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Alim, Marvin Dion (PhD, Materials Science and Engineering)  

Photopolymer Systems For Holography and Additive Manufacturing 

Thesis directed by Professor Christopher N. Bowman and Professor Robert R. McLeod 

 This thesis is focused on the advancement of enabling photopolymer materials 

for holography and additive manufacturing. The first part of this thesis covers the 

design, synthesis and implementation of novel chemistries in two-stage holographic 

photopolymers. First, photopolymerizable high refractive index monomers (nD/20ºC: 

1.60 – 1.67)  with enhanced solubilities were developed and employed in two-stage 

photopolymers, achieving high refractive index modulations (peak-to-mean Δn) of up to 

0.03 in transmission holograms (pitch spacing ~ 1 μm); competitive with state-of-the-art 

commercial materials. These materials were also investigated towards alternative 

recording methods such as the facile optical fabrication of millimeter-scale flexible 

gradient refractive index (GRIN) lenses. In general, using efficient thiol-X chemistries, a 

diverse set of liquid acrylate writing monomers with a balanced set of properties 

(viscosity, color, dispersion, solubility etc.) were obtained. Correspondingly, a general 

and scalable synthetic strategy was devised that significantly expanded the thiol-X 

monomer toolbox for realizing high refractive index step-growth (photo)polymers. This 

highly modular approach enabled precise control over the monomer structure. Using 

only commercially available starting materials, synthesized thiol and diallyl ether 

monomers (nD/20ºC > 1.64) formed low viscosity thiol-ene resins (< 200 cP) that 

exhibited rapid and high conversions, achieving high refractive index values (nD/20ºC) 

up to 1.665. Separately, aspects of configuring the network in two-stage systems with 



 iv 
dynamic covalent chemistries were developed to enable stress relaxation during and 

after holographic exposure. 

 The second part of this thesis comprises the foundational study of 

photopolymerizable thermoplastics, a unique class of high molecular weight polymers (> 

104 g/mol) rapidly fabricated with light in seconds. This includes the investigation of 

photopolymerized linear thiol-ene polymers that subsequently crystallize within minutes 

at ambient to form mechanically strong and tough semicrystalline materials. 

Fundamental structure-property studies revealed a unique sub-class of polymers 

characterized by elastomeric-like elongations (~800%) with thermoplastic-like tensile 

strength and toughness values of 25 MPa and 100 MJ/m3 respectively. The potential of 

these materials for vat photopolymerization additive manufacturing was conclusively 

demonstrated using commercial 3D printers achieving good patterning resolutions at 

standard print times. The salient feature of being able to dissolve or melt otherwise 

mechanically robust 3D printed objects opens the door to a new class of intrinsically 

recyclable and reprocessable 3D printable photopolymers.  
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Introduction 

 

 

1.1 Overview 

Photopolymers are arguably one of the most facile and rapid methods of 

producing materials on demand. Using readily available wavelengths (300-500 nm) at 

mild intensities (1-100 mW/cm2), photopolymerization rapidly converts a liquid into a 

solid in a matter of seconds; usually accompanied by orders of magnitude increase in 

modulus. Critically, the power of light crucially enables both spatial and temporal control 

over the material fabrication and development of physical properties. Unsurprisingly, 

photopolymers are used across multiple fields including coatings, dental restoratives, 

adhesives, holographic recording materials and additive manufacturing (3D printing). In 

particular with the latter two applications, non-uniform light exposure (i.e. patterned 

illumination) enables the formation of high quality, functional objects and optical devices 

not possible with current methods. However, despite the unparalleled convenience and 

utility of photopolymers, an overwhelming majority of photopolymers rely on chain-

growth (meth)acrylate systems. While an enormous range of material properties can be 

accessed through the vast catalog of commercially available (meth)acrylate monomers, 

realizing the full potential of either holography or 3D printing requires a critical leap 

beyond this useful but limited materials platform. This thesis describes the development 

of critically enabling polymeric materials primarily based on novel high refractive index 

thiol-X ‘click’ chemistries for holography and 3D printing. 
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Scheme 0-1. Traditional classifications of polymeric materials according to their 
structural morphology. Linear, or branched, polymers can range from completely 
amorphous forming random coils or semicrystalline. Elastomers are loosely crosslinked 
and thus capable of large, reversible extensibility. Crosslinked polymers are three-
dimensional networks that are irreversible. 

1.2 Polymers 

1.2.1 Linear vs. crosslinked polymers 

Polymers can be characterized by their structural morphology ranging from linear 

to crosslinked as illustrated in Scheme 0-1.1-3 Within this thesis, polymers on both ends 

of the spectrum are pertinent for their distinct properties and characteristics. 

Linear polymers, traditionally termed thermoplastics, consist of long, linear or branched 

(but not crosslinked) chains. While chains can form physical entanglements with each 

other, upon heating they can soften and undergo macroscopic flow, making them 

amenable to reshaping or reprocessing.1, 2 This distinct rheological behavior has set the 

standard for modern polymer manufacturing processing techniques such as injection 

molding and extrusion to make the workhorse materials of modern society such as 

poly(ethylene) (PE) or poly(ethylene terephthalate) (PET). As the chains in linear 

polymers are primarily associated via intermolecular forces, depending on the structural 

moieties present and thermal history, a limited subset of linear polymers can organize to 
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form partially crystalline domains.4 Some examples include PE, polypropylene,5 

polylactides,6 polyamides and polyesters.  

In contrast to linear polymers, crosslinked network polymers, i.e. thermosets, 

possess a permanent three-dimensional network comprising irreversible chemical 

bonds that provide mechanical strength, thermal stability and chemical resistance but 

also prevents macroscopic flow upon heating.7 Consequently, thermosets are typically 

amorphous and cannot be reshaped, reprocessed or melted at elevated temperatures. 

Elastomers (or rubbers) represent an intermediate third class of polymeric materials 

whereby crosslinks are present at much lower concentrations than thermosets resulting 

in a weakly crosslinked material that can exhibit large elastic (i.e. reversible) 

elongations. Together, these classes of polymers encompass an extraordinary array of 

unique and useful material properties impacting a wide scope of applications and 

industries today.  

Amongst the available methods of forming crosslinked polymers, 

photopolymerizations are a powerful tool for on-demand and spatially defined formation. 

Photopolymers, the focus of this thesis, refer to the light induced formation of polymeric 

materials from low molecular weight monomers usually in the liquid state.8 Classical 

photopolymerizations involve using ultra-violet (λ = 220 – 380 nm) or visible irradiation 

(λ = 400 – 700 nm) to cure a light-sensitive liquid resin composed of photoinitiator(s)8-12 

and a mixture of monomers, oligomers and additives without solvent at ambient 

conditions. Photopolymerizations offer distinct advantages over other conventional 

polymerization techniques including rapid reaction kinetics, convenience, low volatile 

organic compounds (VOCs) emission, and spatio-temporal control.13 As a result, 
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photopolymers are used extensively as coatings, adhesives, dental restorative 

materials,14-16 and in 3D printing.17-21 However, due to requirements on reactivity rates 

and final mechanical properties, an overwhelming majority of photopolymerizations are 

limited to chain-growth (meth)acrylates as the monomers/oligomers to generate 

crosslinked networks. 

 

Scheme 0-2. Comparison of chain-growth and step-growth polymers. A) Schematic of a 
monofunctional vinyl monomer such as a (meth)acrylate) polymerizing to give a 
relatively large dispersity in molecular weights. B) Schematic for a AA and BB step-
growth polymerization whereby low to high molecular weight species are gradually 
formed. 

1.2.2 Chain-growth vs. step-growth polymers 

The mechanism of polymerization is a key determinant on the final properties of 

polymers as described in Scheme 0-2. In chain-growth polymers, such as 

(meth)acrylates, molecular weight increases dramatically with a propagating radical 

adding to many carbon-carbon double bonds to low overall functional group 

conversions.1, 2 A consequence of this early haphazard buildup of molecular weight is a 

highly heterogeneous formation of polymers. In linear systems this is characterized by 

high polydispersity values while in crosslinked systems gelation occur at very low 

monomer conversions. This has deleterious effects on shrinkage stresses and overall 
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uniformity of the material because of large variations in conversion. In contrast, step-

growth polymerizations proceed in a gradual, stepwise manner forming low to high 

molecular weight species (i.e. dimers then trimers then tetramers and so on) 

sequentially.1, 2 This leads to a steady increase in molecular weight with the formation of 

high molecular weight species and gelation occurring at higher conversions for step-

growth networks than in chain-growth networks. This critical gel point conversion, ρc, for 

step-growth networks can be estimated by the Flory-Stockmayer equation3, 22:  

𝜌𝐶 = √
1

𝑟(𝑓𝐴−1)(𝑓𝐵−1)
     (1) 

where r is the molar ratio (0 < r ≤ 1) between the reactants (i.e. stoichiometric ratio), fA is 

the average functionality of reactant A, and fB is the average functionality of reactant B. 

Thus, significant control is afforded by the modulation of the stoichiometry as well as the 

functionalities of monomers present in a given formulation system. In general, step-

growth polymer networks are more homogeneous (as characterized by sharp glass 

transitions) and exhibit lower shrinkage stresses due to dissipation through viscous flow. 

Furthermore, from a monomer structure design standpoint, step growth polymers 

incorporate the moieties linked to the reactive functionalities within the backbone of the 

polymer whilst in chain growth polymers the moieties reside exclusively as side chains 

as shown in Scheme 0-2. This restriction of only carbon-carbon main chains with 

(meth)acrylate polymers means there are intrinsic limitations on the scope of accessible 

material properties. On the other hand, step-growth polymers offer greater degrees of 

freedom in design than their chain-growth counterparts as desirable moieties can be 

built directly in to the backbone of the polymer.23 Overall, designing novel step-growth 
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monomers represents a tangible route to achieving a tunable range of material 

properties in photopolymers beyond what is achievable with classical (meth)acrylate 

systems.  

1.2.3 Thiol-X family of ‘click’ reactions 

‘Click’ chemistry, as proposed by Kolb, Finn and Sharpless in 2001,24 describes a 

class of reactions that are generally rapid, modular and highly efficient. Ideally, these 

reactions produce a single stereoselective product under mild, ambient conditions. The 

thiol-X family of ‘click’ reactions25, 26 describes the collection of efficient and quantitative 

reactions in which a thiol readily undergoes either a radical or anionic-mediated 

reaction.25, 26 In this section, specific thiol-X reactions directly relevant to this thesis will 

be discussed, including the radical-mediated thiol-ene reaction,27-29 the thiol-Michael 

addition reaction,30 the thiol-epoxide nucleophilic ring-opening reaction31, 32 and the 

thiol-halide nucleophilic substitution reaction33 as outlined in Scheme 0-3. 

 

Scheme 0-3. Overview of several thiol-X reactions for small molecule and polymer 
synthesis. The thiol-ene reaction is a radical-mediated process that undergoes an 
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alternating sequence of propagation and chain transfer. The thiol-Michael reaction is the 
anion-mediated analog entailing the reaction of thiols with electron-deficient vinyls to 
form a thioether linkage. The thiol-epoxide reaction involves the nucleophilic ring-
opening of epoxides by thiolate anions to produce a thioether with a free secondary 
hydroxyl group. The thiol-halide reaction is the efficient nucleophilic substitution of thiols 
into halide compounds. 

1.2.3.1 Thiol-ene reaction 

The thiol-ene ‘click’ reaction is the most prominent and comprehensively 

investigated of all thiol-X reactions.25-27, 34, 35 The thiol-ene reaction, studied since 1905, 

involves the radical-based addition of a thiol and a vinyl (carbon-carbon double bond) to 

form a thioether linkage.25, 26 As illustrated in Scheme 0-3, thiol-ene reactions uniquely 

undergo a radical-mediated step-growth reaction involving an alternating sequence of 

propagation of a thiyl radical to a vinyl (ene) group and chain transfer of the hydrogen 

from a thiol to regenerate a thiyl radical. Conveniently, thiol-ene polymerizations rely 

upon the same toolbox of radical photo, thermal or redox initiators as used for 

conventional free radical polymerizations. However, thiol-ene polymerizations possess 

the distinct advantage of reduced oxygen sensitivity12, 36-39 over their chain-growth 

counterparts as unreactive peroxy radicals chain transfer to thiols to form reactive thiyl 

radicals. It is worth mentioning that while the thiol-ene reaction is widely reported to 

occur with virtually any type of vinyl under the appropriate conditions, instances with 

significant double bond homopolymerization are generally not considered to be a thiol-

ene reaction.25, 26 

1.2.3.2 Thiol-Michael reaction 

The thiol-Michael addition reaction is the anionic analog to the thiol-ene, 

producing the same reaction product via an anionic intermediate instead of a radical 

intermediate30. The thiol-Michael reaction primarily involves the reaction of thiols with 
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electron-deficient vinyls including (meth)acrylates, vinyl sulfones and maleimides.40 

Typical approaches involve using either a base30, 41, 42 or nucleophile catalyst41, 43 with 

either method proceeding via an anionic mechanism. For the base-catalyzed thiol-

Michael reaction, the thiolate anion is generated first from the deprotonation of the thiol 

by a base. Next, nucleophilic attack of the thiolate anion on electrophilic β-carbon on the 

vinyl (typically the rate limiting step) generates a highly basic carbon-centered anion 

intermediate that sequentially deprotonates another thiol to form the thioether product 

and regenerate the thiolate anion to complete the reaction cycle. In the case of the 

nucleophile-catalyzed pathway, the nucleophiles do not function as a base and act as a 

nucleophile to attack a vinyl to generate the highly basic carbon-centered anion 

intermediate responsible for starting the reaction cycle. 

 

1.2.3.3 Thiol-Epoxide and Thiol-Halide reactions 

Other thiol-X reactions that are especially useful for monomer synthesis are the 

thiol-epoxide nucleophilic ring opening reaction31 and the thiol-halide nucleophilic 

substitution.33 The base-catalyzed thiol-epoxy reaction is an efficient method to produce 

intermediate compounds containing flexible, sulfur-containing thioether linkages with 

free, labile hydroxyl groups. These hydroxyl groups are readily converted into a variety 

of (photo)polymerizable moieties including (meth)acrylates, allyl ethers, alkynes and 

norbornenes. Similarly, the base-catalyzed thiol-halide reaction is a robust and versatile 

route to monomer intermediates containing thioether linkages from a broad range of 

commercially available or easily synthesized halide-functionalized starting materials. 
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In this thesis, the thiol-epoxy and thiol-halide reactions are exploited to achieve 

the efficient and scalable synthesis of photopolymerizable high refractive index 

monomers. These monomers are typically used in chain-growth (meth)acrylate 

photopolymerizations or a step-growth thiol-ene. The Thiol-Michael reaction is used 

towards facile uniform network formation with excess thiol groups pendent. 

1.2.4 High refractive index polymers 

Polymers are important alternative optical materials to inorganic glass due to 

advantages in ease of processing, weight, impact resistance, and versatility in 

controlling other material properties of interest.44 Optical materials over the visible 

spectrum are usually first considered in terms of their transmittance (T), refractive index 

(n) and the dispersion, typically expressed by the Abbe number (V). Refractive index is 

an intrinsic material property defined as,  

𝑛 =
𝑐

𝑣
      (2) 

where c is the speed of light in vacuum and v is the phase velocity of light in the 

medium.45 For a given lens curvature, higher refractive index materials afford higher 

focusing power thus enabling thinner, lighter optical elements. Similarly in gradient 

refractive index materials, higher refractive indices provide greater dynamic range and 

latitude in optical design. However, within the scope of polymers, refractive index values 

typically range from 1.3 to 1.7 with a majority of organic compounds falling in the 1.4 to 

1.55 range.46 Therefore, polymers with refractive index values exceeding 1.6 are 

generally considered as being high refractive index polymers. Refractive index values 

for a given material change with respect to wavelength and this dependence is called 

dispersion. Within the visible spectrum, dispersion is quantified by the Abbe number,  
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𝑉 =
𝑛𝐷−1

𝑛𝐹−𝑛𝐶
     (3) 

where nD, nF and nC refer to the refractive index values at the sodium D (589.3 nm), 

hydrogen F (486.1 nm) and hydrogen C (656.3 nm) lines, respectively. One can predict 

the approximate refractive index of a given polymer using group contribution theory46 

and the Lorentz-Lorenz equation47, 48 defined as, 

𝑛 = √
1+2[𝑅]/𝑉0

1−2[𝑅]/𝑉0
    (4) 

where [R] is the molar refraction and V0 is the molar volume. It is well reported that 

atoms and groups with high molar refractions ([R]) and low molar volumes (V0) such as 

sulfur, chalcogenides, heavy halogens (Cl, Br and I) and aromatic groups are effective 

contributors to increasing refractive index. Based on this, work to develop high refractive 

index polymers have led to remarkably high values achieved using multiple synthetic 

approaches.47, 48 In particular increasing sulfur content has been shown to be an 

effective route that when taken to its extreme, i.e. polysulfides, can lead to refractive 

index values in excess of 2.49, 50 However, a number of these strategies forfeit other 

important considerations such as color,50, 51 dispersion, processability (viscosity and 

solubility), synthetic accessibility (involving multiple steps or inefficient yields), scalability 

or combinations thereof. Crucially, the majority of reports on high refractive index 

polymers are produced thermally47, 48 (typically via polycondensation reactions) with 

only a small subset involving monomers that are subsequently photopolymerizable. 

