the beams and imparts 

angular velocity during spiraling. In the absence of the photochemical reaction, the beams 

do not self-trap but instead, broaden as they follow their straight-pathed trajectories. It is 

important to note that the incident optical fields in our system do not themselves possess 

angular momentum. Instead, the linearly polarized, self-trapped beams spiral only 

because of their reciprocal interactions with the photochemically responsive medium. To 

ensure reproducibility of these delicate experiments, we repeated each set of experiments 
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at least thrice. Our findings highlight the richly unique opportunities provided by 

photochemical systems to host and study in real time the dynamics of nonlinear light 

waves, which in turn is critical in the development of light-guiding-light photonics,20 

photolithography of complex 3-D structures and soliton-based computing.21 
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5.8 Supplementary information 

5.8.1 Preparation of photoresponsive gels 

5.8.1.1 Materials 

3-(Trimethoxysilyl) propyl methacrylate (MAPTMS), 0.1 N hydrochloric acid, 

Pluronic® F-127 polymer, and sodium iodide were purchased from Millipore Sigma. 

(Bis(h5-cyclopentadien-1-yl)-bis(2,6-difluoro-3-(1H-pyrrol-1-yl)-phenyl) titanium(IV) 

was obtained from Ciba Specialty Chemicals Inc., Canada. Tris(bipyridine)ruthenium(II) 

chloride hexahydrate was obtained from Strem Chemicals Inc.   

5.8.1.2 Photopolymerizable gel 

Adapted from our previous work16, this photopolymer was prepared by combining 1.1 g 

(5.5 x 10-5 mol.) of 0.05 N hydrochloric acid (diluted from a standardized 0.1 N HCl 

aqueous solution) and 17.6 g (0.0708 mol) of 3-methacryloxypropyltrimethoxysilane. 

Approximately 5 minutes of stirring creates a homogeneous mixture, to which 0.05 wt. % 
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of (bis(h5-cyclopentadien-1-yl)-bis(2,6-difluoro-3-(1H-pyrrol-1-yl)-phenyl) titanium(IV) 

was added. The sample was shielded from ambient light with aluminum foil and stirred 

continuously for 6 days. 1.0 ml of photosensitized sol was injected through a small 

opening into a 6 mm-long cylindrical cell with flat and transparent windows. This 

organosiloxane sol was then uniformly irradiated in a homemade irradiation chamber 

with a reflective, aluminum foil interior to uniformly distribute the light onto the sample. 

White light from a quartz- tungsten-halogen lamp (3 mW) was directed into the chamber 

for 8 minutes (Cole-Parmer 09790-series, IL, USA), partially polymerizing the liquid into 

the gel that was employed for optical experiments.  

 
Figure 5-5 Preparation of 3-methacryloxypropyltrimethoxysilane (MAPTMS) 
photopolymer and subsequent photopolymerization. 

5.8.1.3 Photo-oxidation system 

Adapted from our previous work17, a solution of Ru(bpy)3Cl2 (1.3 mM) and NaI (0.2 

M) was prepared with deionized H2O (Milli-Q®, 18.2 MWcm). 3 mL of this solution was added 

1.0 g of Pluronic® F-127 and cooled below its lower critical solution temperature (LCST) using an 

ice bath and mixed with a glass rod until homogeneous. The sample was then injected into the 

opening of a 6 mm ring cell while cold and left at room temperature (shielded with aluminium 

foil) until a gel formed. 
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Figure 5-6 Photochemical conversion of iodide to triiodide occurs through multiple 
radical processes. 

5.8.2 Optical assembly 

Optical experiments were carried on an assembly adapted from our previous studies  (Figure 

5-7).13 The excitation source was the TEM00 mode (Gaussian beam, M2 < 1.1) of c,w. visible 

(532 nm) light emitted by a diode-pumped solid-state laser (Verdi V2, Coherent, Inc., California, 

USA). The output beam was passed through a l/2 waveplate and split into two beams by a 

polarizing beam splitter cube, creating two orthogonally polarized beams.  The l/2 waveplate 

orientation was adjusted to ensure that the intensity of each beam was equal. The beams were 

directed by mirrors and a second beam splitter cube, through a set of filters and a planoconvex 

lens [focal length = 75.6 mm], which focused each of the beams to a diameter of 20 µm onto the 

entrance window of the sample cell. The separation distance (Ds) and separation angle (q) of the 

beams was tuned by varying the orientation of the beam splitter cube.  

The spatial intensity profile of the beams at the exit face of the cell was imaged by a pair of 

planoconvex lenses (f. l. = 75.6 mm and f. l. = 250.0 mm) onto a charge-coupled device (CCD) 

camera [2040 horizontal × 1532 vertical pixels; pixel size = 3.20 µm x 3.20 µm; WinCamD 

XHR, DataRay Inc., California, USA]. Neutral density filters (F) (VARM, Coherent, Inc.) were 

used to prevent saturation of the CCD camera. All components are translatable along the z 
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direction of the optical rail with a resolution of 0.25 mm. Images were collected every second for 

50 second data logs on DataRay software (Version 7.1H25Bk), which calculates beam diameter 

(1⁄e2) and relative peak intensity. Corrections for image magnification by the lenses (×3.3) and 

filters were applied to the images and normalized for better visualization of the beam (the 

diffracted beam is less intense than the self-trapped beam). The effective beam diameter 

corresponds to the circular area of all pixels with relative intensity > 13.5% (1/e2) of the 

maximum (peak) intensity.  