1.2.5 Covalent adaptable networks (CANs) 

In this thesis, the utilization of covalent adaptable networks to augment the optical 

properties is investigated. The CANs paradigm52-56 is a relatively new exploration 
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characterized by the incorporation of dynamic covalent chemistry57 (DCC), i.e. 

triggerable, reversible covalent bonds, in crosslinked networks to enable dynamic bond 

exchange upon an applied stimulus (such as light, heat or select chemical triggers). The 

motivation for developing CANs materials is to bridge the divide in properties and 

behavior between thermosets and thermoplastics to obtain a material exploiting the best 

of both worlds. In general, CANs can be categorized as being either reversible addition 

(and condensation) or reversible exchange reaction type.54 A key distinction between 

these two being the reaction sequence of the bond rearrangement. With reversible 

addition (and condensation) reactions, such as the Diels-Alder reaction,58-62 a bond-

breaking, bond-forming sequence occurs. However, reversible exchange reactions, 

such as transesterification,63-66 follow a bond-forming, bond-breaking sequence. A key 

takeaway being that in reversible addition reactions, crosslink density is adjustable 

whereas in reversible exchange reactions, crosslink density is conserved. Numerous 

types of DCC have been implemented into CANs materials with the dynamic exchange 

process being either triggered on-demand using an applied stimulus or continuous52, 54, 

67, 68.  

Since a majority of the use cases for polymer optics require ambient temperature 

operation, thermally-activated CANs requiring elevated temperatures for bond exchange 

are generally less applicable. In this respect, light-activated CANs are advantageous in 

having the capability to spatially pattern the required static-to-dynamic transition within a 

material. Aside from the constraint for room temperature dynamic exchange, additional 

requirements pertaining to optical polymers exist including the need for transparent and 

colorless materials. Taking this into account, suitable DCC that will be explored in this 
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thesis include: allyl sulfide,69 and thioesters70 as summarized in Scheme 0-4. Allyl 

sulfides undergo addition-fragmentation chain transfer (AFT) in which a generated 

radical species reacts with an AFT functional group to form a carbon-centered radical 

intermediate that can fragment in multiple ways to (re)generate the AFT unit and a 

radical species. Allyl sulfides have been successfully incorporated to photoinduce 

plasticity in crosslinked networks,69 and thus, photoinduce stress relaxation allowing for 

programmed actuation,71 reduced shrinkage stress,15, 72, 73 mechanophotopatterning,74 

reconfigured surface patterns via nanoimprint lithography75, and controlled liquid crystal 

alignment in liquid crystalline networks.76 Fundamentally, allyl sulfides are radical-

mediated and radical lifetimes are short, bond exchange effectively only occurs when 

there is appropriate irradiation of the finite amount of photoinitiator present to generate 

the required radical species. This may be considered a detriment or limitation to long, 

continuous or repeatable exchange and so a solution to this is the thiol-thioester 

exchange reaction, or transthioesterification, that undergoes an anion-mediated process 

and can be designed to be continuously dynamic or only dynamic on-demand (i.e. 

static).70, 77-79 Recently implemented and studied in bulk crosslinked polymers,70, 77, 78 

the thioester exchange occurs rapidly upon generation of a thiolate anion from a base or 

nucleophile, which attacks a thioester to generate new thiol and thioester products.  
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Scheme 0-4. Overview of select dynamic covalent chemistries useful for optical 
polymers. The allyl sulfide being radical mediated relies on the use of an initiator and 
thus will have a finite timeframe for dynamic exchange. In contrast, the 
transthioesterification exchange reaction is anion-mediated and thus long-lived dynamic 
exchange is possible provided that thiolate anion is present in the system. 

 

1.2.6 Two-stage photopolymers 

As introduced earlier, photopolymer materials responsive to spatially modulated 

light can enable advanced functions and capabilities via the localized programming of 

material properties. This is conveniently achieved with the two-stage photopolymer 

paradigm, generally defined as polymer systems that utilize different (ideally orthogonal) 

polymerization chemistries and stimuli (one of which being light) to access a wide and 

distinct range in material properties such as modulus, glass transition temperature, 

refractive index, etc.80-83 This materials design approach coupled with the power of light 

offers unique advantages over conventional polymerization systems to tune properties 

with highly defined spatial and temporal control in a convenient manner. Applied to the 
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field of optics, two-stage photopolymers represent candidate recording materials for 

holography and other functional refractive index (phase) structures.84 Typical systems 

consist of a stage 1 network (or matrix) and a photosensitive stage 2 writing chemistry. 

The general scheme involves an initial thermal cure of a solid rubbery matrix (stage 1), 

typically of lower refractive index (n < 1.5). This matrix acts as a framework through 

which dissolved species (writing monomer and photoinitiator) freely diffuse and undergo 

photopolymerization during a subsequent patterned irradiation step. This patterned light 

exposure spatially controls the polymerization (stage 2) according to the light intensity 

profile, consuming the reactive monomer species in the exposed regions and inducing 

mass transport of the additional monomer from the unexposed regions into the exposed 

regions to enhance the developing refractive index structure. The net outcome is a 

phase structure that ideally corresponds directly to the exposure pattern recorded in a 

thin, transparent polymeric film. As such, there is significant interest to use two-stage 

materials to record functional optical elements such as diffraction gratings, waveguides, 

mirrors, filters, lenses, etc. capable of high efficiencies and performance. When 

recorded using holography, these refractive index structures are collectively known as 

holographic optical elements (HOEs). These HOEs serve as key components in devices 

and systems where lightweight, compact sizes and configurable shape are essential. 

Regardless of the exposure patterning technique, a key enabling performance metric 

amongst two-stage photopolymers is the achievable refractive index modulation (∆n). In 

general, the ∆n dictates the maximum diffraction efficiency for a given thickness as well 

as how many multiplexed holograms can be recorded in a given volume. To achieve 

practically relevant diffraction efficiencies, peak-to-mean ∆n on the order of 10-2 are 
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critical with a majority of HOE applications requiring ∆n approaching 0.05. In addition to 

∆n, other demands such as transparency, sensitivity, color, scatter (haze) are equally 

important for practical applications, thus requiring thoughtful design of high refractive 

index writing monomers as well as their judicious incorporation in a two-stage 

photopolymer system. 

 

 

Scheme 0-5. Schematic illustration of a candidate two-stage system for holographic 
photopolymers. A stage 1 network is formed by thermally curing multifunctional alcohol 
and isocyanate monomers to form a loosely crosslinked, sub-ambient glass transition 
temperature network with good optical transparency and no color. Dissolved within this 
matrix framework, is the writing chemistry comprising the high refractive index acrylate 
writing monomer and a Type I photoinitiator such as TPO. A photosensitive film 
irradiated with a spatially modulated pattern results in a corresponding recording of the 
refractive index structure. 

 

As shown in Scheme 0-5, a prototypical two-stage system for holographic 

photopolymers entails a thermally cured polyurethane matrix for the stage 1 network, 

(formed by the reaction of multifunctional alcohols and isocyanates) and high refractive 
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index acrylates as the writing monomer(s) with photoinitiator comprising the stage 2 

writing chemistry. These set of reactions provide excellent orthogonality and modularity 

with the best overall combination of recording performance and stability84. In terms of 

two-stage formulation design, there is a broad range of commercially available 

multifunctional alcohol and isocyanate monomers to form low refractive index (n < 1.5), 

loosely crosslinked, low Tg networks. Similarly, the same set of photoinitiators used in 

other photopolymer applications are generally applicable (with some consideration of 

spectral absorption, photobleaching and overall efficiency). However, in the case of high 

refractive index acrylate monomers, which is the primary driver for refractive index 

contrast, there are limited available options. Furthermore, judicious selection of each 

component is required to ensure mutual compatibility to avoid noticeable phase 

separation. 

1.3 Holography 

Holography, invented in 1948 by Denis Gabor,85 is the sub-field of optics based 

on using interference of coherent beams to record the entire information of the 

wavefront (i.e. phase and amplitude).86 Unique to holography, upon appropriate 

conditions, the amplitude and phase of the recorded wavefront can be reconstructed 

completely using a single beam making it distinct to any other form of optical recording 

such as photography. Holography has been used in a variety of fields including data 

storage, displays, art, security, sensors and HOEs. Specifically, HOEs are central to this 

thesis as they combine holography and photopolymers to fabricate high quality, 

complex and custom optics not otherwise possible through conventional means.  
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Hologram performance is typically characterized by its diffraction efficiency, η, defined 

as the ratio of the powers of the reconstructed (diffracted) beam to that of the incident 

reference (readout) beam.  

𝜂 =
𝑃𝑑𝑖𝑓𝑓𝑟𝑎𝑐𝑡𝑒𝑑

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
      (5) 

There are several types and classifications of holograms and depending on the type of 

hologram, they can exhibit different properties or limits in theoretical diffraction 

efficiencies (up to 100%).  

1.3.1 Classifications of holograms 

Three distinctions are used to classify holograms. The first classification is 

whether the modulation is in amplitude or phase. The second classification is based on 

the finite thickness of the hologram in comparison to the spacing of the recorded 

interference pattern. Lastly, holograms are classified based on the recording geometry 

used, with implications on their specific diffractive properties.  

1.3.1.1 Amplitude vs phase modulation holograms 

Amplitude modulation holograms entail a variation in absorption and typically do 

not produce bright images (because of light lost due to absorption). In contrast, a phase 

modulation hologram involves a change in the refractive index or thickness of the 

material proportional to the holographic interference intensity pattern. 

1.3.1.2 Thin and thick holograms 

A hologram can be either thin or thick and is commonly considered in terms of 

the relative length scales of the holographic material thickness and the pitch spacing of 

the interference fringes.87 With thin holograms (also known as a surface hologram) the 
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thickness of the recording medium is close or less than the fringe spacing and thus 

operates in the Raman-Nath regime whereby multiple diffracted waves are produced. 

However, with thick holograms the recorded structure occupies the entire volume and 

characteristically exhibits Bragg selectivity. This means the hologram produces a single 

fundamental diffracted order only within a specific range of angles and wavelengths. 

The difference in whether a given hologram is thin or thick has been typically 

determined by the Klein-Cook Q parameter88 although the more appropriate parameter 

would be to use the ρ parameter,89 defined as 

𝜌 =
𝜆0

2

Λ2𝑛0Δ𝑛
      (6) 

where λ0 is the vacuum wavelength of light, Λ is the grating spacing, n0 is the mean 

refractive index, and Δn is the modulation of the refractive index. A hologram with a ρ ≤ 

1 operates in the Raman-Nath regime and hence holograms with ρ ≫ 1 operate in the 

Bragg regime.89 A key takeaway point from Equation 6 is that a thin material can still be 

considered a volume hologram (i.e. thick hologram). 
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Scheme 0-6. Overview of volume holograms. A) Transmission holograms are recorded 
using recording beams incident on the same side to the material and thus the diffracted 
beam is transmitted. Transmission holograms are generally selective in angle and can 
overmodulate (go ‘beyond’ 100% diffraction efficiency) as either thickness or Δn 
increases. B) Reflection holograms are recorded when incident exposure beams 
interfere from opposing sides of the material. Reflection holograms are relatively 
selective in wavelength and produce a diffracted beam in reflection upon readout. 

1.3.1.3 Transmission vs reflection holography 

The simplest hologram is one recorded by the interference of two plane waves 

which generate a standing sinusoidal intensity pattern. The recording pitch, Λ, of this 

hologram is given by the equation, 

Λ =
𝜆

2𝑠𝑖𝑛𝜃
     (7) 

where λ is the recording wavelength in the medium of refractive index n and θ is the 

half-angle between the two recording beams in the material. Depending on how the 

recording beams interfere with respect to the media, we can classify holograms as 

being either transmission or reflection. As shown in Scheme 0-6, transmission 
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holograms are recorded by beams interfering from the same side of the media while 

reflection holograms are generated with the recording beams incident on opposite sides 

of the material. This key difference leads to different properties and characteristics 

summarized in Scheme 0-6 such as the overmodulation of transmission holograms 

(diffraction efficiency going to a 100% and then below with a deviation from the classical 

sinc2 profile) as thickness or Δn increases beyond a critical point.  

In this thesis, we exclusively focus on phase modulated, volume holograms of 

both reflection and transmission type that can theoretically achieve up to a 100% in 

diffraction efficiency. These recorded holograms have some acceptance range in angle 

and wavelength (i.e. angular and spectral selectivity) that scales inversely with 

thickness of the material. Therefore, by increasing the thickness of a material to say 500 

μm, it is possible to record multiple weak overlapping holograms (known as 

multiplexing) with minimal crosstalk upon readout.  

Coupled wave theory is used to analyze volume holograms.90, 91 Experimentally, 

the diffraction efficiencies of recorded volume holograms are typically measured as a 

function of angle or wavelength to produce characteristic sinc2-like angular or spectral 

selectivity profiles respectively. These diffraction efficiency profiles are fit to Kogelnik 

coupled wave theory90 to obtain numerical evaluations of the refractive index modulation 

(Δn) and the thickness of the recorded grating. 

1.3.2 Requirements for holography 

The first governing requirement for the successful recording of a hologram is the 

stability of the  interference pattern generated from multiple beams. Thus, 

monochromatic light sources with high spatial and temporal coherence are essential 
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precluding most light sources such as white light, mercury lamps and LEDs.86, 92 Only a 

small subset of lasers (i.e. narrow linewidth) are practically suitable for holography as 

the coherence length of the laser needs to be larger than the path length difference 

between each beam. This roughly translates to requiring a coherence length greater 

than 1 m (ideally) which corresponds to a linewidth of < 100 MHz. In addition to 

selecting an appropriate laser one must also maximize the mechanical and thermal 

stability of the entire optical system to produce consistent, low-noise holograms. Despite 

taking these precautions, imperfections on the materials also lead to undesirable 

nonlinearity effects like reduced fringe contrast, spurious noise gratings, scatter, 

shrinkage and laser speckle.86 Therefore, it is important to note that experimentally, 

imperfect diffraction efficiency angular or spectral scans are rather common and can be 

due to the optics and/or the material. 

1.3.3 Photopolymers as holographic recording materials 

In this section the brief history and evolution of high refractive index modulation 

(Δn ≥ 0.01) photopolymers as holographic recording materials will be examined with 

more comprehensive reviews available elsewhere.93, 94 Holographic photopolymers, first 

reported in 1969 by Close et al.,95 are arguably the candidate recording materials for 

realizing the technological promise of holography for its collective benefit of high 

refractive index modulation, photosensitivity, self-processing nature, tunability and cost. 

Despite a multitude of photopolymer-based materials having been reported, they 

generally comprise two components that differ in refractive index: 1) writing chemistry, 

and 2) binder/matrix.96 A key process occurring in the majority of these materials is the 

photoinduced mass transport of the mobile writing chemistry species within the 
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relatively immobile binder/matrix upon selective irradiation/photopolymerization. Early 

high Δn materials developed and commercialized by DuPont were distinct in their use of 

thermoplastic polymers such as polyvinyl alcohol (PVA) or cellulose acetate butyrate 

(CAB) as the inert ‘binder’ with acrylates as the writing monomers. However, these non-

crosslinked-based materials generally suffered from stability issues as well as high 

sensitivities to humidity and temperature. The next major conceptual development in 

materials design came from Bell Labs with the replacement of the thermoplastic binder 

with a crosslinked matrix.97 In particular, the matrix chemistry, initially an epoxy-amine 

system, was designed to be orthogonal in its reaction to the free radical polymerization-

based writing chemistry. This allowed for the efficient materials design of photosensitive 

dimensionally stable films cast between optically flat substrates displaying a good 

balance in the multiple properties of interest. From an academic standpoint, the design 

scheme enabled the discretization of the multiple components with a majority of the 

research focus based on the writing chemistry side including the incorporation of thiol 

chain transfer agents,98 high refractive index organic99 and inorganic100-102 

nanoparticles, the development of low shrinkage novel cyclic allyl sulfide ring opening 

monomers103 and the use of thiol-X monomers.81, 82, 101, 104 Following this orthogonal 

two-stage platform, recent material developments have been mostly dominated by the 

industrial space. Covestro AG launched a product line called Bayfol HX, based on roll-

to-roll processing, of panchromatic sensitive recording materials up to 20 μm thick 

capable of Δn between 0.02 and 0.05 depending on the recording geometry and pitch. 

Similarly, Akonia Holographics hold patents on the introduction of dynamic range 

enhancing dopants (DREDs), essentially compounds with functional groups that 
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immobilize to the matrix in addition to functional groups that act as free radical traps for 

growing polymer chains. In these commercial materials, formulations of additive(s), 

photoinitiator(s), writing monomer(s) and matrix chemistries are highly optimized for 

recording performance. 

1.4 Additive manufacturing 

Additive manufacturing, commonly referred to as 3D printing, is a technology 

involving the computer-controlled production of three-dimensional objects from 

computer-aided design (CAD) models, typically using a point-by-point or layer-by-layer 

approach.105, 106 On the industrial level 3D printing enables the capability for rapid 

prototyping on designs, especially ones that involve complex assembly steps, avoiding 

material waste and incurring substantial costs for low-volume production.19 For 

consumers, 3D printing provides the opportunity for high degrees of customization and 

personalization in many product areas that can translate to better overall fit and 

performance. In general, 3D printing also opens up new unforeseen possibilities for 

object production not possible through conventional means. Light-based 3D printing, or 

vat photopolymerization,18, 19, 21, 107 is arguably the most rapidly developing and 

disruptive of the 3D printing technologies for its collective advantages of speed, 

resolution, convenience and versatility.21 The majority of vat photopolymerizations are 

based on stereolithography (SLA)108 which can be further sub-divided based on the 

optics employed. In digital light processing (DLP),109 an incoherent light source (typically 

an LED) is paired with a digital micromirror device (DMD) to project an entire patterned 

layer at once to print layer-by-layer. In laser-based SLA a scanning laser exposes the 

two-dimensional pattern of a given layer on a point-by-point basis.18, 19, 21  
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While significant technological breakthroughs and advancements have 

developed over the printing technology aspect itself,17, 20, 110, 111 the available choices in 

photopolymer materials are relatively restricted.19, 21 This is essentially because 3D 

printing resins require photopolymerizable resins capable of fast reaction rates and the 

ability to pattern at reasonably high resolutions (several microns). The photopolymer 

also needs to be mechanically robust during and after the printing for the printed object 

to be functional. For these reasons, photopolymers for 3D printing are almost 

exclusively (meth)acrylate-based systems. Amongst this class of monomers, there are 

also inherent resin viscosity constraints as SLA printers commonly involve a build head 

that gets continuously lifted vertically away from the vat after each layer exposure to 

allow for resin reflow. This effectively limits the range of obtainable material properties 

attainable with (meth)acrylates. Currently, the most viable materials approach to go 

beyond the restricted material properties space of (meth)acrylates has been to employ a 

two-stage system107 involving the design of (meth)acrylate oligomers containing 

hindered urea bonds that are capable of reverting at elevated temperatures. However, 

fundamental constraints persist in being restricted to only (meth)acrylate-based 

polymers. In light of this, the later chapters of this thesis explores a unique sub-class of 

thiol-ene monomers that enable a novel suite of properties in 3D printing 

photopolymers. 

1.5 Research overview 

This thesis is split into two parts. The first part, Chapters 3-7, cover materials 

development toward designing high performance two-stage holographic photopolymers. 

The second part encompasses materials development for vat photopolymerization 
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additive manufacturing. Chapter 3 details the design and synthesis of efficient high 

refractive index acrylate writing monomers with enhanced solubilities in two-stage 

photopolymers. Chapter 4 describes using developed high Δn holographic materials for 

the design and fabrication of soft, flexible gradient refractive index (GRIN) lenses. 

Chapter 5 expands on using the thiol-ene reaction as high refractive index writing 

chemistry detailing a scalable and modular synthetic strategy towards suitable 

monomers. Chapter 6 investigates how stage 1 networks can be modified to be an 

active participant in the recording process. The second part of this thesis (Chapters 7 & 

8) encompasses novel, enabling photopolymerizable thermoplastics for 3D printing. 

Chapter 7 investigates the concept of photopolymerizable thermoplastics and their 

detailed characterization. Finally, Chapter 8 examines the viability of applying 

photopolymerizable thermoplastics towards additive manufacturing. 
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Objectives 

 This thesis encompasses the rational design of novel photopolymerizable 

chemistries and their implementations to achieve benchmark standards for both two-

stage holographic photopolymers and photopolymerizable thermoplastics. The central 

hypothesis is that thiol-X ‘click’ reactions can realize enabling material properties and 

performance in photopolymer systems for holography and additive manufacturing. To 

test this hypothesis, the following aims were devised:  

Specific Aim 1: Design and synthesize photopolymerizable monomer(s) suitable as 

writing monomers in two-stage systems targeting both refractive index and solubility in 

the first stage network.  

Specific Aim 2: Implementation of improved writing monomer(s) in two-stage systems 

and characterization of achievable ∆n via bulk refractive index measurements and 

transmission holography.  

Specific Aim 3: Implement network adaptability to enable relaxation of stresses 

induced by photopolymerization recording. Internal stresses built up due to 

polymerization result in birefringence and deleterious optical performance. The ability to 

relax stresses generated from photopolymerization would enhance performance of 

recorded optical elements.  

Specific Aim 4: Enable the photopolymerization of mechanically robust linear polymers 

for 3D printing. 

 In specific aim 1, a general synthetic route to photopolymerizable monomers 

was developed using thiol-X chemistries to obtain a broad range of liquids with high 

refractive index values exhibiting typically fast reaction kinetics and quantitative 

conversions. Importantly, synthesized writing monomers demonstrate good solubility in 

stage 1 polyurethane networks. Effective solubility limits can restrict the available writing 
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chemistry available for generating a refractive index contrast. Improving writing 

monomer solubility in a given matrix also serves to minimize the possibilities of 

encountering optical deficiencies such as reduced transparency or increased scatter 

(haze) due to phase separation.  

 In specific aim 2, the outcomes of specific aim 1 was utilized by implementing 

developed writing monomers into a candidate polyurethane matrix. At elevated writing 

monomer loadings high quality holographic two-stage photopolymers capable of peak-

to-mean Δn up to 0.03 in 1 μm transmission gratings were achieved. High performance 

formulations were also used for the recording of various diffractive optical elements. 

 In specific aim 3, network modifications are considered to enable stress 

relaxation and/or promote participation of the network during stage 2 recording. This 

was primarily achieved by incorporating specific dynamic covalent chemistries (i.e. allyl 

sulfide) to enable dynamic bond exchange with the primary goal of inducing plasticity to 

an otherwise static network. 

 In specific aim 4, a system of bifunctional thiol-ene monomers were studied for 

the rapid photopolymerization of linear polymers with robust mechanical properties not 

seen in typical linear photopolymers. Specific systems also exhibited varying degrees of 

crystallinity with interesting rheological and mechanical properties. A candidate system 

was employed for the vat photopolymerization 3D printing of thermoplastic objects that 

can subsequently be melted and reprocessed. 

 
Summary of Work 

This work advanced the field of photopolymerizations for both optical/holography 

and 3D printing applications in multiple ways. First, the approaches developed for new 

photopolymerizable high refractive index monomers significantly expanded upon the 

limited set of writing monomers capable of achieving high refractive index (nD/20C > 
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1.6) bulk materials as well as achieving high Δn values (> 0.02) in two-stage 

photopolymers. Next, the investigation of using dynamic covalent chemistries in the 

stage 1 network represents an entirely new approach for overcoming key intrinsic 

constraints faced in two-stage holographic photopolymers. Finally, the ability to rapidly 

photopolymerize mechanically robust linear polymers shatters a major preconception 

over the formation of linear polymers using light. Overall, the material properties and 

performance presented in the subsequent chapters are at the high end if not the state of 

the art.  
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High Dynamic Range (Δn) Two-Stage Photopolymers via Enhanced Solubility of a High 

Refractive Index Acrylate Writing Monomer 

 

Manuscript published under the same title in ACS Applied Materials & Interfaces, 2018, 
10, 1, 1217-1224 

 

Holographic photopolymers capable of high refractive index modulation (Δn) on 

the order of 10-2 are integral for the fabrication of functional holographic optical 

elements that are useful in a myriad of optical applications. In particular, to address the 

deficiency of suitable high refractive index writing monomers for use in two-stage 

holographic formulations, here we report a novel high refractive index writing monomer, 

1,3-bis(phenylthio)-2-propyl acrylate (BPTPA), simultaneously possessing enhanced 

solubility in a low refractive index (n = 1.47) urethane matrix. Examined in comparison to 

a widely used high refractive index monomer, 2,4,6-tribromophenyl acrylate (TBPA), 

BPTPA exhibited superior solubility in a stage 1 urethane matrix of approximately 50% 

with a 20% higher refractive index increase per unit amount of writing monomer for 

stage 2 polymerizations. Formulations with 60 wt% loading of BPTPA exhibit a peak-to-

mean holographic Δn ~ 0.029 without obvious deficiencies in transparency, color or 

scatter. To the best of our knowledge, this value is the highest reported in the peer-

reviewed literature for a transmission hologram. The capabilities and versatility of 

BPTPA-based formulations are demonstrated at varying length scales via 

demonstrative refractive index gradient structure examples including direct laser write 

(DLW), projection mask lithography of a 1”-diameter Fresnel lens and ~100% diffraction 
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efficiency volume transmission holograms with a 1-μm fringe spacing in 11 μm thick 

samples. 

1.6 Introduction 

Two-stage photopolymers are an ideal framework for designing materials 

capable of accessing a wide range of material properties (mechanical, thermal, optical, 

electrical etc.) on demand using light.1-3 A valuable implementation of the two stage 

paradigm is in designing recording materials (often referred to as holographic 

photopolymers)4-13 for appropriate refractive index (phase) structures using various 

optical exposure techniques (such as photolithography,14 direct laser write (DLW),15 

two-photon lithography16 and holography)4-13 to generate a refractive index contrast (Δn) 

between the bulk material and the recorded feature(s). In particular, the advent of 

augmented reality (AR) devices has spurred a rising interest to use photopolymers to 

fabricate holographic optical elements (HOEs) capable of complex, yet high quality, 

optical functions with thin, light and flexible form factors.17 

The general scheme involves an initial thermal cure of a solid rubbery matrix 

(stage 1), typically of lower refractive index (n < 1.5). This matrix acts as a framework 

through which dissolved species (writing monomer and photoinitiator) freely diffuse and 

undergo photopolymerization during a subsequent patterned irradiation step. This 

patterned light exposure spatially controls the polymerization (stage 2) according to the 

light intensity profile, consuming the reactive monomer species in the exposed regions 

and inducing mass transport of additional monomer from the unexposed regions into the 

exposed regions to enhance the developing refractive index structure. The net outcome 

is a phase structure that ideally corresponds directly to the exposure pattern recorded in 
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a thin, transparent polymeric film. The primary development goal for practical 

application is to maximize the material’s available dynamic range, i.e. the achievable Δn 

as this enables significant enhancement in diffraction efficiency for a given thickness 

and number of recordable multiplexed holograms.18 A higher Δn also enables the 

manufacture of gradient refractive index lenses with greater focusing power as well as 

having the capacity to record waveguides with tighter bend radii. In terms of device 

performance, this translates to improved specifications such as wider field of views, 

higher information densities, lower power read-out sources, etc. 

Within the scope of formulating two-stage holographic photopolymers, the 

recordable Δn is a function of the difference in refractive index of the writing polymer 

and the matrix (noolymer - nmatrix) as well as the volume fraction of the initial writing 

monomer present in the material (Ø).19 However, effective high refractive index 

substituents (such as heavy halogens or aromatics)20-22 have high molar refractions and 

low molar volumes, which are drastically different in structure to substituents of lower 

refractive index.21-23 Therefore, for a given matrix, there is typically a significant trade-off 

between increasing the refractive index of the writing monomer and its reduced 

solubility in the underlying matrix. 

Recently, sequential and orthogonal two-stage thiol-X click chemistry systems 

achieving high solubility have been successfully demonstrated with simple 

processability;7, 8 however these formulations exhibited a low overall ∆n (≤ 4.0 x 10-3) 

primarily due to the low refractive index difference (npolymer - nmatrix) associated with the 

presence of thiols in the stage 1 reactions. Similar issues of limited achievable ∆n are 

encountered with alternative photopolymer systems involving acrylamide writing 
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monomers24, 25 which have refractive indices similar to the binder, poly(vinyl alcohol).9 

Other groups have explored holographic composites such as nanoparticle-based 

photopolymers or liquid crystal photopolymers whereby the nanoparticles or liquid 

crystals,26-29 acting as nonreactive higher refractive index species, migrate to the dark 

regions upon holographic exposure.10, 30, 31 Notably, Tomita et al. reported a peak-to-

mean ∆n of 0.022 using high refractive index hyperbranched organic nanoparticles30  

(hitherto, the highest reported for materials in the academic literature). However, the 

intrinsic drawbacks of limited nanoparticle solubility and the slow reaction kinetics (> 1 

minute for Δn development despite high recording intensities of 100-200 mW/cm2) 

persist. The synthesis of high refractive index nanoparticles is also relatively 

cumbersome and arguably not a viable approach for mass use as recording materials in 

the aforementioned applications. Recently, Covestro AG have commercialized a 

product line of holographic photopolymer materials, Bayfol® HX, capable of high Δn 

values of up to 0.035 for reflection holograms at approximately 220 nm. However, at 

higher pitch recordings there is a noticeable decrease in Δn with a reported value of 

less than 0.01 for a 1 μm grating.32 

Here, a stage 1 urethane and stage 2 acrylate formulation, similar to existing 

commercial materials,32, 33 were combined to yield superior orthogonality and Δn 

recording performance relative to most other two-stage formulation systems. Focusing 

on maximizing the solubility of the writing monomer in a urethane matrix without 

sacrificing refractive index contrast, a colorless, low viscosity, high refractive index (nD = 

1.6) liquid acrylate monomer, 1,3-bis-(phenylthio)-2-propyl acrylate (BPTPA), was 

designed and synthesized using a facile synthetic route involving only two relatively 
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simple steps. Solubility and refractive index experiments were performed to evaluate 

viability as a two-stage holographic writing monomer against a reference, widely used 

high refractive index monomer, 2,4,6-tribromophenyl acrylate (TBPA).1, 19 Monomer 

swelling studies of a urethane matrix showed a solubility improvement of around 50% 

as compared to TBPA in addition to a moderately higher refractive index increase per 

unit concentration of writing monomer. Crucially, we demonstrate optically clear films 

containing twice the amount of writing monomer are possible with BPTPA (60 wt%) 

when compared to TBPA, making peak-to-mean Δn ~ 0.029 accessible without any 

discernable optical deficiencies. To the best of our knowledge, this is the highest Δn for 

any reported holographic photopolymer within the peer-reviewed, i.e. non-patent, 

literature. The capabilities and versatility of BPTPA formulations are demonstrated 

through functional examples of refractive index structures at varying length scales 

through direct laser write (DLW) of an intricate pattern, projection mask lithography of a 

Fresnel lens, and transmission holograms.  

 

 

 

 

 

1.7 Experimental 

1.7.1 Materials 

Commercially available reagents were used without further 

purification. Thiophenol, epichlorohydrin and butylated hydroxytoluene (BHT) free 
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radical stabilizer were purchased from Alfa Aesar. 1,8-Diazabicyclo[5.4.0]undec-7-ene 

(DBU) was purchased from Chem-Impex International. 4-dimethylaminopyridine 

(DMAP) was purchased from Oakwood Chemical. Reagent-grade triethylamine (Et3N) 

was purchased from Fisher Scientific. Acryloyl chloride and polycaprolactone-block-

polytetrahydrofuran-block-polycaprolactone, (average Mn 2000) were purchased from 

Sigma Aldrich. The photoinitiator, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide 

(TPO), was purchased from TCI America. Desmodur N3900 polyisocyanate was 

donated by Covestro AG (formerly Bayer MaterialScience). 