 

 

Figure 5-7 Optical assembly employed to launch two skewed laser beams into 
photoresponsive gels. W =  l/2 waveplate; C1,C2 = polarizing beamsplitter cubes; L1, 
L2, L3 = planoconvex lenses; F = filters, S = sample, and CCD = charge coupled device 
camera for imaging the optical profile of the output of the sample. (A) The beam vectors 
in the xy-plane. (B) The beam vectors in 3D representing the trajectory of the beams 
under linear conditions.  
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5.8.3 Calculations of beam trajectories 

The trajectories on the beams were determined from the positions of their centres at the 

entrance: p0 = (𝑥0, 𝑦0, 𝑧0), and exit: pÒ = �𝑥Ò, 𝑦Ò, 𝑧Ò� faces of the sample under linear 

conditions. From those values, the beam propagation vectors were obtained: 

𝑣 = �𝑥Ò − 𝑥0, 𝑦Ò − 𝑦0, 𝑧Ò − 𝑧Ò�                                                 (5.2) 

The separation distance between the beams �⃗� and 𝑏Õ⃗  at the input of the sample (Ds) can be 

determined by:  

∆𝑠 = 𝑥�0 − 𝑥×0		                                                               (5.3) 

and   

∆𝑠 = 	}(𝑥�0 − 𝑥×0)% + (𝑦�0 − 𝑦×0)%                                      (5.4) 

in case of any small deviation in the y position of the beams. The angular separation between the 

beams, q, was determined through:  

�⃗� ∙ 𝑏Õ⃗ 	= ‖𝑎‖ÕÕÕÕÕÕÕ⃗ 	‖𝑏‖ÕÕÕÕÕÕÕ⃗ cos 𝜃                                       (5.5) 

where the magnitude of the vectors is determined according to:                  

 ‖𝑣‖ÕÕÕÕÕÕÕ⃗ = 	}(𝑥0 − 𝑥Ò)% + (𝑦0 − 𝑦Ò)% + (𝑧0 − 𝑧Ò)%                  (5.6) 

Finally, the minimum separation of the beams in space (Dsmin) can be determined by finding 

a vector perpendicular to both beams such that: 

	�⃗� ∙ 𝑐 	= 0 = 𝑏Õ⃗ ∙ 𝑐.                                                (5.7) 
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Figure 5-8 A scheme on the left (not to scale) illustrates the differences between the 
launch conditions of 5 experiments with Ds = 20 µm and different angles. The spatial 
intensity profiles of light leaving the sample (z = 6 mm) is shown over time. A red line is 
placed through the centre of each beam under linear conditions at the exit face and the 
yellow line is placed through the centre of each beam under nonlinear conditions; as the 
photopolymerization proceeds in MAPTMS. Scale bar = 25 µm. 
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6 Prismatic 3D printing: Seamless elements from nonlinear 

waves†† 

6.1 Abstract 

Prismatic 3D printing is an atypical method for 3D printing seamless micro- and 

macroscopic structures by employing nonlinear waves from light emitting diodes (LEDs). 

This technique takes advantage of optical self-trapping that occurs in the presence of 

photo-induced refractive index changes; these changes arise from the free-radical 

photopolymerization of acrylate monomers and is elicited by the incident light pattern to 

inscribe permanent structures into a photopolymer resin. This technique differs from 

traditional layer-by-layer 3D printing approaches in that each launched optical pattern 

creates a prismatic element in a single step. A set of rules was created to establish the 

structures that can be realized and how a mesh can be decomposed into printable 

prismatic elements. The resultant prisms can be combined into a complete object by 

fusing the prisms together, as a form a post-processing or as part of the printing process. 

This technique was also extended to overlapping prismatic elements, illustrating our 

ability to minimize the number of printable elements and increase printing speeds to 

faster than 100x the speed of conventional stereolithographic printers. Improved 

mechanical properties and increased speeds are accompanied by a decrease in resolution 

                                                
†† In preparation. OAHC and DRM contributed equally to this manuscript. OAH, DRM, 
DC, EAMH, RA performed experimental work. DRM was responsible for the 
decomposition of objects into prisms. DRM, KS, IVB, and OAH wrote and edited the 
manuscript. 
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compared to stereolithographic printers, but the formation of multi-element components 

offers a means of imparting different functionality to each element. 

 

6.2 Introduction 

3D printing has been harnessed for the fabrication of a variety of objects for 

applications ranging from biomedical materials to smart robotics — these processes 

convert digital designs into a physical form.1–4 A large assortment of printing techniques 

have emerged over the years including inkjet printing,5 fused deposition modeling,6 

selective laser sintering,7 and stereolithography.8 Many of these technologies are based on 

the sequential printing of layers of patterned material and boast faster production times9 

and lower production costs10 than traditional manufacturing approaches. For example, 

stereolithographic 3D printers write a 2D pattern into a thin layer of photopolymer 

attached to a stage. The stage is then translated to expose another layer of resin to a new 

pattern of light, and the process repeated until the object is fabricated.  

3D printing techniques that rely on the layer-by-layer assembly of polymer objects 

can sometimes have long printing times and can impart mechanical weakness along the 

planes of the printed layers.11 To circumvent these limitations of printing with layers, 

continuous printing methods have been introduced which mitigate these weaknesses 

while obtaining reasonable resolutions. Continuous liquid interface production (CLIP) is 

a technique that is analogous to stereolithographic printing but uses a resin bath 

containing an oxygen-permeable window that inhibits photopolymerization; this creates a 

dead zone that allows the object to be translated more rapidly within the resin.12 This 
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process is significantly faster (500 mm/hour) than conventional stereolithography 

(few mm/hour) as the layers are formed continuously and create more seamless objects. 

Computed axial lithography (CAL) also overcomes the need for layered printing by 

calculating the necessary optical profiles required to obtain a 3D object.13,14 Spadaccini et 

al. have illustrated the ability to print an object by generating a hologram with 3 

orthogonal beams launched into a static resin.13 This technique has also been extended to 

using multiple 2D exposures from a DLP projector launched into a resin on a rotating 

stage.14 The optical patterns launched into the resin are changed based on tomographic 

reconstruction at different angles, creating objects within seconds. We have previously 

introduced another method of fabricating seamless objects — 3D NSCRIPT — a method 

that exploits nonlinear waves from LEDs and the cationic photopolymerization of 

epoxides to create 3D objects from 2D amplitude masks.15 Light employed in traditional 

stereolithographic techniques broadens due to the natural diffraction of an optical beam as 

it propagates. The divergence of an optical beam will blur the projected image as it travels 

in space, minimizing the depth at which a pattern will retain its resolution. 3D NSCRIPT 