Monomer Synthesis 

Synthesis of 1,3-bis-(phenylthio)-2-propanol (BPTP): To a 250 mL round-

bottomed flask equipped with a magnetic stir bar, 16 mL of thiophenol (157 mmol, 2.2 

equiv.) was stirred with 23 mL of DBU (154 mmol, 2.2 equiv.) in 230 mL of toluene (0.3 

M, w.r.t epichlorohydrin) for 10 minutes. Following this, 5.5 mL of epichlorohydrin (70.3 

mmol, 1.0 equiv.) was added dropwise. The reaction vessel was allowed to stir at room 

temperature for 16 hrs. After this period, the volatiles were removed under reduced 

pressure and the residue was then diluted with DCM and washed with 1 M HCl (100 

mL), distilled water (100 mL) and brine (50 mL). The combined organic extracts were 

dried over anhydrous Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was purified by silica-gel column chromatography using 20% EtOAc in 

hexane as eluent to yield 17.1 g of a colorless, low viscosity liquid. (88% yield) 

1H NMR (400 MHz, CDCl3) δ 7.36 – 7.33 (m, 4H), 7.29 – 7.24 (m, 4H), 7.22 – 7.18 (m, 

2H), 3.86-3.79 (m, 1H), 3.20 (dd, J = 13.8, 5.0 Hz, 2H), 3.05 (dd, J = 13.8, 7.2 Hz, 2H); 

13C NMR (101 MHz, CDCl3, 25°C): δ 135.1, 129.9, 129.1, 126.7, 68.2, 40.1;  
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Synthesis of acrylate writing monomer, 1,3-bis-(phenylthio)-2-propyl acrylate 

(BPTPA): To a 250 mL round-bottomed flask equipped with a magnetic stir bar, 10 g of 

BPTP (36.2 mmol, 1.0 equiv.), 25.2 mL of Et3N (180.9 mmol, 5 equiv.), 0.4 g of BHT 

(1.81 mmol, 0.05 equiv.) were diluted with 120 mL of DCM (0.3 M w.r.t BPTP) and 

stirred for 10 minutes under Argon. The clear solution was cooled to 0°C and 4.4 mL of 

acryloyl chloride (54.3 mmol, 2.2 equiv.) was added dropwise to the flask under Ar 

atmosphere followed by 0.4 g of DMAP (3.6 mmol, 0.1 equiv.). The reaction mixture 

was allowed to stir at room temperature for 16 hr. After this period, the volatiles were 

removed under reduced pressure and the residue was diluted with DCM (250 mL) and 

washed with 1 M HCl (100 mL), distilled water (100 mL) and brine (50 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by silica-gel 

column chromatography using 20% EtOAc in hexane as eluent to yield the title 

compound BPTPA as a colorless, low viscosity liquid. (84% yield) 

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.35 (m, 4H), 7.28 – 7.24 (m, 4H), 7.20 – 7.16 (m, 

2H), 6.27 (dd, J = 17.3, 1.4 Hz, 1H), 5.94 (dd, J = 17.3, 10.5 Hz, 1H), 5.76 (dd, J = 10.5, 

1.4 Hz, 1H), 5.18 (p, J = 5.9 Hz, 1H), 3.29 (dd, J = 5.9, 3.3 Hz, 4H); 

13C NMR (101 MHz, CDCl3, 25°C): δ 165.3, 135.2, 131.4, 129.9, 129.0, 127.9, 126.6, 

72.0, 36.3; 

1.7.2 Methods 

Nuclear Magnetic Resonance (NMR) 
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NMR spectra were recorded on a Bruker Avance-III 400 NMR spectrometer at 25 °C in 

chloroform-d. All chemical shifts are reported in ppm relative to chloroform solvent peak 

(δ = 7.26 ppm). 

Refractive index measurements 

The refractive indices of liquid samples were measured using an Abbe refractometer at 

the sodium-d line (589.3 nm) at room temperature. The refractive index of polymeric 

films was measured using a Metricon 2010/M prism coupler at a wavelength of 633 nm 

under ambient conditions. 

Writing monomer swelling in urethane matrix 

Half-inch diameter discs were punched out of 250 μm urethane films and their dry 

weights (wi) measured. They were then individually placed in 4 mL vials containing 

either – a) 20 wt% TBPA in solvent, b) 20 wt% BPTPA in solvent or c) 100% solvent. 

The relatively nonvolatile solvents chosen were hexane and heavy mineral oil. After 1 

week, the surface of each disc was patted dry with weighing paper and their equilibrium 

weights (wf) measured. 
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Scheme 0-1. (a) Overall synthetic route for novel acrylate writing monomer, BPTPA. 
The intermediate alcohol, 1,3-bis-(phenylthio)-2-propanol (BPTP), is synthesized by 
reaction with excess thiol under basic conditions to favor the bifunctional substitution 
after the thiol-epoxy ring opening reaction. (b) Schematic illustration for two-stage 
holographic photopolymer formulations. The stage 1 alcohol-isocyanate network is 
thermally cured at 70°C overnight with the dissolved writing chemistry (TPO 
photoinitiator with either TBPA or BPTPA) available for 405 nm recording. 

Two-stage photopolymer recording film preparation 

Two-stage photopolymer film samples were prepared by premixing the acrylate 

writing monomer (either TBPA or BPTPA) measured at a set weight percentage 
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(relative to the entire formulation) with 1-3 wt% TPO photoinitiator (based on writing 

monomer concentration) and the difunctional polyol in a 4 mL vial equipped with a 

magnetic stir bar until homogenous. A stoichiometric amount (OH:NCO = 1:1) of 

Desmodur N3900 trifunctional isocyanate was added to the vial and stirred. The resin 

was cast onto clean 1 x 1.5” glass slides and sandwiched with a corresponding glass 

slide or cover slip (Fisher Scientific) using binder clips with PET spacers of defined 

thicknesses (15, 25 & 250 μm) lining the perimeter to control the thickness. Samples 

were covered in aluminum foil and allowed to cure overnight in an oven at 70ºC. 

Acrylate reactivity was confirmed via FTIR to be negligible throughout this thermal 

process. A representation of the two-stage holographic photopolymers is illustrated in 

Scheme 0-1. 
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Figure 0-1. Optical recording schematics for systems used to record with 405 nm light: 
(a) volume transmission holograms recording sinusoidal diffraction gratings of 1 μm 
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fringe spacing with a peak recording intensity of 16 mW/cm2 of a Gaussian laser beam 
with a 1/e2 diameter of 4.3 mm, (b) photomask lithography using a 1” diameter Fresnel 
lens mask at an average recording intensity of 40 mW/cm2, (c) direct laser write of an 
image pattern with a peak recording intensity of ~ 760 mW/cm2 of a Gaussian beam 
with a 1/e2 diameter of 10 μm. 

Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was used to monitor the polymerization 

of the acrylate double bonds.  A Thermo Scientific Nicolet 6700 FTIR spectrometer was 

electronically synchronized with a 405 nm LED source (Thorlabs) using a myDAQ 

device (National Instruments), allowing for monitoring of the acrylate peak at 814 cm-1 

with a timed and defined illumination at 16 mW/cm2.  Optically thin samples were 

prepared between two salt (NaCl) plates using 15 μm spacers.  The stage 1 to stage 2 

acrylate conversion (cacrylate) was monitored using a series scan, integrating over the 

range 790-830 cm-1 where Ainitial is the area of the unconsumed acrylate peak, and Afinal 

is the area under the acrylate peak after the stage 2 reaction.  

𝐶𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒 = (1 −
𝐴𝑓𝑖𝑛𝑎𝑙

𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) ∗ 100%    (1) 

Holographic recording 

A two-beam interference setup shown in Figure 0-1a was used to record volume 

transmission holograms with a spatially filtered wavelength stabilized 405 nm laser 

diode (Ondax, 40 mW). Both recording beams (1/e2 intensity diameter of 4.3 mm) were 

power matched to give a total recording intensity of ~16 mW/cm2. The beams were 

interfered at an external recording half-angle of 11.2° to produce a sinusoidal 

interference pattern with a fringe spacing of ~1 μm. A 633 nm He-Ne laser (Thorlabs), 

aligned approximately at the Bragg reconstruction angle, was used as a read beam to 

nondestructively probe the hologram formation throughout the recording process. Each 
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recording exposure is initially monitored for 300 s, then followed by a sample rotation 

from 15° to -15° at an angle increment of 0.05°. The optical power at both of the two 

detectors was measured throughout the experiment. The diffraction efficiency of each 

recorded hologram was calculated by taking the quotient of the diffracted power (Pd) to 

the total power (transmitted + diffracted), DE = Pd/(Pd + Pt). The diffraction efficiency vs. 

angle profile was fitted to Kogelnik coupled wave theory34 to obtain a peak-to-mean Δn 

and thickness (d). 

Photolithography mask exposure 

A projection lithography setup employing a 405 nm LED (Thorlabs – M405L3-C5) 

was used to expose a 1” diameter Fresnel lens (1.5 diopter) pattern on a greyscale 

halftone chrome mask (Toppan Mask) as illustrated in Figure 0-1b. 

Direct laser write 

A 405 nm continuous wave laser with a focused spot (1/e2 intensity diameter of 

13 μm) is used to record isolated or continuous refractive index structures. The sample 

is mounted on a 5-axis stage that controls both tip/tilt and xyz motion, while a co-aligned 

confocal reflection microscope operating at 660 nm is used to align the sample as 

shown in Figure 0-1c. 

1.8 Results & Discussion 

The goal of this work was to achieve a high Δn two-stage holographic material via an 

efficient writing monomer capable of a high refractive index after photopolymerization 

and significant loading into the matrix. The strategy to achieve this was through the 

design of a novel writing monomer capable of increased solubility in the urethane matrix 

without sacrificing refractive index. A typical approach is to incorporate high refractive 
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index groups via linker units to attach with the polymerizing functionality.8 However, the 

linker units employed are usually alkyl chains which reduce the overall refractive index 

of the monomer and polymer. To achieve this structure synthetically without the typical 

drawback in refractive index, we employed a thiol-epoxy ring-opening reaction using a 

relatively high refractive index thiol, thiophenol (reported nD = 1.588), and a substrate 

capable of further addition after the epoxide ring-opening, epichlorohydrin. With this in 

mind, the reaction was carried out with excess thiol under basic conditions so that after 

the initial ring opening reaction of the epichlorohydrin, the chloro-substituted alcohol 

intermediate (1-chloro-3-(phenylthio)-2-propanol) that formed was able to further react 

with thiophenol to yield the desired symmetric diphenylthio-substituted secondary 

alcohol, 1,3-bis(phenylthio)-2-propanol (BPTP), in a one-pot synthesis reaction. This 

molecular structure comprises advantageous characteristics for both refractive index 

and solubility. As outlined by the rearranged Lorentz-Lorenz equation,35 

𝑛 = √
1 + 2 (

[𝑅]
𝑉 )

1 − (
[𝑅]
𝑉 )

 

where n is the refractive index, [R] is the molar refraction and V is the molar volume. In 

BPTPA, the phenyl (NA = 25.463), sulfur and tertiary carbon moieties present are known 

high refractive index substituents with a high molar refraction relative to molar volume.36  

In terms of solubility, the flexible thioether linkages are known to freely form 

random molecular orientations and thus suppress packing between polymer chains. 

This linker unit is also especially beneficial for imparting a high refractive index in terms 

of sulfur content (21% for BPTPA) as well as to improve the solubility of the writing 
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monomer/polymer within the polymer matrix. This behavior is evident by the measured 

refractive index of 1.62 (Abbe refractometer at 589.3 nm) for the colorless, low viscosity 

liquid BPTP precursor. Consistent properties are maintained even after the acylation 

reaction with acryloyl chloride which results in a colorless, low viscosity liquid with a 

refractive index of 1.6 (Abbe). The neat photopolymerized acrylate film using 1 mol% 

TPO registered a refractive index of 1.627 via prism coupler measurements at 633 nm.  

To investigate further the viability and performance of BPTPA as a writing 

monomer, it was tested against a reference high refractive index writing monomer, 

TBPA. Given their comparable molecular weights, comparisons were done at equivalent 

weight percent compositions at 10 wt% increments. We encountered a solubility 

limitation at 50 wt% during formulation preparation whereby the monomer did not 

dissolve in the polyol to give a homogenous and transparent resin. In contrast, BPTPA 

formulations containing up to 60 wt% writing monomer was successfully prepared.  

Solubility of writing monomer in urethane matrix 

To assess the solubility capabilities of the writing monomer in a urethane matrix, 

we first determined the equilibrium mass uptake of monomer in a non-solvent (mineral 

oil) by the urethane matrix (Table 0-1) by measuring initial (W i) and final weight (Wf). 

Approximately 50% more writing monomer (W f/Wi) could be loaded into the matrix with 

BPTPA compared to TBPA. The quotient of the mass uptake of writing monomer (W f - 

Wi) with the final weight of swollen matrix (W f) was calculated to give a theoretical 

maximum loading of writing monomer (in wt%). 

Table 0-1. Swelling – writing monomer mass uptake by the neat polymeric urethane 
matrix. 
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Neat matrix Wf/Wi
a Φtheoretical (wt%) b 

TBPA 1.94 ± 0.07 45 ± 2 

BPTPA 2.94 ± 0.06 63 ± 1 

Control (no writing monomer) 1.03 ± 0.01 - 

a The ratio of the measured final weight (W f) of the sample to its initial weight (W i) was 
calculated. b Theoretical maximum loading (in wt%) was calculated by taking the ratio of 
the amount of mass uptake to its final weight, i.e. ϕ = (Wf - Wi)/Wf * 100% 

 

Figure 0-2. Final (stage 2) refractive indices of two-stage formulations for TBPA (red) 
and BPTPA (blue) as a function of writing monomer content in weight percent. The grey 
dashed-outline box in the upper right hand corner specifies the accessible region for 
refractive index increase due to a higher solubility writing monomer. 

Refractive index of two-stage formulation 

To determine the expected refractive index increase per unit of writing monomer 

present, the refractive indices of formulations containing varying amounts of writing 

monomer were measured in their stage 1 and stage 2 (after UV flood exposure) state as 

shown in Figure 0-2. As is evident from the gradients of the linear fits for both stage 1 

and 2, BPTPA demonstrates a higher refractive index contrast increase per unit of 

writing monomer concentration (i.e. Δn/[M]). Using the gradient values for the linear fit 

equations, this Δn/[M] increase is estimated to be approximately 20%. Therefore, 
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assuming both monomers react similarly in rate and final conversion, a marginally 

higher Δn structure would be expected at equivalent monomer concentrations. More 

crucially, the ability to increase writing monomer loading extends the refractive index 

contrast (nphotopolymer – nmatrix) as shown by the dashed grey box inset of Figure 0-2. 

 

Figure 0-3. Real-time FTIR photopolymerization double bond conversion kinetics for the 
(a) neat acrylate (TBPA in red; BPTPA in blue) homopolymerization with 1 mol% TPO 
using triggered 405 nm LED irradiation (20 s at 16 mW/cm2) at the 60 s mark, and (b) 
acrylate homopolymerization of 30 wt% writing monomer (TBPA in red; BPTPA in blue) 
formulation with 10 mol% TPO using triggered 405 nm LED irradiation (2 s at 16 
mW/cm2) at the 60 s mark. 

 

 

Recording kinetics 

The photopolymerization reactivity of BPTPA was assessed neat and as a stage 2 

photopolymerization using 30 wt% writing monomer via real-time FTIR spectroscopy. 

Figure 0-3a shows that while TBPA has an almost instantaneous consumption of double 
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bonds upon irradiation, it distinctly reaches a plateau of around 65% conversion due to 

vitrification. In the case of neat BPTPA, however, it has a slower initial rate but does in 

fact reach quantitative conversion within the exposure time of 20 seconds. This distinct 

polymerization kinetics profile is attributed to the lower viscosities throughout the 

polymerization of BPTPA. When these writing monomers are used in two-stage 

formulations, it is clear from Figure 0-3b that they both are indistinguishable in reactivity 

rates or final conversion (both quantitative). Therefore, the FTIR data suggests that 

BPTPA is at least comparable if not preferred to TBPA for its ability to go to full 

conversion at higher writing monomer loadings. 
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Figure 0-4. Transmission holography and Δn (peak-to-mean) values recorded with a 

pitch spacing of 1 μm at a recording intensity of 16 mW/cm2 with exposure times of 1 s. 
(a) Representative diffraction efficiency vs. reconstruction angle scans for 40, 50 and 60 
wt% BPTPA formulations (data points in blue) with the corresponding fits (in red) to 
classical Kogelnik Coupled Wave theory. (b) Comparison of peak-to-mean Δn 
performance of TBPA against BPTPA as a function of writing monomer content (TBPA 
in red; BPTPA in blue). The grey dashed-outline box in the upper right hand corner 
reveals the realized and achievable Δn increase from the higher solubility writing 
monomer BPTPA. 
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Holographic recording (transmission gratings) 

Taking the solubility studies together with the refractive index measurements, we 

hypothesized a significant overall Δn recording improvement to be gained from 

enhancements in both Δn/[M] as well as the amount of monomer that can be loaded. As 

a demonstration, high diffraction efficiency transmission volume holograms (fringe 

spacing Λ ≈ 1 μm) were recorded into the TBPA and BPTPA samples at varying 

monomer loadings in thin films (< 15 μm) to intentionally avoid over-modulation. 

Representative angular scans with good fits to Kogelnik coupled wave theory are shown 

in Figure 0-4a for samples containing 40, 50 and 60 wt% BPTPA with a peak-to-mean 

Δn of up to 0.029 demonstrated. Figure 0-4b shows the overall maximum achievable Δn 

for both writing monomers at increasing wt% loading. By increasing the writing 

monomer loading, we increase the observed Δn of a given material without a noticeable 

penalty in transparency or scatter. An additional advantage of the increased solubility of 

BPTPA is the boost in material sensitivity due to a concomitant increase in the 

polymerization rate that arises due to the higher monomer concentration.37  

High sensitivity materials are especially critical for holography due to laser source 

limitations in power and overall setup stability time. This feature also extends to 

alternative photoinitiating systems which initiate at longer visible wavelengths but are 

less efficient.9, 10, 31 

Bulk Δn vs. holographic Δn analysis 

Achievable holographic Δn in two-stage materials from a sinusoidal exposure is a 

fraction of the maximum achievable index response from a uniform flood-cure. In fact, 

for a single holographic exposure (two-beam interference), it can be shown that the 
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highest achievable Δn of the first harmonic is approximately 88% of a material’s 

maximum refractive index response (see Supporting Information). In Figure 0-5 the 

holographic Δn is plotted against the bulk Δn between stage 1 and 2 as measured using 

a prism coupler for both writing monomers. These results indicate that although BPTPA 

is able to achieve a higher holographic Δn through the increased solubility there is also 

a decrease in the “efficacy” of the increased index contrast at higher loadings. 