controls the divergence of light as it traverses the resin by taking advantage of the photo-

induced changes in refractive index that occur due to photopolymerization, thus allowing 

an image to retain its shape as it travels. Some additional 3D printing techniques that help 

to control where polymerization occurs include the use of photochromic molecules to 

control absorbance16 and photoinhibitors to hinder polymerization.17  

Prismatic 3D printing builds on the concepts introduced by 3D NSCRIPT and the 

ability to suppress diffraction across the sample to fabricate prisms — polyhedra with two 
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parallel faces. These parallel faces comprise the bases of the prisms, and the shape of both 

bases is determined by the optical pattern launched into a photopolymerizable resin. We 

illustrate the buildup of increasingly complex objects composed of prismatic elements 

using a simpler apparatus and a faster curing photoresin based on the free-radical 

photopolymerization of acrylate-based monomers.  The intensity-dependence of this 

process is highlighted, illustrating the ability to create tapered and broadened structures, 

as well as the prismatic elements that maintain their shape as they propagate. A 

systematic approach is described that breaks down 3D objects into printable volumetric 

prismatic elements — these elements are permitted to intersect allowing for further 

buildup of objects from nonlinear waves.  

The formation of structures with nonlinear waves relies on the light-induced positive 

changes in refractive index (Dn) that arise from photopolymerization to counteract the 

natural divergence of the beam in the medium.18,19 This process can be described by 

(eq 6.1) where the electric field amplitude (e) can be described in terms of the free-space 

wavenumber of the optical field (k0), the attenuation coefficient of the medium (a), and 

the diffraction of the beam described by the transverse Laplacian (∇t2).		

	

𝑖𝑘0𝑛0
(2
(3
+ 4

%
∇$%𝜀 + 𝑘0%𝑛0Δ𝑛𝜀 +

7
%
𝑘0𝑛0𝛼𝜀 = 0                                   (6.1) 

 

As the refractive index increases, the beam will self-focus and narrow, until 

diffraction is suppressed, and a self-trapped beam is formed.  
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6.3 Results and discussion 

6.3.1 Prismatic printing process and calibration 

Figure 6-1 illustrates the optical apparatus utilized for prismatic 3D printing and a 

simple case of a circular or near-Gaussian beam introduced into a medium.  The process 

begins by launching a blue beam (l = 460 nm) through an amplitude mask with a specific 

pattern onto the entrance face of the cell that contains an acrylate photoresin and a visible 

light photoinitiator (Figure 6-1a). The majority of the objects presented herein were 

fabricated in multiple steps, using up to 3 amplitude masks placed on the sides of the 

resin cell. Once the light pattern imposed to the LED beam creates the desired part of the 

object by propagating through the sample, the beam is blocked, and the resin bath rotated 

to launch the beam through another amplitude mask to create a different prismatic 

element. This process is repeated until the full object is complete. Prismatic elements 

were also fabricated separately and glued together into final objects in certain instances 

where the prisms did not overlap. 
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Figure 6-1 (a) Scheme of the optical assembly employed consisting of a blue LED (l = 
460 nm) and up to 3 amplitude masks (AM) placed at the transparent walls of the 
rotatable resin sample cell. Imaging of the optical profile at the exit face of the resin bath 
during the formation of cylinders was achieved with a planoconvex lens pair (L1, f.l = 
250 mm and L2, f.l. = 250 mm) and a CCD camera. (b) Side-view images of the growing 
cylinder with input width = 5 mm, length = 11 mm, intensity = 1.1 mW mm-2 and scale 
bar = 2 cm. The sample cell consisted of a cut syringe with glass cover slips glued to each 
end. (c) Time evolution of the spatial intensity profile at the exit plane of the sample with 
a growing cylinder with input width = 2 mm, length = 11 mm and scale bar = 1 cm. (d) 
Final printed polymer cylinders with input width = 10 mm, length = 27 mm and obtained 
with an LED beam at incident intensities from left to right of 0.47 mW mm-2, 
1.1 mW mm-2 and 1.9 mW mm-2. Scale bar = 1 cm. 

Figure 6-1b illustrates a side-view image of the self-trapping process within the 

photoresin as a 5 mm circular input beam propagates through the 11 mm sample. After a 

delay time of ~ 10 s from inhibition due to the presence of oxygen, the propagating 

polymerization front can be seen travelling at a linear velocity of ~1.3 mm/s, which 

translates to printing speeds of over 1000 mm/h; speeds faster than traditional SLA 

methods. Figure 6-1c depicts the spatial intensity profile at the exit face of an 11 mm 
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sample with a 2 mm input width. As photopolymerization occurs and the corresponding 

positive changes in refractive index causes the self-trapping of light, the intensity of the 

light at the exit plane as visualized by the camera increases by 4.4-fold during the course 

of the experiment. This increase occurs more rapidly in the centre of the beam, giving the 

impression of a decrease in beam size, but the intensity and beam size subsequently 

increase until the cylinder is formed. 

In order to identify an appropriate operational intensity, we performed several 

experiments where we fabricated cylinders at different intensities (Figure 6-1d). A 10 mm 

input beam with an intensity of 0.47 mW mm-2 launched into a 27 mm long sample 

resulted in a tapered structure, with a decreasing cross-section as it propagates along z. 

This behaviour is attributed to the polymerization occurring predominantly in the centre 

as the outer regions of the beam are not intense enough to overcome inhibition due to 

oxygen. In contrast, higher intensities of 1.9 mW mm-2 produce a large concentration of 

initial radicals in regions of the diffracted profile which can initiate polymerization in 

those regions before self-trapping has time to occur. This resulted in a structure that gets 

larger as the light propagates. It is only at the intermediate intensity of 1.1 mW mm-2 that 

the propagation of the 2D circular beam results in the inscription of a cylinder. The 

aforementioned calibration must be carried out for all photopolymer systems due to their 

varying kinetics. 

 

 

 



 Ph. D. Thesis – D.R. Morim – McMaster University – Chemistry & Chemical Biology  
 

 230 

 

6.3.2 Decomposition of objects into prismatic elements 

The systematic deconstruction of complex objects into prismatic elements requires that 

an object, O, can be decomposed into prisms, Pn, such that the union of all prismatic 

elements results in the formation of the object (eq 6.2).  

𝑂 = 𝑃4 	∪ 𝑃% 	∪ …𝑃e                                                      (6.2) 

This approach begins by taking a 3D mesh — a file comprised of the vertices, edges 

and faces that define a 3D object — and sequentially performing operations until prismatic 

elements are formed. Due to the nature of the printing process, it is necessary that each 

element takes the shape of a prism (e.g. rectangular prisms, triangular prisms, cylinders, 

trapezoidal prisms, etc.) and prohibits some geometric features based on 2 basic rules: 

Rule 1: If two triangular faces share an edge, the mesh is not printable. 

Rule 2: Two non-rectangular/non-trapezoidal faces cannot share an edge.  

These rules prevent the prismatic printing of spheres, cones and pyramids, for example, 

and is a limitation to this printing method. The decomposition of objects can be achieved 

using computational algorithms that are iteratively applied to 3D meshes. Convex 

decomposition, for example, is employed to partition a surface into convex clusters.20–22 

Line drawings have been decomposed into separate objects by identifying hidden lines and 

concealed internal faces that can be used to partition an object into simpler geometric 

entities.20 The above methods inspired the breakdown of our objects into prismatic elements 

using the following steps (Figure 6-2):   
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Step 1: Edges between attached coplanar faces are removed. This step is taken to 

ensure that an object is broken down into the fewest number of possible 

fragments to reduce the number of printing steps. 

Step 2: Internal faces are identified based on the work by Liu et al.20 These internal 

faces are comprised of visible edges and vertices, and do not intersect with 

any other edges within the object. Partitioning along these internal faces 

creates 2 fragments, each possessing a copy of the internal face and its 

associated vertices and edges.  

Step 3: The geometric requirement for printable prisms is the presence of 

rectangular or trapezoidal faces adjacent to each base. There can therefore be 

no two adjacent faces that are not rectangular or trapezoidal. If two such faces 

share an edge, then one must modify the object by creating new edges until 

this is no longer true. The new edge should be drawn on the face comprised 

of more edges and it should be drawn either parallel or orthogonal to the 

shared edge; this process reduces the final number of components by breaking 

down the more complex polygon.   

Step 4: If at any point during the decomposition there exist two adjacent triangles 

that share an edge, the object is not printable via prismatic 3D printing and 

the mesh must be modified, and then returning to step 1.  

Step 5: If the reduced elements contain no two adjacent non-rectangular/non-

trapezoidal faces, then that prismatic element can be printed via this printing 

method. Elsewise, repeat steps 2, 3 and 4 until this becomes true. 
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Figure 6-2 (A) Flowchart depicting the decomposition steps that were carried out to 
convert mesh files into printable prismatic elements and the decomposition of 3 objects 
(B-D). Scale bar = 1 cm. The printed elements were glued together in (C) and (D). 
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Figure 6-2 shows a flow chart that includes the necessary steps for the decomposition 

of objects into prismatic elements. The decomposition of each object is depicted for 3 

separate objects alongside the final printed structures, with each prismatic element 

possessing a different colour.  The simplest decomposition occurs when the object is 

already a prism, such is the case for the disk of death (Figure 6-2b). There exist no edges 

between coplanar faces (Step 1), no internal faces (Step 2) and no adjacent non-

rectangular/non-trapezoidal faces (Step 3). The only two faces with more than 4 edges are 

the bases of the prism. This object is identified as a printable prismatic element (Step 5) 

and was printed in < 30 s.  A coumarin dye was introduced into the photopolymer resin to 

provide colour to the object. 

Figure 6-2c depicts the decomposition of a house with two inequivalent slanted 

rooftops. Although two triangular prisms and a rectangular prism are clearly visible, the 

printing of this house would require 3 steps. The removal of edges shared between the 

coplanar triangular and rectangular faces (Step 1) reduces the overall number of printing 

steps. No internal faces are present (Step 2) but there exist two 6-sided faces that share an 

edge (Step 3), so an additional edge was drawn parallel to the shared edge. With no shared 

triangular faces (Step 4), we proceed to identify an internal face that can be partitioned 

(Step 2). The resulting elements have no adjacent non-rectangular/non-trapezoidal faces 

(Step 3) and can therefore be printed. (Step 5). The printed elements were printed in a total 

of ~55 s. 

The next example (Figure 6-2d) illustrates what occurs when the algorithm encounters 

a non-printable element. There are no shared edges between coplanar faces (Step 1) and 
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one internal face (Step 2) in the object, resulting in two triangular pyramids after the 

partitioning. Rectangular pyramids violate Rule 1 since they possess two shared triangular 

faces (Step 4). The only way to mitigate this issue is to convert the rectangular pyramids 

into trapezoidal prisms and repeating Steps 1-5. The resulting trapezoidal prisms were 

fabricated using high intensities, capturing and inscribing the diffracted profile (Figure 6-

1d). Printing of 5 trapezoidal prisms and one rectangular prism was completed in a total of 

~160 s.  

Increasingly complex objects can also be fabricated. Figure 6-3 illustrates the 

decomposition of a hockey player into 3 prismatic elements. With no shared coplanar 

edges (Step 1), two internal faces (Step 2) and no shared non-rectangular/non-trapezoidal 

faces (Step 3), the object is quickly decomposed into the three pieces which are printed 

within 100 s (Step 5).  

 

Figure 6-3 Decomposition steps that were carried out to convert a hockey player mesh 
into printable prismatic elements and the resulting printed object. 
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This ability to fabricate multiple prismatic elements using nonlinear waves was 

extended to print other objects found in the Supplementary 6.6.2 alongside their 

decomposition into prismatic elements. 

6.3.3 Printing of intersecting prismatic elements 

The union of prismatic elements according to (eq 6.2) remains true in instances when 

the prismatic elements intersect. The following section highlights our ability to decompose 

these intersecting prisms, by combining multiple decomposition pathways. Figure 6-4 

depicts the decomposition of a runner using the previously described steps. 