 

Figure 0-5. “Effective” refractive index contrast plot – achievable Δn with a sinusoidal 
intensity exposure measured via holography vs. the achievable Δn in bulk measured via 
prism coupler for TBPA (in red) and BPTPA (in blue) at varying writing monomer 
content. The green line specifies the ideal case for a perfect match between refractive 
index contrast in bulk and holographic materials. The yellow line indicates the actual 
theoretical maximum Δn (88%) to be expected from the holographic Δn measured which 
only measures the first harmonic. 
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Figure 0-6. Demonstrative refractive index gradient examples. Stitched DIC microscope 
images of (a) direct laser write of a bird pattern, (b) projection mask lithography of a 1-
inch diameter Fresnel lens. 

Refractive index gradient demonstrations 

Refractive index structures at low spatial frequencies are also demonstrated 

using DLW of an arbitrary pattern and projection lithography using a Fresnel lens etched 

chrome mask. The DLW example (Figure 0-6a) demonstrates distinct refractive index 

contrast between the photopolymer of BPTPA and the matrix whilst the Fresnel lens 

(Figure 0-6b) example validates the ability to record a structure with a fine gradient in 

refractive index. As evidenced by the stitched bright field DIC microscope (Nikon N-
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STORM) images in Figure 0-6 the material was able to record distinct sub-micron to 

tens of microns-sized features with excellent fidelity in both cases. 

1.9 Conclusions 

We report a novel acrylate monomer, BPTPA, that exhibits excellent properties. It is a 

high refractive index, highly reactive, colorless, liquid monomer that is readily 

synthesized from economical starting materials. This monomer was assessed for its 

solubility and refractive index change upon polymerization in a urethane matrix for use 

as a writing monomer in a two-stage formulation. BPTPA excelled over a reference, 

widely used high refractive index monomer, TBPA, on both measures allowing for 

formulations containing up to 60 wt% loading of BPTPA which demonstrated a 

maximum Δn ~ 0.029 for volume transmission holograms. To the best of our knowledge, 

this value is the highest reported of any holographic photopolymer within the academic 

literature achieved with superior photosensitivity and simple synthetic preparation.  This 

writing monomer and the synthetic protocol present promising avenues for the design of 

high refractive index writing monomers for high performance holographic 

photopolymers. 
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1.10 Supporting Information 

 

Figure S0-7. 1H NMR spectra for synthesized BPTP after purification. 
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Figure S0-8. 13C NMR spectra for synthesized BPTP after purification.  
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Figure S0-9. 1H NMR spectra for synthesized BPTPA after purification. 
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Figure S0-10. 13C NMR spectra for synthesized BPTPA after purification. 

 

Figure S0-11. UV-vis absorption spectra of TBPA and BPTPA formulations before stage 
2 polymerization. 
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Figure S1. Loss of transparency of precursor resins at higher TBPA loadings (50 wt%) 

Refractive index contrast measurable by a single Bragg hologram 

The transmission Bragg hologram used to characterize material refractive index 

contrast is not a perfect measurement as the material saturates due to consumption of 

monomer. Specifically, consider the case in which the sinusoidal writing intensity 

consumes a significant fraction of the monomer species.  As this first-order reaction 

proceeds, reduction of the monomer concentration proportionally reduces the 

propagation rate. The index of refraction thus saturates according to 

 𝛿𝑛(𝑥)

Δ𝑛
= 1 − 𝑒−𝐸(𝑥) 𝐸𝑐⁄ , Eq. 1 

where 𝛿𝑛 is the local index change, Δ𝑛 is the maximum index change that occurs upon 

full conversion, 𝐸(𝑥) is the local optical dose and 𝐸𝑐 is the dose that consumes a fraction 

1 𝑒⁄  of the initial monomer concentration.   

For two-beam interference writing, the local optical dose 𝐸(𝑥) is given by 

 𝐸(𝑥) = 𝐸𝑝 [1 + cos (2𝜋
𝑥

Λ
)] 2⁄ , Eq. 2 
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where 𝐸𝑝is the peak dose and Λ is the period of the writing sinusoid. As the peak dose 

𝐸𝑝 becomes significant in comparison to the dose that consumes 1 𝑒⁄  of the 

concentration, the response saturates, resulting in flattened peaks as shown in Figure 

S0-12. 

 

Figure S0-12. Index profiles 𝛿𝑛 normalized to the maximum index change 𝛥𝑛 over one 

period of the interferogram, 𝛬.  The sinusoidal response saturates as the peak dose, 𝐸𝑝, 

becomes large in comparison to the critical exposure dose EC. 

Diffraction off of such a phase structure will depend on the Fourier harmonics of 

the fundamental spatial frequency 1 Λ⁄ .  To obtain a quasi-closed form for the Fourier 

series 𝛿𝑛(𝑥) = ∑ 𝑛𝑚 cos (2𝜋𝑚
𝑥

Λ
)∞

𝑚=0 , we expand Eq. 1 in a power series in 𝑥, substitute 

in Eq. 2 and gather the coefficients of the mth harmonic. The initial terms in this series 

for the first three harmonics are  
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These reveal that, to lowest order, the mth harmonic grows as the peak dose to the mth 

power. These are plotted in Figure S0-13. The maximum of the first harmonic is 𝑛1 ≈

0.438 at a peak dose of 𝐸𝑝 ≈ 3.09𝐸𝐶, indicating that only 88% of the material maximum 

index response can be accessed with single-exposure two beam interference.  

 

Figure S0-13. First through third harmonic of the recorded index change relative to the 
maximum index change 𝛥𝑛 as a function of the peak dose, 𝐸𝑝 relative to the critical 

exposure dose EC.  Note that 𝑛𝑚is the peak to mean amplitude and thus is bounded by 

±1

2
.  The functions plotted are given in Eq. 3 using the first 100 terms of the series. 
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Writing Monomer Design Considerations for High Δn Two-Stage Photopolymers and 

Their Novel Applications1 

  

 Two-stage photopolymers with high refractive index modulations (Δn > 0.015) 

were explored towards the one step fabrication of a quarter-pitch soft, flexible gradient 

refractive index (GRIN) lens with a 0.2 numerical aperture (NA). A mask projection 

lithography system operating at 430 nm was used to enable millimeter path lengths to 

circumvent absorption and non-uniform recordings. GRIN lenses up to 500 μm thick 

were successfully recorded with the expected phase delay corresponding to Δn of 

approximately 0.02; however, at higher path lengths significant haze was encountered. 

To address this, the design scope of writing monomers was systematically expanded to 

increase refractive index (nD/20ºC: 1.60 – 1.66) and introduce carbamate moieties to 

improve solubility within stage I urethane matrices.  

1.13 Introduction 

 Two-stage photopolymers have been shown to be exemplary recording materials 

for arbitrarily programming refractive index patterns throughout the volume of an 

otherwise transparent medium.1-5 While these materials have recently been exploited for 

applications requiring relatively thin films (sub-200 μm), the ability to record in thicker 

media (1 – 5 mm) would expand on the multitude of accessible benefits as, for example, 

in the case of holography where the possible number of multiplexed holograms scales 

                                              
1 Contributing authors: Sudheendran Mavila, David B. Miller, Amy C. Sullivan, Christopher N. Bowman, 
and Robert R. McLeod 
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with the thickness of the media.6-9 More crucially, the ability to record arbitrary phase 

structures in thick transparent two-stage photopolymer materials enables a facile route 

to new applications that cannot readily be realized with conventional techniques.  

A prime example is the fabrication of gradient refractive index (GRIN) optics.10-14 

In contrast to existing GRIN lenses fabricated using techniques ranging from ion 

exchange15 to direct laser writing13 to partial polymerization-based approaches,16 GRIN 

optics made with two-stage photopolymers are inherently soft and flexible. This 

characteristic makes them particularly attractive for biomedical-based applications such 

as a two-photon endoscopic imaging. Furthermore, two-stage photopolymers have the 

key advantage of not being limited by the recordable refractive index profiles unlike 

other techniques that rely on diffusion and symmetry.12, 15 In fact, as the recorded GRIN 

profile relies fundamentally on the spatially modulated intensity pattern, the range of 

possible arbitrary gradient refractive index profiles11 is extensive and probably second 

only to two-photon polymerization-based direct laser write13 at fractions of the times 

required. This time requirement is especially significant when considering the fabrication 

of parts on the millimeter-scale or larger as the fabrication times needed scale 

dramatically. 

Nevertheless, a significant hurdle to the realization of functional two-stage 

photopolymer-based GRIN optics is material performance, for which potential problems 

can be divided into two primary categories. First, at millimeter length scales there is 

significant Beer-Lambert absorption to consider that will result in a non-uniform intensity 

distribution along the optical/exposure axis. This gradient can be circumvented by using 

formulations with less photoinitiator although this reduction reduces the photosensitivity 
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and generally requires either longer exposure times or a higher intensity source to 

compensate. Second, there is the collective issue of achievable refractive index 

modulation (Δn) and the associated deficiencies incurred at higher Δn values. Previous 

reports have shown proof-of-concept demonstrations of recording a GRIN lens and lens 

array in two-stage photopolymers using a continuous wave (CW) 532 nm laser as well 

as arbitrary GRIN profiles using a digital micromirror device (DMD) with a narrowband 

incoherent UV LED to illuminate 8-bit grayscale intensity patterns. However, a major 

limitation in both instances was the maximum achievable Δn of the material (< 5 X 10-3) 

as shown by the weak phase function not exhibiting significant focusing. Functional 

GRIN lenses of moderate numerical aperture (NA) require Δn on the order of 10-2 to 

guide light. In this regard, recent advancements in the design of soluble, high refractive 

index writing monomers have begun to address this constraint on Δn. However these 

high Δn implementations were in thin films (sub-50 μm) where the tradeoff of absorption 

and photosensitivity are non-issues.5 Herein, as shown in Scheme 0-1, we explore the 

feasibility of recording millimeter-scale GRIN optics in two-stage photopolymers using 

an inexpensive, off-the-shelf mask projection lithography system. The findings on optical 

deficiencies encountered in these thick GRIN materials were used to expand on an 

existing design scheme based on thiol-X ‘click’ chemistries17, 18 for efficient high 

refractive index writing monomers.  
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Scheme 0-1. Overview for the fabrication of high performance soft, flexible parabolic 
GRIN lenses via the optical patterning of high Δn two-stage photopolymers. A 
calculated refractive index profile for a 0.2 NA GRIN lens requires a material that is 
capable of a Δn of approximately 0.015 uniformly recorded over a 3 mm length.  

1.14 Experimental 

1.14.1 Materials 

Generally, commercially available reagents were used without further 

purification. Thiophenol, 4-methyl thiophenol, 4-(methylsulfanyl) thiophenol, 2-

naphthalene thiol, epichlorohydrin and butylated hydroxytoluene (BHT) free radical 

stabilizer were purchased from Alfa Aesar. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) 

was purchased from Chem-Impex International. 4-dimethylaminopyridine (DMAP) was 

purchased from Oakwood Chemical. Reagent-grade triethylamine (Et3N) was 

purchased from Fisher Scientific. Acryloyl chloride and polycaprolactone-block-

polytetrahydrofuran-block-polycaprolactone (average Mn 2000) were purchased from 

Sigma Aldrich. The photoinitiator, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide 

(TPO), was purchased from TCI America. Desmodur N3900 polyisocyanate was 

donated by Covestro AG (formerly Bayer MaterialScience). 

Monomer Synthesis 

Synthesis of di-substituted secondary alcohol 
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A previously reported procedure5 was used for the combined thiol-epoxide ring-

opening and thiol-halide substitution reactions between epichlorohydrin (1 equiv.) and a 

high refractive index monofunctional thiol (2.2 equiv.) to yield a secondary alcohol 

intermediate.  

Synthesis of di-substituted acrylate 

 A previously reported procedure5 was used for the synthesis of the acrylate from 

the secondary alcohol intermediate using acryloyl chloride. 

Synthesis of BPTP-based urethane acrylate  

 To a 250 mL round-bottomed flask equipped with a magnetic stir bar, 6.05 g of 

BPTP (21.9 mmol, 1.0 equiv.), 3.33 g of 2-isocyanatoethyl acrylate (23.6 mmol, 1.08 

equiv.), 0.487 g of BHT (2.21 mmol, 0.1 equiv.) were diluted with 23 mL of ethyl acetate 

(0.95 M w.r.t BPTP) and stirred under reflux overnight. 

1H NMR (400 MHz, Chloroform-d) δ 7.38 – 7.35 (m, 4H), 7.28 – 7.24 (m, 4H), 7.20 – 

7.15 (m, 2H), 6.44 (dd, J = 17.3, 1.4 Hz, 1H), 6.13 (dd, J = 17.3, 10.4 Hz, 1H), 5.87 (dd, 

J = 10.4, 1.4 Hz, 1H), 5.03 (q, J = 5.9 Hz, 1H), 4.72 (t, J = 6.1 Hz, 1H), 4.18 (t, J = 5.3 

Hz, 2H), 3.41 (q, J = 5.6 Hz, 2H), 3.27 (d, J = 5.9 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ = 166.1, 155.5, 135.6, 131.6, 129.9, 129.1, 128.1, 126.6, 

72.7, 63.6, 40.1, 36.6. 

Two-stage photopolymer recording film preparation 

Two-stage photopolymer film samples were prepared by premixing the acrylate 

writing monomer, 1,3-bis-(phenylthio)-2-propylacrylate (BPTPA), measured at 50 weight 

percentage (relative to the entire formulation) with 1 mol% TPO photoinitiator (based on 

writing monomer concentration) and the difunctional polyol in a 4 mL vial equipped with 
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a magnetic stir bar until homogenous. A stoichiometric amount (OH:NCO = 1:1) of 

Desmodur N3900 trifunctional isocyanate was added to the vial and stirred then 

degassed. The resin was deposited into custom-made cuvettes composed of a three 

component stack comprised of two outer 1” square glass slides with U-shaped cut glass 

spacers of defined thicknesses (1 & 3 mm) in the center. Each glass piece was bonded 

to the other with sodium silicate to form a single continuous piece.19 Samples were 

covered in aluminum foil and allowed to cure overnight in an oven at 70ºC. 

1.14.2 Methods 

Nuclear Magnetic Resonance (NMR) 

NMR spectra were recorded on a Bruker Avance-III 400 NMR spectrometer at 25 

°C in chloroform-d. All chemical shifts are reported in ppm relative to chloroform solvent 

peak (δ = 7.26 ppm). 

Refractive index measurements 

A digital refractometer (Abbemat MW) was used to measure refractive index 

values at 20C at the Fraunhofer lines – sodium-D (nD, 589 nm), β hydrogen-F (nF, 486 

nm) and α hydrogen-C (nC, 656 nm). Abbe number was calculated according to the 

equation, V = (nD-1)/(nF-nC). 

Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was used to monitor the polymerization 

of the acrylate double bonds. A Thermo Scientific Nicolet 6700 FTIR spectrometer was 

used with a 405 nm LED source (Thorlabs) monitoring of the acrylate peak at 814 cm-1 

with a timed illumination at 16 mW/cm2. Optically thin samples were prepared between 

two salt (NaCl) plates using 15 μm spacers. The stage 1 to stage 2 acrylate conversion 
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(cacrylate) was monitored using a series scan, integrating over the range 790-830 cm-1 

where Ainitial is the area of the unconsumed acrylate peak, and Afinal is the area under the 

acrylate peak after the stage 2 reaction.  

𝐶𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒 = (1 −
𝐴𝑓𝑖𝑛𝑎𝑙

𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) ∗ 100%    (1) 

GRIN exposure and characterization system 

The exposure system used to record GRIN structures is displayed in Scheme 

0-2A. Briefly, an off-the-shelf 430 nm mounted LED source (Thorlabs M430L4) was 

homogenized using a combination of a square acrylic waveguide with a diffuser. A 

condenser lens then images the waveguide onto a grayscale photomask (Gamma Tech 

E6 slide film) to produce a defined intensity distribution. An OD4 425 nm longpass filter 

(Edmund Optics) was implemented to cut the undesired shorter wavelengths followed 

by an image-space telecentric lens to project the image of the mask with the appropriate 

demagnification and depth of focus for the desired beam diameter (ϕ = 1 mm) and 

working distance (approximately 3-4 mm) at the sample plane. The sample was placed 

on a mount attached to a three-axis stage synchronized to a computer for automated 

2D grid exposures. A 633 nm He-Ne laser was co-aligned with the 430 nm beam for 

convenient exposure alignment and ensuring the sample was normal to the incident 

beam. After recording, the GRIN structure was analyzed by illuminating the sample with 

a flat phase, collimated 830 nm fiber-coupled laser diode. The wavefront immediately 

after the sample was magnified and imaged via a Keplerian telescope onto a Shack-

Hartmann wavefront as shown in Scheme 0-2B. The measured phase delay relative to 

the incident flat phase is proportional to the Δn of the recorded GRIN. 
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Scheme 0-2. Exposure system used to record and characterize GRIN structures. (A) 
Exposure system consists of a homogenized 430 nm LED and a 633 nm He-Ne laser 
for alignment purposes. The sample is situated on a mount connected to a three-axis 
stage that is computer-controlled to do 2D grid exposures. (B) Recorded GRIN samples 
are characterized using a fiber-coupled 830 nm laser diode with a Shack-Hartmann 
wavefront sensor. 