 

Figure 6-4 Decomposition of a runner using two degenerate methods and the fabrication 
of a runner. Scale bar = 1 cm. 

The runner possesses no shared edges between coplanar faces (Step 1) but does possess 

several internal faces (Step 2) based on the mesh of the object. Depending on which 

partition the algorithm carries out first, one obtains either two prismatic body pieces and 

one unprintable non-prismatic head OR one prismatic head and two unprintable non-

prismatic body pieces. Both routes on their own are unable to create the necessary elements 
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to build the object, but a subset of prismatic elements (P) within that superset (S) exist 

(eq 6.3) such that those prisms can combine to create an object according to (eq 6.2).   

𝑃 ⊆ 𝑆                                                                   (6.3) 

This runner is printed using 3 amplitude masks and the sequential rotation of the 

sample. The LED beam was first launched through a circular mask to create the head. This 

was followed by a 90-degree rotation and use of one body mask to create half of the body 

by stopping the polymerization once the propagating wavefront reached halfway. Finally, 

the resin bath was rotated 180o and the beam was launched through a second body mask 

until the second half of the runner’s body fused with the other half (Figure 5). The total 

printing time of the runner was ~43 s, and the process was extended to fabricate 2 additional 

runners (Supplementary 6.6.2, Figures 6-12 and 6-13). To reaffirm that these intersecting 

prismatic elements can be created, we printed a lattice of intersecting rods (Figure 6-14) 

using 3 masks that each contain 9 square apertures. A lattice of 27 intersecting rods was 

fabricated. The union of prismatic elements to create objects suggests that we can also build 

up objects from a set of known prisms by creating meshes that comprise of unified prisms. 

6.3.4 Speed and resolution 

In order to compare the quality and speed of our technique with traditional 

stereolithography, we printed a runner using an SLA printer with the same photoresin 

(Figure 6-5). Our technique was significantly faster with a printing time of 161 s compared 

to 9960 s with the SLA printer. The minimum feature size in the XY direction that can be 
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printed via prismatic printing is on the order of 500 µm while those obtained with a Form 

2 SLA printer are on the order of 100 µm. 

 

Figure 6-5 Images depicting a runner printed using SLA and prismatic printing. Scale bar 
= 1 cm. 

A summary of the meshes, fragmented models from the manual decomposition and the 

final printed structures are displayed in Figure 6-6.  
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Figure 6-6 Illustration of fragmented model from various meshes and the resulting 
printed objects.  

6.4 Conclusions and outlook 

The prismatic printing of three-dimensional objects using nonlinear waves offers a 

facile and rapid, room temperature method of printing objects that are comprised of 

multiple prisms using LED sources. The decomposition of these objects into prisms has 

been determined using an algorithm that reduces the object into smaller elements. The 

reverse process of building objects starting from prismatic elements can be done by 

unifying multiple prisms to build an initial mesh. As proof of concept, we showed that self-

trapped beams sequentially launched through 3 amplitude masks and 3 directions can 
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inscribe prismatic elements in situ to make objects including a series of runners, a lattice, 

and a skull. The higher refractive index of these written structures relative to their 

surroundings may offer these materials light-guiding properties, allowing us to print 

different waveguide architectures. Prismatic printing of functional materials that respond 

to other stimuli and combination of these prismatic elements may enable the formation of 

more complex, smart polymers for various applications.  

6.5 Methods 

6.5.1 Materials 

Abecryl® 8210, Genomer* 1122TF and Sartomer SR 494 were donated from Allnex, 

Rahn USA Corp. and Arkema Inc, respectively. Photoinitiators Irgacure® 189 and 

Irgacure® 819 were obtained from Ciba Specialty Chemicals. Coumarin 6 was obtained 

from Sigma-Aldrich. 

6.5.2 Preparation of photopolymer 

The resin used was a modified version of Autodesk Standard clear prototyping Resin 

(PR48). It was obtained by mixing Abecryl® 8210 (39.1%), Sartomer SR 494 (39.1 %), 

Genomer* 1122TF (19.6%), Irgacure® 819 (0.2%) and Irgacure® 184 (2.0%). The 

mixture was stirred for 48 h before using it. For the disk of the death, Coumarin 6 was 

added to the resin prior to stirring for 48 h. 

6.5.3 Optical apparatus and imaging 

A blue LED (λmax = 460 nm, Kerber Applied Research Inc.) was used as the main light 

source. Tapered objects were fabricated at 2.33 mW mm-2 with a separate mounted LED 

(λmax = 470 nm, Thorlabs). The dimensions of each cell varied depending on the target size 
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for each object. Amplitude masks with the desired pattern to be imposed on the beam were 

placed at the entrance face of the sample cell. Vinyl amplitude masks were printed using a 

Graphtec Craft ROBO vinyl cutter. A plano-convex lens pair (L1, f.l = 250 mm and L2, 

f.l. = 250 mm) and a CCD camera (WinCamD XHR, DataRay Inc.) were used for 

monitoring the spatial intensity profile at the exit face when printing cylindrical rods during 

calibration. A Samsung Galaxy S6 phone camera was used for side imaging of the 

propagating structures. 

6.5.4 Post-processing of structures 

Large elements were sanded due to excess side polymerization during the 

photoreaction. Prismatic elements printed separately were glued together using small 

amounts of photoresin and subsequently irradiating with the LED.  

6.5.5 Decomposition of mesh 

Mesh files were created in Blender (v.2.79) and manually modified using the 

decomposition steps (vide supra) (prismatic elements coloured differently once 

decomposed).  

6.5.6 SLA Printing 

SLA printing of the runner was carried out using a Form 2 printer from Formlabs. 

6.6 Supplementary information 

6.6.1 Calibration of intensity during printing of cylinders  

Cylindrical rods were printed as a means of calibration (Table S1) and yielded 

optimal printing conditions at 1.1 mW mm-2. At distances larger than 5 cm, there is 
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greater difficulty in maintaining the beam diameter as the beam propagates, limiting our 

technique to printing smaller objects. 

Table 6-1 Diameter at the entrance and exit face of cylinders fabricated with a beam 10 
mm wide at 0.47, 1.1 and 1.9 mW mm-2 (3 replicates). 

 

Intensity  

(mW mm-2) 

10 mm Pathlength 27 mm Pathlength 

Diameter at 

Entrance (mm) 

Diameter at 

Exit (mm) 

Diameter at 

Entrance (mm) 

Diameter at 

Exit (mm) 

0.47 9.4 ± 0.2 5.0 ± 2.0 9.5 ± 0.1 8.5 ± 0.5 

1.1 9.9 ± 0.1 10.4 ± 0.5 9.9 ± 0.1 10.6 ± 0.3 

1.9 10.0 ± 0.1 10.9 ± 0.2 10.1 ± 0.3 13.2 ± 0.1 

 
6.6.2 Prismatic printing of separate elements  

The following section describes the printing of multiple prismatic elements and then 

separately combining those elements into a single object. The same manual 

decomposition steps are applied to break down an object into the corresponding prismatic 

elements in Figures S1 and S2. 

 

Figure 6-7 Decomposition steps that were carried out to convert a mesh into printable 
prismatic elements and the resulting printed object. Scale bar = 1 cm. 
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Figure 6-8 Decomposition steps that were carried out to convert a mesh into printable 
prismatic elements and the resulting printed object. Scale bar = 1 cm. 

 

 

Figure 6-9 Decomposition steps that were carried out to convert a house mesh into 
printable prismatic elements and the resulting printed object. Scale bar = 1 cm. 

6.6.3 Printing objects in situ 

Unlike the previous examples that looked at printing individual elements and gluing 

them together, we are also able to create multiple elements by rotating the stage of the 

sample. By creating multi-element complex objects with amplitude masks (Figure 6-10) 

placed at the glass walls of the resin cell, we are able to fuse together elements rather than 

using adhesive to combine the pieces post-printing. Figures 6-11 to 6-14 illustrate the 

manual decomposition of objects printed in situ, with Figures 6-12 to 6-14 containing 
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multiple intersecting prismatic elements which necessitated the use of our decomposition 

method. 

 

Figure 6-10 Amplitude masks used to print objects in situ. 

 

Figure 6-11 Decomposition steps that were carried out to convert a skull mesh into 
printable prismatic elements and the resulting printed object. Scale bar = 1 cm. 

 

Figure 6-12 Decomposition of a sprinting runner using two methods and the fabrication 
of the runner. Scale bar = 1 cm. 
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Figure 6-13 Decomposition of a starting runner using two methods and the fabrication of 
the runner. Scale bar = 1 cm. 

 

Figure 6-14 Decomposition of a lattice using 3 methods and the fabrication of the lattice 
in 3 steps with overlapping elements. Scale bar = 1 cm. 
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7  Conclusions and future work 

Light and nonlinear materials cooperatively interact in unique ways, allowing us to 

manipulate light using methods not possible with linear media. By photochemically 

changing the refractive index of a material, we can create self-trapped beams that are 

capable of interacting with one another. By changing the divergence of light and spatially 

changing the refractive index, we can create new 3D structures for various applications or 

we can harness light and soliton interactions to transfer information between beams. 

Depending on the reversibility of the photochemistry and the kinetics within the 

materials, we can investigate these effects in a wide range of materials and expand on the 

growing knowledge of their interactions for applications in new photonics technologies.  

7.1 Self-trapping due to the photocatalytic oxidation of iodide 

Initial studies looked at harnessing the catalytic photo-oxidation of iodide to triiodide 

using Ru(bpy)32+ within a polymer to generate a refractive index change [Chapter 2]. Self-

trapping originates from the reaction and the corresponding Δn along the beam 

propagation path. In the absence of light, these self-induced waveguides gradually 

dissipate and allow for the self-trapping process to be carried out once again. This 

material demonstrated that photochemically generated self-trapped beams can be created 

in any material capable of changing the Δn and that their reversible formation is possible. 

Through several control experiments, we confirmed the necessity of the excited state 

Ru(bpy)32+*, demonstrated the ability to slow down self-trapping by adding a quencher 

through Stern-Volmer analysis and even identified the secondary process of oxidative 
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polymer cross-linking that can occur in the absence of iodide. We also illustrated the 

intensity-dependence of this nonlinear process.  

7.2 Reversible self-trapping and nonlocal interactions in spiropyran-

functionalized hydrogels 

We demonstrated that reversible, switchable self-trapped beams can be elicited in 

hydrogels containing covalently-linked spiropyran chromophores that isomerize upon 

exposure to visible light [Chapter 3]. The “on-off” switching mechanism converts the 

optical energy from the light field to a physical transformation, that manifests as a photo-

induced contraction and produces the change in Δn necessary for self-trapping to occur. 

Through several control experiments, the necessity of the photoacidic merocyanine 

substituents covalently attached to the hydrogel and the pH-responsive acrylic acid 

substituents were determined. The ability to reversibly create self-trapped beams was 

illustrated and the intensity-dependence of self-trapping was shown. A model that 

combines the light propagation, photoisomerization and swelling kinetics of the polymer 

was created and correlated well with experimental observations for single beam self-

trapping. The unexpected nonlocal interaction between two self-trapped beams occurred 

even at 200 µm (10x beam width), allowing for modulation of optical beams that shared 

no optical overlap. This behaviour resulted from the mechanical forces in the gel that 

allowed for the beams to communicate with one another throughout the hydrogel, 

reversibly decreasing the self-trapping efficiency of neighbouring beams and returning to 

their original self-trapped state when propagating alone. 
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7.3 Collinear interactions between self-trapped beams in polymers 