1.15 Results & Discussion 

 A major goal of this work was to fabricate a quarter-pitch, soft and flexible 

parabolic GRIN lens with a NA of 0.2 using a high Δn two-stage material previously 

developed for holography. Based on the equation calculating the NA of a parabolic lens 

given by 

𝑁𝐴 = √(𝑛0 + Δ𝑛)2 − 𝑛0
2     (1) 
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where n0 is the base refractive index, and Δn is the maximum refractive index 

modulation. Given that n0 = 1.47 for the base urethane matrix with a desired NA of 0.2, 

a Δn just below 0.015 is required. This difference sets the minimum dynamic range 

requirements a material must achieve. Therefore, a two-stage formulation consisting of 

50 wt% BPTPA was selected based on previously reported bulk refractive index change 

and holographic Δn results. For a 1 mm diameter lens, a length of approximately 3 mm 

was calculated to meet the quarter pitch specification.  

At these length scales, absorption through the depth of the material becomes an 

important materials design consideration to ensure that the recorded refractive index 

profile is uniform in depth. To address this issue, exposure wavelengths were shifted 

beyond the typical absorption spectrum (i.e. λ > 410 nm) of the visible light photoinitiator 

used (TPO) allowing standard concentrations (1 mol% with respect to acrylate) to be 

used in the two-stage GRIN formulations. Specifically, calibration absorption curves 

were developed for TPO at the wavelength range of 410 to 450 nm before and after 

photolysis to obtain the logarithmic molar absorptivity spectrum shown in Figure 0-1. 

Evidently, a convenient wavelength of 430 nm, corresponding to an isosbestic point 

whereby absorption is invariant before and after photobleaching, was chosen for the 

GRIN exposure system using an inexpensive incoherent LED source. A drawback of 

this approach was the relatively broad bandwidth (15 nm FWHM) of the light source with 

significant amounts of power present at wavelengths down to 400 nm as shown by the 

dashed curve in Figure 0-2. Considering the orders of magnitude increase in molar 

absorptivity at these lower wavelengths, the designed material was evidently still 

optically thick. This issue was partially solved by the introduction of a commercial 
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longpass filter centered at 425 nm to cut off wavelengths below 420 nm as shown by 

the solid curve in Figure 0-2.  

 

Figure 0-1. Molar absorptivity spectrum (logarithmic scale) of TPO before (in blue) and 
after (in red) after photolysis using a 10 mW/cm2 405 nm LED irradiation for 10 minutes. 

 

Figure 0-2. Overlay of the two-stage material absorption (1 cm thick) with the emission 
spectrum of a commercial 430 nm LED sources with (solid blue) and without (dashed 
blue) a 425 nm longpass filter. 
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The available intensity at the sample plane was measured to be approximately 

40 μW/cm2 requiring exposure times on the order of 60 minutes. Initial exposures in thin 

films ranging from 25 to 250 μm produced uniform phase structures. In particular, the 

measured phase delay of a 25 μm GRIN film corresponded faithfully with the expected 

Δn of ~0.02. However, at higher thicknesses (0.5 mm onwards) deleterious phase 

structures which scattered light were observed. These structures were collectively 

attributed as haze although they were distinguished as either forming within the 

exposure region or in the bulk after a flood exposure. The former appeared as long 

striations, and these undesired phase structures (present within the exposure regions) 

were imaged using differential interference contrast microscopy with typical images 

shown in Figure 0-3. Varying exposure times were used showing a sharp transition 

between faint but uniform phase structure (exposure 3) to a non-uniform, corrugated 

one (exposure 1).  
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Figure 0-3. DIC images of a row of GRIN exposures of decreasing exposure times from 
left (1) to right (4). Close ups of exposure 1 and 3 are shown at the bottom. Phase 
irregularities are clearly evident on exposure 1 whereas exposure 3 looks faint but 
relatively uniform. 

The second case of observed haze presented itself as a speckle pattern 

occurring throughout the bulk of the material as seen in Figure 0-4. Based on the 

undesirable amounts of haze observed in millimeter-thick BPTPA-based formulations, 

we hypothesized two possible explanations. First, the recording conditions were highly 

suboptimal due to the low absorption (ϵ < 10 L/mol cm) at the recording wavelength 

coupled with the extremely low light intensity. This outcome has several implications 

including the low photoinitiator consumption causing significant non-linearities. Given 

that Δn development relies on reaction-diffusion, longer exposure times can be 

detrimental as polymerization and diffusion of multiple species (dissolved oxygen, 

monomer, oligomer, photoinitiator) occur on timescales that are inverted to what is 
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tested in holography. However, investigating this hypothesis essentially required a laser 

that could operate at 430 nm with moderate powers to achieve recording intensities on 

the order 1-20 mW/cm2. This approach was outside the scope of this study. 

 

Figure 0-4. Photograph of a 3 mm thick two-stage formulation sample with a grid of 
GRIN exposures. The small individual exposure spots appear white and relatively 
opaque while the rest of the sample is translucent. 

The alternative explanation considered was that writing chemistry solubility at 

high loadings (50 wt%) was the root cause. Phase separation or insolubility was not 

initially observed in thinner, holographic samples (≤ 250 μm thick) because any optical 

deficiencies present, such as haze/scatter, scale with the thickness of the material. 

Since lower loadings of BPTPA would not produce the required Δn, an alternative set of 

writing monomers with the following general characteristics were targeted: i) higher 

refractive index values to use at lower loading content, ii) moderately high refractive 

index with increased solubility, or ideally, iii) a combined improvement in both refractive 

index and solubility.  
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To achieve these aims, the conceived materials design strategy was 

reconsidered and expanded upon accordingly. To meet the first aim of primarily only 

increasing refractive index, we replaced the phenylthio substituent with higher refractive 

index groups by simply substituting in higher refractive index monothiols for the 

synthesis as shown in Scheme 0-3A. This substitution was conveniently achieved using 

derivatives of thiophenol (nD/20C = 1.588), namely 4-methylthiophenol, 4-

(methylsulfanyl) thiophenol (nD/20C = 1.652) and 2-naphthalene thiol. The 

corresponding monofunctional acrylates were synthesized using the same procedure as 

BPTPA5 to yield monomers with higher refractive indices (nD/20C) up to 1.6614 

achieved for 1,3-bis-(naphthylthio)-2-propyl acrylate (BNTPA) and 1.6408 for 1,3-bis-

(methylthiophenylthio)-2-propyl acrylate (BMTPTPA) although the 4-methylthiophenol 

analog, 1,3-bis-(methylphenylthio)-2-propyl acrylate (BMPTPA), had a moderately lower 

refractive index (nD/20C = 1.5921) in comparison to BPTPA (nD/20C = 1.6028). An 

alternative strategy explored was to use the high refractive index epoxide, 2-biphenylyl 

glycidyl ether, in a straightforward thiol-epoxide ring-opening reaction17 to produce an 

asymmetric secondary alcohol that is then converted to a (meth)acrylate as shown in 

Scheme 0-3B. To demonstrate this modified approach, thiophenol was used to produce 

a viscous liquid monoacrylate (nD/20C = 1.6095).  



 89 

 

Scheme 0-3. Synthetic scheme for obtaining higher refractive index monofunctional 
acrylate writing monomers using high refractive index monofunctional thiols (R-SH). (a) 
The first strategy comprises the combined thiol-epoxide ring-opening and thiol-halide 
substitution reactions of epichlorohydrin with a high refractive index monothiol. (b) The 
second method involves the thiol-epoxide ring-opening of a high refractive index 
epoxide (here shown with 2-biphenylyl glycidyl ether) with a high refractive index 
monothiol. (c) The third approach combines the previous two in using two different high 
refractive index monothiols for the separate thiol-epoxide and thiol-halide reactions. 

The series of writing monomers developed were tested in two-stage 

photopolymer formulations with 40 wt% writing monomer in the same urethane matrix 

used previously. Polymerization kinetics and final conversions assessments were 

performed using real-time FTIR with a timed 405 nm LED irradiation, and compared 

with BPTPA as the control at the same loading. As shown in Figure 0-5, all four of the 

acrylates achieve quantitative conversions with all the phenylthio-based derivatives (i.e. 

BPTPA, BMPTPA, and BMTPTPA) having nearly identical kinetic plots whereas the 
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dinaphthylthio-substituted monoacrylate, BNTPA, exhibited slightly slower kinetics. 

Overall, these results suggest a straightforward route to higher refractive index acrylate 

monomers than BPTPA with a majority of the desirable properties and characteristics 

intact such as the ability to dissolve 40 wt% of the writing monomer into the stage I 

urethane matrix. 

 

Figure 0-5. Real-time FTIR photopolymerization double bond conversion kinetics of 40 
wt% loading of synthesized acrylate writing monomers in two-stage formulations. The 
405 nm LED exposure (30 mW/cm2) occurs at t = 0.5 min mark for 30 seconds.  

To improve the writing monomer solubility, the overarching design approach 

taken was to incorporate urethane linkages, i.e. urethane (meth)acrylates, in the writing 

monomer via a straightforward and quantitative alcohol-isocyanate coupling reaction. 

Urethane acrylates are particularly appealing as they have been reported to exhibit 

enhanced propagation rates over their non-urethane containing counterparts.20-22 

Furthermore, urethane acrylates have been successfully employed in various two-stage 
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holographic photopolymer materials,2, 23, 24 albeit in thin film applications. This approach 

allows for the use of a host of secondary alcohol intermediates generated from the 

earlier aim to be used to react with 2-isocyanatoethyl acrylate to yield the corresponding 

urethane acrylate as shown in Scheme 0-4A. This strategy was demonstrated using the 

precursor, 1,3-bis-(phenylthio)-2-propanol (BPTP), to get a highly viscous urethane 

acrylate (BPTPUA) with a measurably lower refractive index (nD/20C = 1.5782). An 

alternative approach to urethane (meth)acrylate monomers, shown in Scheme 0-4B is 

to instead use a high refractive index monofunctional isocyanate, such as 2-naphthyl 

isocyanate or 4-(methylthio)-phenyl isocyanate and functionalize it with 2-hydroxyethyl 

acrylate. However, this approach is limited to essentially only a single high refractive 

index substituent, and thus limits the range of achievable refractive index. This 

drawback is shown with the example using 4-(methylthio)-phenyl isocyanate to obtain a 

liquid urethane acrylate with a refractive index (nD/20C) of 1.5585, significantly lower 

than all the other monomers investigated. A full characterization of refractive index 

values and dispersion values (in terms of Abbe number) of synthesized monoacrylate 

writing monomers is presented in Table 0-1. 
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Scheme 0-4. Synthetic route for obtaining urethane acrylates. The urethane linkages 
present are expected to show improved solubility than their standard acrylate 
counterparts.  
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Table 0-1. Summary of synthesized high refractive index liquid acrylate writing 
monomers; nD, nF and nC refers to the refractive index measured at λ = 589.3 nm, 486.2 

nm, and 657.4 nm respectively. All refractive index measurements were taken at 20◦C. 

Compound nF nD nC V 

 
BPTPA 

1.6188 1.6028 1.5967 27.3 

 
BMPTPA 

1.6069 1.5921 1.5863 28.7 

 
BMTPTPA 

1.6615 1.6408 1.6291 19.8 

 
BNTPA 

1.6859 1.6614 1.6524 19.7 

 

1.6269 1.6095 1.6028 25.3 

 

1.5734 1.5585 1.5532 27.7 

 

 To achieve writing monomers with a combined improvement in solubility and 

refractive index the idea of an asymmetric acrylate was explored. Here, as summarized 

in Scheme 0-3C, instead of the combined reactions of the thiol-epoxide ring-opening 

and the thiol-halide substitution, these reactions are separated and used with different 

monothiols to balance out a gain in refractive index with moieties that can aid in 
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solubility. This idea was preliminarily investigated using thiophenol and 4-

(methylsulfanyl) thiophenol to yield an alcohol intermediate compound with a high 

refractive index value (nD/20) of 1.6483. Further investigations along this path can 

incorporate a blend of the discussed strategies such as using multiple high refractive 

index substituents with a urethane bond present on a single writing monomer structure. 

These design strategies, though not explicitly investigated here, can also be extended 

to multifunctional systems to enable a more expansive set of writing chemistry 

formulations to tailor for specific application requirements in terms of film thickness, Δn, 

shrinkage, and haze/scatter etc. 

1.16 Conclusions 

 The feasibility of employing high Δn two-stage photopolymer towards the 

fabrication of soft, flexible GRIN lenses was investigated. Using a simple and direct 

photomask projection lithography exposure system operating at 430 nm to achieve low 

absorptions, uniform phase structures were recorded in thin films (< 500 μm) realizing 

the expected Δn ~ 0.02. In thicker films, significant haze formation was encountered 

which prompted a thorough expansion of the writing monomer toolbox to optimize for Δn 

and haze. Liquid monomers with a refractive index increase of 0.0586 over the 

previously used BPTPA were achieved using a 2-naphthalene thiol derivative. In 

addition, facile routes to high refractive index urethane acrylate monomers were 

developed utilizing intermediates from previous methods. Overall, the extension of high 

refractive index writing monomers possessing a range of viscosities and structural 

moieties such as the carbamate linkage provides a critical foundation for specific 
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structure-property studies into the Δn-haze relationship for various applications involving 

the recording of phase structures in materials at varying thicknesses. 

1.17 Supporting Information 

 

Figure S0-6. 1H NMR of BPTP-based urethane acrylate 
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Figure S0-7. 13C NMR of BPTP-based urethane acrylate 
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Dynamic Networks in Two-Stage Holographic Photopolymers1 

 

Dynamic networks in two-stage holographic photopolymers were investigated for 

the first time by incorporating allyl sulfides into the backbone of a polyurethane network. 

Systematic controlled studies were performed on the effects of allyl sulfide content in 

two-stage systems in terms of polymerization rate kinetics and conversion, base matrix 

refractive index increment as well as the associated stress relaxation kinetics and 

behavior. While the polymerization rates and final conversions remain unaffected by the 

presences of allyl sulfides, the base refractive index increment became substantial at 

higher allyl sulfide loadings (0.029 increase at 80 mol%). It was conclusively revealed 

that allyl sulfides effectively reduced the stresses induced from the acrylate 

photopolymerization. The introduction of thiols either by itself or with acrylates present 

were shown to noticeably increase the rate of stress relaxation compared to only having 

acrylates. Crucially, both reflection and transmission holograms were successfully 

recorded at a 135 and 1000 nm pitch respectively indicating a good spatial frequency 

response. 

 

1.20 Introduction 

Two-stage photopolymers are useful materials for optically recording refractive 

index structures in an otherwise transparent medium and have been used towards 

                                              
1 Contributing authors: Brady T. Worrell, Matthew K. McBride, Sudheendran Mavila, Maciej Podgórski, 
Amy C. Sullivan, Benjamin Kowalski, Robert R. McLeod, and Christopher N. Bowman 
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various holographic, gradient refractive index and diffractive optics applications. The 

primary constituents comprise a stage I matrix and stage II writing chemistry with 

preference for the two reaction stages to be orthogonal in nature. As refractive index 

structures are recorded via reaction-diffusion driven by the gradients in light intensity, 

most two-stage formulations entail a low crosslink density network with a low (typically 

sub-ambient) glass transition temperature (Tg) used to facilitate mass transport of the 

dissolved writing chemistry (i.e. monomer and photoinitiator). For this reason, stage I 

matrices are typically low in their refractive index (nD < 1.5) while the incorporated 

writing monomers are preferably high refractive index (nD > 1.6) to generate a high 

refractive index modulation (Δn). In this regard, multiple combinations of chemistries 

have been explored with the basic network structure of the stage I matrix formed 

thermally or spontaneously at ambient temperature.1-4 Amongst the possible options, 

the polyurethane network has been recognized as a model stage I matrix when used in 

conjunction with rapidly photopolymerized acrylates as the high refractive index stage II 

writing monomers.5-7 

Despite extensive research on the writing chemistry aspect of two-stage 

photopolymers, there has been a limited evaluation of the involvement of the stage 1 

network beyond its simple role as a static host. While there has been previous work 

exploring the compatibility of writing monomers in a given urethane matrix through 

fundamental and functional solubility tests,5 with the exception of a few approaches 

noted below, there is little to no information on the effects of the network with respect to 

recording refractive index structure. This shortage of information is because while the 

contributions and effects of the writing chemistry are direct and recognizable, studies on 
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modification to the host matrix are less straightforward to isolate as the direct cause. 