Studies of collinear interactions between self-trapped beams were carried out in two 

separate polymer systems as a result of photopolymerization and photo-oxidative 

reactions, respectively [Chapter 4]. The interactions of self-trapped beams were 

confirmed to be dependent on their initial separation distances and required initial optical 

overlap in order for the beams to interact within the first minute of their formation. The 

interactions in both systems were attractive in nature but the subsequent changes to the 

beams were both different due to their respective chemical kinetics. The attraction 

between two self-trapped beams (1/e2 = 20 µm) separated by 25 µm (1.25x beam width) 

in the photopolymer system resulted in the merging of the beams and formation of a 

single waveguide. By monitoring the output of the evolving optical profile, we observed 

the swapping of the positions of each beam over time, a phenomenon that was determined 

to be due to the formation of high refractive index regions along the propagation path that 

act as lenses- eyes. While these eyes were previously documented, their effect on two 

interacting beams and the swapping behaviour were not. These studies were 

supplemented with beam blocking studies and simulations, to confirm the behaviour. The 

A-parameter from the simulations was large compared to many of the other polymer 

systems used for self-trapping studies, and the chemical kinetics and rate constants were 

also related to the A-parameter that was utilized, illustrating the ability to use the model 

for any saturable system provided diffusion rates are small. The attractive interaction 

between self-trapped beams in the photo-oxidative system did not result in multiple lens-

like eyes along the propagation path, due to the diffusion that can occur over time. Only a 
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single lens-like inversion occurs from the primary eye, resulting in the output beams 

having switched positions when separated by 25 µm. The nonlocal attraction between the 

beams is observed over long periods of time at 50 µm (2.5x beam width) separation, 

reinforcing the diffusive nature of the nonlocality within this system.  

7.4 Out-of-plane interactions between self-trapped beams that rotate 

We demonstrated that the interactions of two out-of-plane beams in the two previous 

systems can lead to orbiting of the output beams [Chapter 5]. The initial local response 

from Chapter 4 was extended by studying collisions between two angled beams that 

contain some partial overlap between the beams. It was determined that the beams 

required a large enough angle so that they do not merge early on, but not so large that the 

beams propagate past one another without interacting. By analyzing each beam separately 

throughout the interaction, we were able to visualize the shared lobe of intensity that has 

been attributed to be responsible for the spiraling interaction in other materials capable of 

hosting spatial solitons. The eventual merging of the beams appears to occur based on the 

optical micrographs, preventing any further spiraling from occurring and is also evident 

by the decrease in angular velocity throughout the experiment. The behaviour in the 

photooxidative system showed spiraling under similar conditions, and examination of this 

process in different sized samples allowed us to gain a sense of the trajectories of the 

beams during the process. The route to strengthen interactions between self-trapped 

beams may involve slowing down these reactions to provide them with more time to 

interact. 
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7.5 3D printing of objects using nonlinear waves through decomposition to 

prismatic elements 

Building on the previous studies of using nonlinear waves to fabricate 3D structures, 

we took advantage of self-trapping within photopolymers to create objects from multiple 

prismatic elements [Chapter 6]. Rather than using conventional layer-by-layer methods 

that take small repeating units to fabricate 3D objects over the course of hours, we 

launched 2D optical profiles onto the face of a photopolymerizable resin to create larger 

three-dimensional prismatic units within the resin, that can be combined to create objects. 

A set of rules was constructed in order to decompose a 3D object of interest into prismatic 

elements and allowed us to print the object using multiple exposures from different masks 

at different angles. Printing speed and mechanical strength were improved compared to 

objects printed with an SLA printer, but at the expense of resolution. While this method 

does have some limitations, the ease of printing multi-component objects by using 

different resins for different components may offer a simple method of imparting 

different functionalities to different prismatic elements. 

7.6 General conclusions 

This thesis provides several advancements to the field of nonlinear optics in polymers 

with different photoresponses. The first two contributions describe new photoresponsive 

systems that are capable of hosting self-trapped beams. Communication between spatial 

solitons in the literature allowed us to intuit that self-trapped beams in these materials 

should also be able to interact, unlike in traditional linear media. This initiated the 

comparison between the interactions of these spatially self-trapped in these materials and 
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their comparison to their behaviour in photopolymers. We demonstrated that systems that 

change photochemically are able to show many similarities to other spatial solitons in 

other nonlinear media and can be used to manipulate the growing self-induced 

waveguides. The universality of spatial solitons to many different photoresponses 

illustrates our ability to harness these nonlinear waves in photochemical systems to 

manipulate light for patterning and all-optical communication between beams of light. 

The reversible spiropyran-functionalized gel offers a new way of interacting beams of 

light through the opto-chemo-mechanical interaction that occurs between the beams, 

decreasing self-trapping of neighbouring beams. Our ability to utilize nonlinear waves in 

photopolymers to 3D print functional architectures composed of prismatic elements 

demonstrates one such application of optical self-trapping to create objects with enhanced 

mechanical properties and with very rapid printing speeds. 

 

7.7 Future work and outlook 

Future work into nonlinear photochemical waves can involve interactions of different 

geometries, investigations into different self-action effects, fabrication of new materials 

with improved photoresponses and the 3D printing of functional materials with 

applications in optics, photonics, robotics and smart materials. 
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7.7.1 Further investigations into beam interactions and computing 

7.7.1.1 Orthogonal interactions 

Our ability to manipulate self-trapped beams by harnessing their interactions can be 

extended to different geometries. Orthogonal collisions are not often studied because 

orthogonal beams would not be expected to transfer momentum if they are travelling 90 

degrees to one other. When multiple optical filaments from MI are formed from two 

orthogonal beams in a free-flowing photopolymer, these filaments align and migrate to 

maximize intersections.1 This suggests that the index gradients from orthogonal beams 

can influence one another. Individual orthogonal beams with partial intersection near the 

primary eye may provide the gradients necessary to observe these types of interactions in 

photochemical systems. 

7.7.1.2 Reversible computing 

Nonlocal and reversible interactions, such as those observed within the spiropyran-

functionalized hydrogel, may make it possible to harness a nonlinear response for 

computing-type operations using light.2 For example, binary computing has been 

demonstrated in photopolymers capable of modulation instability, with different ordering 

of filaments representing a binary string.1 The position of self-trapped beams has been 

deliberately altered using a collision with a second beam, and related to an operation.3,4 

Future work would involve creating increasingly complex computing systems with 

materials patterned with different responses.5,6 Spiropyran-functionalized hydrogels 

(contraction and nonlocal deformation), lead glass (nonlocal heat transfer), and liquid 

crystals (nonlocal reorientation) are some possibilities of reversible material types that 
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can be patterned into connected channels and other geometries. By varying the input of 

the beams, different outputs would be obtained based on the interactions and 

computational operations that occur within the material.  

7.7.2 Further investigation into self-action effects within new photoresponsive materials 

7.7.2.1 Modulation instability 

Self-action effects in photopolymers are intensity-dependent and demonstrate the 

formation of rings, rings of filaments and arrays of filaments through modulation 

instability.7 These types of phenomena can occur in other photochemical systems, 

including Pluronic® F-127 gels that host the photo-oxidation of iodide to triiodide 

(Chapter 2). Filaments formed within this system change position over time due to 

diffusion processes within the gel. Modulation instability in a photochemically reversible 

system would be interesting to observe and would allow for the simultaneous formation 

of arrays of self-trapped filaments. Attempts to observe modulation instability in the 

spiropyran-functionalized hydrogels showed no filament formation, likely due to the 

nonlocal response that decreases the self-trapping efficiency upon introduction of a 

second beam. It may be possible to observe modulation instability in a similar material 

that severs the nonlocal response by creating a supramolecular gel out of polymer 

particles that contract with visible light.  

7.7.2.2 Self-defocusing 

Another type of nonlinearity that would be interesting to investigate further is the 

negative photoresponse which can be elicited by depolymerizing a polymer with light 

(e.g. positive photoresists, self-immolative polymers).8,9 Preliminary simulations (same 
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approach as Chapter 4; negative A-parameter) illustrate that a decrease in refractive index 

leads to self-defocusing behaviour (Figure 7-1). 

 

Figure 7-1 Simulations illustrating changes to the index profile and intensity profile as 
photo-induced refractive index decreases occur, resulting in self-defocusing using the 
phenomenological model implemented in Chapter 4 with A-parameters of -0.00001 and   
-0.000001. 

 
Preliminary work resulted in a self-defocusing effect in a Pluronic® F-127 gel with a 

photoacid system, comprised of Ru(bpy)32+ and [4-(Octyloxy)phenyl]phenyliodonium 

hexafluorophosphate (Figure 7-2). Upon irradiation with visible light, the hydrogen bonds 

are disrupted, and the refractive index decreases as the polymer chains begin to interact 

more with the surrounding water. The beam changes between a larger, defocused state 

and a smaller, focused state. Future work would involve applying self-defocusing to 

create new structures by combining positive and negative nonlinearities into the same 

material and controlling their rates.  
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Figure 7-2 (A) Spatial intensity profiles in a 6 mm sample containing Pluronic® F-127, 
Ru(bpy)32+ and [4-(Octyloxy)phenyl]phenyliodonium hexafluorophosphate with P = 25 
µW. (B) Plot illustrating changes to the maximum relative intensity over time as self-
defocusing causes oscillations between a defocused beam or ring and single filaments.  

 
 
7.7.2.3 Photothermal response 

 
Photothermal responses in lead glass10 and thermotropic liquid crystals11,12 tend to be 

nonlocal in nature, due to thermal diffusion. The diffusion of heat may allow for 

communication between beams separated by large distances, even when separated by 

other thermally conductive media.10 Preliminary attempts to create a new material with a 

photothermal response resulted in self-defocusing.  Thermoresponsive poly(N-

isopropropylacrylamide) polymer chains undergo a reversible phase transition above the 

LCST, dispelling water from the irradiated region. This contraction resulted in defocusing 

of light due to scattering and phase separation within the gel (Figure 7-3). Future work 

into photothermal responses should focus on materials with larger thermal conductivities 

such as lead glass, due to the inherent nonlocality of thermal responses. 
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Figure 7-3 Spatial intensity profile of the output plane of a 6 mm hydrogel sample 
containing thermoresponsive N-isopropylacrylamide. Methyl orange was used as an 
absorbing dye to nonradiatively release heat. Irradiation at 7 mW caused no noticeable 
changes (A) but irradiation at 43 mW resulted in self-defocusing, likely due to scattering 
above the LCST. 

 
7.7.3 Electroactive polymers and materials responsive to other stimuli 

The ability to 3D-print prismatic elements to create different objects can be extended 

to create stimuli-responsive materials and smart robotics technologies. Research into 

printing electroactive ionic polymers that can be controlled with external electric fields is 

ongoing. We have demonstrated the ability to print prismatic elements that guide light 

and bend in the presence of an electric field (Figure 7-4) based on diffusion and swelling 

processes.13,14 Simulations of the light distribution in curved passive waveguides at 

different angles (BeamProp®) shows the types of expected behaviours arising from 

bending waveguides (Figure 7-5). We have also demonstrated the ability to inscribe 

arrays of waveguides into these polymers using masks (Figure 7-4), creating an 

electroactive waveguide array.  
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Figure 7-4 CCD images of light guided by an electroactive waveguide printed via 
prismatic 3D printing using a hydrogel containing acrylic acid to imbue electroactive 
response (a) prior to electric field and after (b) 30 s, (c) 90 s, (d) 120 s, (e) 150 s, and (f) 
180 s. (g) Image of the electroactive waveguide in between two electrodes. (h) CCD 
image of the self-trapped filaments that have formed. (i) Optical micrograph of the 
waveguide array (z = 3 mm) formed using electroactive monomers and inscribed using a 
blue LED and a mask with 80 µm periodicity. Images obtained with Natalie Blanchard 
and Oscar Alejandro Herrera Cortes. 

 

 

Figure 7-5 Simulations of 0-degree light entering passive waveguides that are curved at 
an angle (A) or that are slabs at an angle; Dn = 0.4 and z = 6 mm.  

 

Further research is required to improve the response to the electric field. Prismatic 

printing may also be applied to create other light-guiding materials such as dynamic 

lenses and couplers. Future work would also involve imparting additional responses to 

different stimuli to create materials that work cooperatively and behave intelligently.15 
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