Furthermore, changing the network-forming monomers typically involves changing 

important factors such as: the base refractive index of the network, glass transition 

temperature of the network (Tg), molecular weight between crosslinks (Mc), and 

crosslink density (ρc). Such network modifications typically influence the reaction-

diffusion properties of the writing step in a manner that makes direct comparisons 

between formulations with the same amount of writing chemistry difficult. This 

dissonance is exacerbated when trying to compare different network chemistries (e.g. 

alcohol-isocyanate5, 6, 8, 9 vs. thiol-Michael3, 10) where, for example, the latter forms a 

relatively higher refractive index base network due to thioether formation at every 

network junction.  

The prevailing concept on most two-stage holographic photopolymer systems is 

that the stage 1 matrix acts as a passive bystander throughout the recording process. 

Although there are undoubtedly mechanical, swelling and solubility effects of the 

network in response to the photopolymerization and mass transfer events occurring 

during and after recording, the network is not intentionally designed to actively 

participate. In fact, the involuntary effects of the network are presumed to be deleterious 

rather than being either beneficial or neutral due to the buildup of localized stresses 

imposed by the recording process. These highly localized mechanical stresses can 

result in mechanical warping birefringence (photoelasticity) that negatively impacts the 

final recording performance.  

To address this deficiency, several network modification strategies have been 

considered to accommodate these limitations. In general, these approaches involve the 
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introduction of a chemical substituent attached to the network or within the backbone 

capable of actively participating during the photopolymerization process. These 

substituents are broadly categorized as being either ‘static’ or ‘dynamic’. Static 

implementations are network-bound groups that only participate with the polymerization 

in a single event and can include either the introduction of polymerizable groups (such 

as acrylates) or radical trap groups (such as 2,2,6,6-Tetramethyl-1-piperidinyloxy, 

TEMPO) as preferential termination sites. Notably, the latter has been reported in the 

patent literature to be a key component for increasing dynamic range (Δn) significantly 

in two-stage holographic photopolymers. On the other hand, dynamic network 

implementations involve the incorporation of dynamic covalent chemistry (DCC) groups 

within the network to enable dynamic bond exchange of the network. Unlike with static 

network approaches, dynamic networks have the advantage of being capable of 

multiple events and continuous participation, thus offering significantly more 

opportunities for overcoming the limitations of the network. 

In recent years, multiple DCCs have been reported11 and successfully 

implemented in a variety of crosslinked networks12-16 as part of the Covalent Adaptable 

Networks (CANs) or vitrimers paradigm17-19 whereby dynamic bond exchange occurs 

upon an applied stimulus or condition to enable ‘flow’ in covalently crosslinked systems. 

However, given the specific optical requirements of two-stage holographic 

photopolymers (such as having colorless and transparent films and short timescales) a 

majority of DCCs are not suitable for implementation for reasons including color,15, 16, 20, 

21 catalyst and temperature requirements,14, 22 bond exchange rates and the mechanism 

of the dynamic exchange itself.19, 23 An important consideration is also the synthetic 
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accessibility and ease of implementation into a two-stage photopolymer scheme bearing 

in mind the potential for undesired cross-reaction of multiple species. With this in mind, 

an appropriate choice of DCC for incorporation into existing high performance two-stage 

photopolymer systems is the allyl sulfide moiety, specifically, and addition-fragmentation 

chain transfer (AFT), generally. Being a radical-mediated process, AFT as a dynamic 

exchange reaction is readily photoinduced with conventional radical photoinitiators, a 

component already used in most two-stage holographic systems. Numerous reports 

have shown the efficacy of allyl sulfides in reducing shrinkage stress both during24 and 

after12, 25 network formation due to a bond rearrangement cascade whereby, under 

appropriate conditions, an active center effectively diffuses through the network26 

without altering its overall crosslink density. Furthermore, a previously reported allyl 

sulfide-containing diol26 is readily synthesized in one step via a thiol-halide substitution 

reaction using commercially available 3-chloro-2-chloromethyl-1-propene and 2-

mercaptoethanol.  

 Here, the first investigation of DCCs implemented into two-stage holographic 

photopolymers is presented with the goal of enabling active network participation during 

the optical recording process so as to alleviate recording-induced shrinkage stresses 

and modulate the photopolymerization favorably for increasing Δn. The radical-

mediated allyl sulfide was selected as the DCC for implementation on the basis of 

optical material requirements as well as the exchange efficiency and suitability for 

implementation. Fundamental studies on polymerization rate kinetics and refractive 

index contributions were studied to understand the impact of allyl sulfide contributions at 

varying concentrations. Using a standard, though unoptimized, writing chemistry we 
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demonstrate the ability to record uniform, high quality holograms in both transmission 

and reflection geometries covering a wide pitch range of approximately 135 to 1000 nm 

using mild exposure conditions of 10 seconds or less at 10 mW/cm2.  

1.21 Experimental  

1.21.1 Materials 

 Commercially available reagents were used without further purification. 

Dibromopropane and 2-mercaptoethanol were purchased from Alfa Aesar. Sodium 

methoxide and 3-chloro-2-chloromethyl-1-propene were purchased from Sigma-Aldrich. 

Absolute ethanol, dichloromethane (DCM) and methanol (MeOH) were purchased from 

Fisher Scientific. 

Synthesis of allyl sulfide diol (AS-diol) 

 A previously reported procedure was followed.26 Briefly, 3-chloro-2-chloromethyl-

1-propene was reacted with a slight excess of 2-mercaptoethanol using sodium 

methoxide as the base in MeOH.  

Synthesis of control diol (C-diol) 

  

To a 500 mL round-bottomed flask equipped with a magnetic stir bar was added 7.73 g 

(6.94 mL, 99.0 mmol, 2.00 equiv) of 2-mercatoethanol was diluted with 150 mL (0.30 M, 

w.r.t dibromopropane) of absolute ethanol. To this solution, 6.74 g (99.0 mmol, 2.00 

equiv) of sodium ethoxide was added portion-wise at room temperature. The flask was 

refluxed for 30 min under nitrogen atmosphere. After this period, 10 g (49.5  mmol, 2.00 

equiv) of 1,3-dibromopropane was added dropwise to the reaction mixture to form a 
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yellow precipitate. The reaction mixture was refluxed for another 1 h. After this period, 

the reaction mixture was cooled to room temperature. The precipitate was filtered off 

through a short pad celite.  The filtrate was evaporated to remove the volatiles. The 

crude product was purified by silica-gel column chromatography using 5% MeOH in 

DCM  as eluent  to give pale yellow liquid. The product was dissolved in EtOH (50 mL) 

and activated charcoal was added. After stirring overnight at room temperature the 

charcoal was filtered off through a short pad of celite and the filtrate was evaporated to 

give 7.0 g  (72%) of the title compound as a colorless liquid. 

C-diol: colorless liquid; 72 % yield; Rf = 0.28 (TLC conditions: 5 % MeOH/DCM); NMR 

(400 MHz, CDCl36) δ = 3.76 (t, 4H), 2.75 (t, 4H), 2.67 (t, 4H), 2.23 (s, 2H), 1.92 (q, 2H). 

1.21.2 Methods 

Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was used to monitor the polymerization 

of the acrylate double bonds.  A Thermo Scientific Nicolet 6700 FTIR spectrometer was 

used with a 405 nm LED source (Thorlabs) monitoring of the C=C peak at ~6170 cm-1 

with a timed illumination at 10 mW/cm2. Two-stage photopolymer films approximately 

250 μm thick were analyzed in the near-infrared region. The stage 1 to stage 2 acrylate 

conversion (cacrylate) was monitored using a series scan, integrating over the range 

6150-6200 cm-1 where Ainitial is the area of the unconsumed acrylate peak, and Afinal is 

the area under the acrylate peak after the stage 2 reaction.  

𝐶𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒 = (1 −
𝐴𝑓𝑖𝑛𝑎𝑙

𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) ∗ 100%    (1) 

In-situ stress relaxation 
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 A RSA-G2 dynamic mechanical analyzer (TA Instruments) was used to perform 

stress relaxation experiments using the built-in stress relaxation mode with a 5% strain 

applied at ambient temperature. Films were cut into rectangular strips and measured 

with calipers prior to instrument loading. 

Holographic recording 

A two-beam interference setup was used to record volume transmission 

holograms with a spatially filtered wavelength stabilized 405 nm laser diode (Ondax, 40 

mW). Both recording beams (1/e2 intensity diameter of 4.3 mm) were power matched to 

give a total recording intensity of ~10 mW/cm2. The beams were interfered at an 

external recording half-angle of 11.7° to produce a sinusoidal interference pattern with a 

fringe spacing of ~1 μm. A 633 nm He-Ne laser (Thorlabs), aligned approximately at the 

Bragg reconstruction angle, was used as a read beam to nondestructively probe the 

hologram formation throughout the recording process. Each recording exposure was 

initially monitored for 300 s, then followed by a sample rotation from 10° to -10° at an 

angle increment of 0.05°. The optical power at both of the two detectors was measured 

throughout the experiment. The diffraction efficiency of each recorded hologram was 

calculated by taking the quotient of the diffracted power (Pd) to the total power 

(transmitted + diffracted), DE = Id/(Id + It). The diffraction efficiency vs. angle profile was 

fitted to Kogelnik coupled wave theory27 to obtain a peak-to-mean ∆n and thickness (d).  

A one beam reflection setup was used to record volume reflection holograms 

with a spatially filtered wavelength stabilized 405 nm laser diode (Ondax, 40 mW). A 

collimated 1” diameter beam was redirected towards the optical table with a periscope 
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mirror. A coupon consisting of the sample and a mirror were placed on the table with 

index matching fluid (water or xylene) in between. 

1.22 Results & Discussion 

The introduction of DCCs in a network fundamentally deviates from the classical 

concept of orthogonality between the two stages, i.e. network and writing chemistries. 

As illustrated in Scheme 0-1, while the writing chemistry remains unperturbed (i.e. does 

not react) during the stage I network formation, the same is not true during the stage II 

recording. The key distinction of a two-stage system with a DCC-containing network is 

that, instead, stage I and II interactions are critically enabled by the DCC moiety. 

Specifically, dynamic exchange allows for bond rearrangement, via bond-breaking and 

bond-forming, to occur during and after the stage II acrylate homopolymerization. 

Therefore, network stress relaxation occurs to accommodate the shrinkage stresses 

developed by the patterning exposure. In the case of the AFT-based allyl sulfide, any 

radical species will add to the double bond to form a radical intermediate that results in 

a fragmentation. However, depending on the radical species adding to the allyl sulfide, 

the AFT exchange may either be reversible when the same thiyl radical species is being 

added and fragmented, or irreversible if a carbon-centered radical, such as the acrylic 

radical, is involved.  
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Scheme 0-1. Schematic illustration of how two-stage systems with DCC-containing 
networks fundamentally differ from the conventional two-stage systems without DCC. In 
the former case, during the photopatterning step the stage I network is capable of 
interacting with the stage II writing chemistry via the DCC moiety. In the case of allyl 
sulfides, if a) acrylic radicals are solely involved, the exchange is irreversible. However, 
when b) thiyl radicals are present, the AFT mechanism instead becomes reversible. 

To control for the effects of network crosslinking density, resins for the 

investigation of allyl sulfide were formulated by substituting either an allyl sulfide diol 

(AS-diol) or control diol (C-diol) for the high molecular weight polyol in an otherwise 

standardized two-stage formulation as described in the experimental section. Both AS-

diol and C-diol have close to identical molecular weights (same Mc and ρc) and both 

contain two sulfur atoms (similar base refractive index) with the only major difference 

being that C-diol does not have a carbon-carbon double bond located at the central 

carbon atom of the symmetric molecule. This distinction means that C-diol is incapable 

of undergoing AFT and thus forms ‘non-dynamic’ materials. Two loadings of each diol at 

20 and 80 mol% were designed to give four formulations corresponding to a low and 
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high network crosslink density respectively. Details of each of the four formulations are 

listed in Table 0-1. 

Table 0-1. Composition for each tested formulation for allyl sulfide-containing dynamic 
matrices study. A stoichiometric stage I polyurethane network is formed whereby either 
C diol or AS diol is incorporated at 20 or 80 mol%. The stage II writing chemistry is 
maintained at 30 wt% TBPA of the overall formulation with TPO set at 1 mol% with 
respect to the writing monomer. 

Formulation  AS diol Polyol Desmodur N3900 TBPA TPO 

C20 20 80 100 30 wt% 1 mol% 

C80 80 20 100 30 wt% 1 mol% 

AS20 20 80 100 30 wt% 1 mol% 

AS80 80 20 100 30 wt% 1 mol% 

 

 Previous investigations into radical photopolymerizations in the presence of allyl 

sulfides were shown to retard the polymerization rate due to the competition of 

radicals.24 The allyl sulfide moiety acts as a chain-transfer agent that can transiently 

sequester a propagating radical to reduce the overall polymerization rate. In the case of 

an acrylate photopolymerization system, propagation rates are expected to be fast 

enough to not be able to notice any difference in polymerization kinetics. A preliminary 

investigation into this involved a real-time FTIR study whereby the AS diol was 

substituted at varying loadings (inequivalent Mc and ρc) and compared. As shown in 

Figure 0-1, dramatically different polymerization rates were observed using the same 

irradiation conditions.  
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Figure 0-1. FTIR reaction kinetics in two-stage formulations with increasing amounts of 
AS diol in replacement of the polyol resulting in increasing crosslinking density. A 
continuous 405 nm LED irradiation of 10 mW/cm2 was turned on 30 s after the start of 
the run. 

However, when formulations were adjusted to account for the differences in 

network parameters, i.e. maintaining constant Mc and ρc, identical reaction kinetics were 

observed as shown by the overlapping plots in Figure 0-2. This set of FTIR results 

clearly demonstrate the importance of controlling the network configuration for correct 

DCC incorporation to enhance rather than diminish recording performance. Another 

consideration is the relative concentration of the allyl sulfide moieties present in the 

network relative to the writing chemistry. In this respect, although not investigated, 

higher molecular weight polyols containing multiple allyl sulfide moieties can be readily 

obtained by a simple alcohol-isocyanate oligomerization of the studied allyl sulfide diol 

with non-allyl sulfide diols and diisocyanates. This approach is analogous to a 

previously reported method of obtaining allyl sulfide-containing diacrylate liquid crystal 

oligomers via the thiol-Michael reaction.25  
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Figure 0-2. FTIR reaction kinetics in two-stage formulations with either C diol or AS diol 
in replacement of the polyol at (A) 20 mol% diol relative to the polyol or (B) 80 mol% diol 
relative to the polyol. A continuous 405 nm LED irradiation of 10 mW/cm2 was turned on 
1 min after the start of the run. While the allyl sulfide moiety itself does not noticeably 
impact the polymerization kinetics, a higher stage I crosslink density does reduce the 
conversion rate marginally presumably due to the lower diffusion rate of the writing 
chemistry in a stiffer, higher Tg matrix. 

 An important consideration of introducing sulfur-containing allyl sulfides, 

especially at high concentration loadings, is the impact on Δn due to the increase of the 

base network’s refractive index. To verify this impact, we measured the refractive index 

at 20C for the three visible wavelengths used for the Abbe number calculation for two-

stage formulations without TBPA writing monomer (i.e. stage 0), with 30 wt% TBPA 

writing monomer unpolymerized (i.e. stage I), and 30 wt% TBPA writing monomer 

polymerized (i.e. stage II) as well as the base matrix only as listed in Table 0-2. 

Comparing the various base matrices (i.e. no writing monomer present), it is evident 

that 20 mol% of either AS-diol or C-diol has a minimal effect on increasing refractive 

index with a marginal increase of 0.0021 and 0.0025 respectively. However, at 80 mol% 

loading of either diol the refractive index increment is 0.0298 and 0.0291 for AS-diol and 

C-diol respectively. This disproportionate increase in refractive index can be partially 
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explained by the concomitant increase in crosslink density due to the higher proportion 

of low molecular weight diols; although these results indicate the relative tradeoff faced 

in considering between improving the dynamic AFT exchange versus lowering the 

overall Δn due to the increase of the base refractive index. 

Table 0-2. Stage 0, I and II refractive index values and Abbe number values for two-
stage films containing allyl sulfide and control diols (20 & 80 mol% loading).  

Formulation nD nF nC V 

Matrix only 1.4808 1.4870 1.4783 55.3 

     

C20 – stage 0 1.4833 1.4897 1.4808 54.4 

C20 – stage I 1.5077 1.5159 1.5045 44.5 

C20 – stage II 1.5142 1.5223 1.5111 45.8 

     

C80 – stage 0 1.5099 1.5171 1.5070 50.2 

C80 – stage I 1.5310 1.5400 1.5275 42.2 

C80 – stage II 1.5383 1.5472 1.5348 43.5 

     

AS20 – stage 0 1.4829 1.4893 1.4804 54.4 

AS20 – stage I 1.5077 1.5159 1.5045 44.6 

AS20 – stage II 1.5151 1.5232 1.5119 45.7 

     

AS80 – stage 0 1.5106 1.5181 1.5077 49.1 

AS80 – stage I 1.5319 1.5411 1.5283 41.5 

AS80 – stage II 1.5399 1.5490 1.5363 42.5 

 

Stress relaxation kinetics in two-stage formulations 

As a proof-of-concept experiment, in-situ stress relaxation experiments were 

performed with a 405 nm LED irradiation (10 mW/cm2) to confirm whether the allyl 

sulfide was contributing effectively within the system. Two systems were investigated, a 

control without any allyl sulfide and a system with 50 mol% AS-diol substituted for the 

polyol were chosen to conduct a baseline assessment of the efficacy of allyl sulfide 

units. Therefore, it is important to note that, as with the initial set of FTIR results, the 
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crosslinking densities of these two systems were not the same or normalized. 

Nevertheless, this crosslink density dependence does not change the DMA results 

shown in Figure 0-3 whereby photopolymerization-induced stresses manifested in an 

increase in the overall modulus of the material (E), which was clearly observed in both 

systems (with and without allyl sulfide) upon irradiation from the increase in the 

normalized modulus (E/E0) plot on the secondary y-axis. In the case of the control 

system without allyl sulfides present, the acrylate photopolymerization resulted in a 

permanent increase in E. However, with allyl sulfide present, the initial increase in 

stress is noticeably reduced throughout the irradiation. This conclusively showed that 

the propagating radicals formed were able to add to the allyl sulfide units present in the 

network backbone and effectively incorporate the acrylate homopolymer into the 

network. This network rearrangement caused a dissipation of the polymerization-

induced stresses during the irradiation. 
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Figure 0-3. Overlaid plot of FTIR photopolymerization kinetics (primary y-axis) and 
stress relaxation kinetics (secondary y-axis) due to photopolymerization-induced stress 
from a uniform 405 nm LED irradiation (10 mW/cm2, represented by the blue box from t 
= 0.5 min for 5 min) of a two-stage formulation with either 50 mol% allyl sulfide (purple) 
or no allyl sulfide (green). An increase in modulus results from the acrylate 
homopolymerization. Part of this modulus increase is attributable to the shrinkage 
stresses that developed due to the polymerization. With allyl sulfides present, the 
propagating carbon-centered radical was able to add to the network backbone to 
partially reduce the polymerization-induced stresses. 

 However, it is notable that the relaxation of the stresses in Figure 0-3 did not 

decrease all the way. Further investigation on why this stress relaxation was limited 

revealed that the carbon-centered acrylic radicals irreversibly added to the allyl sulfides 

and thus resulted in termination rather than fragmentation which effectively consumes 

the available allyl sulfides.24 In contrast, introducing thiols into the system leads to the 

formation of thiyl radicals that can add reversibly to the allyl sulfide via RAFT, form a 

tris(methyl sulfide) radical intermediate and then fragment to regenerate another allyl 

sulfide and thiyl radical. Thus, the propensity of a cascading AFT mechanism is 
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significantly increased with thiol radicals present instead of acrylic radicals. This 

hypothesis was verified with the same stress relaxation experiments performed using 

systems containing either acrylate writing monomer only (40 wt% TBPA), thiol only (20 

wt% HDT), or both species present together (10 wt% HDT and 20 wt% TBPA) as 

displayed in Figure 0-4. Evidently, the system with both thiol and acrylate present 

displayed the most rapid and complete stress relaxation as the acrylates presumably 

polymerized with significant amounts of chain transfer with the free thiols present to 

form thiyl radical that were then able to undergo AFT reversibly with the allyl sulfides.  

 

Figure 0-4. Stress relaxation kinetics due to photopolymerization-induced stress from a 
uniform 405 nm LED irradiation for systems containing i) 40 wt% TBPA writing 
monomer only, ii) 20 wt% hexane dithiol only, and iii) 20 wt% TBPA writing monomer 
and 10 wt% hexane dithiol present. 

Holographic recording 

 Proof-of-concept holography experiments were performed on allyl sulfide-

containing two-stage formulations alongside the corresponding control formulations. 
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Transmission holograms with a 1 μm pitch were successfully recorded at 405 nm using 

10 mW/cm2 with exposure times of 10 seconds or less. As shown by the representative 

diffraction efficiency-angle scans shown in Figure 0-5 and Figure 0-6, well-defined 

angular selectivity profiles are produced that can be fitted to Kogelnik coupled wave 

theory to determine thickness (d) and Δn. A major takeaway from this set of holography 

data is that the presence of allyl sulfides can achieve uniform holograms at comparable 

Δn values in materials that have a significant majority of the induced stresses dissipated 

due to AFT. In particular with the case of the high crosslinking density formulations 

shown in Figure 0-6, we can see that uniform holograms with higher Δn can be 

achieved with the AS80 samples compared to the corresponding control (C80). 

 

Figure 0-5. Representative transmission holography diffraction efficiency vs. angle 
scans for low crosslink density formulations comprising 20 mol% of AS-diol or C-diol 
recorded at a pitch spacing of 1000 nm using short exposure times (1 – 3 seconds) at a 
recording intensity of 10 mW/cm2.  

 



 118 

 

Figure 0-6. Representative transmission holography diffraction efficiency vs. angle 
scans for low crosslink density formulations comprising 80 mol% of AS-diol or C-diol 
recorded at a pitch spacing of 1000 nm using short exposure times (1 – 10 seconds) at 
a recording intensity of 10 mW/cm2.   

A preliminary set of reflection holograms was also recorded with formulations using 

a simple single beam reflection setup at 405 nm to record gratings with a pitch spacing of 

approximately 135 nm. While a consistent and conclusive set of data could not be 

obtained to discern between the effects of allyl sulfides, clear and distinct reflection 

notches shown in Figure 0-7 do conclusively show that high spatial frequencies are 

supported by materials with allyl sulfides present. Possible reasons for the inconsistent 

results include the stability of the exposure setup relative to the exposure time or possibly 

the long exposure durations activating the dynamic exchange in a manner that negatively 

influenced the recording of the reflection hologram. Further research on this in the 

presence of thiols for a more optimized AFT mechanism would be required. 
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Figure 0-7. Single beam reflection holography recordings on allyl sulfide formulations. 
(A) A simplified diagram showing the final section of the one-beam recording of normally 
incident reflection gratings with 405 nm using a beam sent down to an optical table 
using a periscope mirror with a mirror and an index matching fluid (either water or 
xylenes) between the holographic sample. (B) Representative transmittance spectrum 
of recorded reflection holograms for 20 (top) and 80 mol% (bottom) AS diol (left) and C 
diol (right) containing two-stage formulations. 

Despite the numerous benefits of allyl sulfides, a noticeable shortcoming common 

to any AFT-based DCC is the reliance on a radical source (i.e. photoinitiator), which is 

typically finite in its concentration and thus in its effects.12 Additionally, it may be beneficial 

to have independent control over the photopolymerization and stress relaxation. 
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However, in the allyl sulfide-based systems these processes are inherently coupled. In 

this respect, alternative DCCs that are not radical-mediated and capable of long-lived 

exchange are advantageous. Thus, based on the same general holographic materials 

criteria discussed above, transthioesterification exchange of thioester and thiol groups 

represents an ideal anionic-mediated alternative DCC for deployment in two-stage 

holographic photopolymers. Thioester exchange in crosslinked polymers has been 

recently developed13 and studied extensively28-30 showing that ambient temperature thiol-

thioester exchange occurs rapidly over several minutes and continuously with control over 

the choice in stimulus on/off requirement.13 In this regard, thioesters offer the distinct 

advantage over allyl sulfides (or any radical-mediated DCC for that matter) of being 

completely decoupled from light exposure as a stimulus for bond exchange. This 

orthogonality is especially significant because the timescales for holographic exposures 

typically need to be short (< 5 seconds ideally) for stability reasons. One caveat of 

employing thioesters, however, is the requirement of thiol to generate thiolate anions for 

exchange to occur. Generally speaking, thiols are not orthogonal to the alcohol-

isocyanate reaction and can interfere with polyurethane formation via a thiol-isocyanate 

reaction.31  

Preliminary investigation of incorporating thioesters was undertaken using an 

alternative two-stage system comprising a stage I network formed via a thiol-Michael 

addition with a stage II methacrylate homopolymerization.32 However, preparation of a 

one-pot system required excess thiol as well as a relatively strong base13, 29, 30 to be 

present for the exchange to occur. However, this requirement meant that the thiol-Michael 

network gelation occurred too rapidly to properly cast optical quality films for further 
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testing. Unfortunately, using minimal amounts of thiol and/or base meant that the system 

would effectively not be dynamic as the stage II methacrylate homopolymerization would 

consume any small concentration of excess thiol. Thus, alternative routes to employing 

thioesters would open avenues towards a continuously dynamic holographic recording 

material and could lead to interesting performance enhancements. 

1.23 Conclusions 

A first foundational investigation of DCC in two-stage holographic photopolymers 

was undertaken using radical-mediated allyl sulfides to produce optically transparent 

films indistinguishable to standard, non-dynamic ones. Compared to a suitable control 

formulation, the presence of allyl sulfides were confirmed to not affect the 

polymerization rate kinetics but did result in stress relaxation as radicals were produced. 

When only acrylates were used, stress relaxation was noticeable but incomplete 

however introducing thiols to the system improved the stress relaxation noticeably due 

to the reversible exchange of the thiyl radicals with allyl sulfides. Both transmission and 

reflection holograms were successfully recorded revealing a good spatial frequency 

range. A preliminary exploration of formulating thioesters in two-stage formulations was 

also done with limited success due to the fundamental requirements of thiol and 

base/nucleophile for exchange. Potentially, the combination of both DCCs are possible 

and this work sets the preliminary foundation on these two orthogonal DCC approaches 

to dynamic two-stage holographic photopolymers. 
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Realizing High Refractive Index Thiol-X Materials: A General and Scalable Synthetic 

Approach1 

 

 Photopolymers formed from the family of thiol-X ‘click’ reactions notably form 

sulfur-containing thioether linkages. While sulfur-containing materials are conventionally 

expected to result in high refractive index (nD/20C > 1.6) materials, this is rarely 

realized with thiol-X photopolymers due to the lack of sufficiently high refractive index 

monomers. Here, an efficient and highly modular synthetic strategy to obtain high 

refractive index thiol-X monomers is presented. The efficacy of the overall approach is 

demonstrated using only commercially available starting compounds to yield low 

viscosity (< 1000 cP) liquid multi-thiol and diallyl ether monomers with high refractive 

indices (nD/20C > 1.64). These synthesized monomers underwent thiol-ene 

photopolymerizations rapidly to high conversions (> 85%) achieving refractive index 

values (nD/20C) up to 1.665 with typical narrow and well-defined tan δ peaks. The 

convenience of the low viscosity resins and their excellent optical quality was 

demonstrated in a facile replication overmolding procedure to aspherize a commercial 

spherical lens using a negative PDMS mold. An optically clear aspherized lens was 

reliably obtained showing an expected increase in optical power and numerical aperture 

(NA) due to the higher refractive index photopolymer overmold. 

                                              
1 Contributing authors: Sudheendran Mavila, David Miller, Sijia Huang, Maciej Podgórski, Lewis M. Cox, 
Amy C. Sullivan, Robert R. McLeod, and Christopher N. Bowman 
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1.26 Introduction 

Polymers are important alternative optical materials to inorganic glass due to 

their superiorities in ease of processing, weight, impact resistance, and versatility in 

controlling other material properties of interest. Despite the excellent high refractive 

indices and low dispersions available with glass, polymers have effectively replaced 

them in several consumer applications such as lenses for eyeglasses, cameras, and 

various consumer electronics.1  

Photopolymers extend the advantages of polymers further by offering on-demand 

speed of cure at ambient temperatures and low energy consumptions.2 Crucially, 

photopolymerizations offer spatial and temporal control that are leveraged to control 

degree of polymerization and thus material properties such as refractive index. The 

pairing of precision optics with high performance photopolymers has led to a plethora of 

advanced applications including optical adhesives, replication molding of complex 

optical surfaces,3 nanoimprint lithography,4, 5 gradient refractive index (GRIN) optics,6 

holographic optical elements (HOEs),7-9 and vat photopolymerization additive 

manufacturing.10, 11 Similar to other optical materials, high refractive index values 

(defined here as nD > 1.6) are desirable to achieve superior performance for a number 

of these applications.  

However, while significant progress has been made in the concerted pursuit of 

high refractive index polymers,12-14 a majority of these strategies have come at the 

expense of other important considerations such as color15, processability or synthetic 

accessibility. Significantly, amongst the body of work in high refractive index polymers 

only a small subset is applicable towards photopolymerizations. This discrepancy is 
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because most approaches involve a thermally driven polymerization reaction (such as 

polycondensation16-18 or inverse vulcanization15) to produce the high refractive index 

polymer. In this regard, it is perhaps more appropriate to consider high refractive index 

polymers in terms of their scope of applicability and possible implementations.  

Therefore, while the overall field of high refractive index polymers is reasonably 

advanced, there has been limited work on the rational design of customizable 

monomers capable of achieving high refractive index photopolymers. To address this 

gap, we were interested in devising photopolymerizable monomers suited for step-

growth based thiol-X polymerizations. The rationale being that in contrast to 

conventional chain-growth (meth)acrylate photopolymers,19-21 thiol-X step-growth 

polymerizations exhibit significantly reduced polymerization stresses due to their step-

growth development. Lower stresses mean polymer optics with less birefringence or 

aberrations and better uniformity overall. 

 Another key advantage of thiol-X polymers is their intrinsic incorporation of sulfur 

at every formed thioether linkage to form materials with high sulfur content as shown in 

Scheme 0-1. Due to their high atomic refraction values, sulfur-containing compounds 

are well known to be effective substituents for increasing refractive index materials.8, 13, 

14, 19-27 However, with a few notable exceptions that involved using inorganic thiol-ene 

monomers,24, 26 achieving high refractive index values has been relatively unrealized in 

organic thiol-X polymers27 due to a deficiency of adequately high refractive index 

monomers. Commercially available thiols with functionalities of three or greater are 

predominantly either alkyl-based, mercaptopropionates or mercaptoacetates. These 

compounds consist of organic atoms (such as oxygen, hydrogen and carbon) that, 
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unlike sulfur, do not contribute to refractive index due to their low atomic refractions.13, 23 

To illustrate this point, a commonly used tetrathiol, pentaerythritol tetrakis(3-

mercaptopropionate) (PETMP), has a quoted literature refractive index value (at 20C) 

of only 1.531 due to the presence of the ester groups.27  A similar situation can be found 

with multifunctional ene monomers. To this end, we were motivated to develop a 

synthetic strategy to enable the judicious design of high refractive index monomers for 

use in thiol-X (photo)polymerizations. We validate this synthetic framework by utilizing 

predominantly inexpensive and widely available starting materials to produce in scale 

(10s of grams) a set of multifunctional thiol and ene monomers that are low viscosity 

liquids (< 500 cP) with relatively high refractive index (nD > 1.6) and exhibit excellent 

resin solubility. 

 

Scheme 0-1. Multifunctional thiols and enes are photopolymerized via a variety of thiol-
X ‘click’ reactions to obtain crosslinked, sulfur-rich polymers. Thiol-X ‘click’ reactions can 
be either radical-mediated (using photoinitiators) or anionic-mediated (using a 
photobase) typically achieving quantitative conversions using appropriate conditions. 

1.27 Experimental 

1.27.1 Materials 

Commercially available reagents were used without further 

purification. Thiophenol, epichlorohydrin, 2-mercaptoethanol and butylated 

hydroxytoluene (BHT) free radical stabilizer were purchased from Alfa Aesar. 1,8-
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Diazabicyclo[5.4.0]undec-7-ene (DBU) was purchased from Chem-Impex International. 

4-(methylsulfanyl)thiophenol was purchased from TCI America. Thiourea was 

purchased from Sigma-Aldrich. Reagent-grade triethylamine (Et3N) and sodium 

hydroxide (NaOH) were purchased from Fisher Scientific. Absolute ethanol (200 proof) 

ethanol was purchased from Decon Labs Inc.  

Synthesis of 1-chloro-3-(phenylthio)-2-propanol (CPTP) 

CPTP was prepared according to a previously reported procedure.28 Briefly, to a 

dry 500 g round-bottomed flask equipped with a magnetic stir bar was added 50 mL 

(640 mmol, 1 eq) of epichlorohydrin and 24.4 g (64 mmol, 0.1 eq) of borax to 320 mL (2 

M) of deionized water. 65 mL (635 mmol, 1 eq) of thiophenol was added dropwise to the 

stirring solution using an addition funnel over 1 hour. The reaction was allowed to 

proceed at room temperature for 4 hours. Subsequently the mixture was extracted with 

CH2Cl2 (3 x 100 mL) then washed with water (200 mL) and brine (50 mL). The 

combined extracts were dried with Na2SO4 and concentrated in vacuo. No further 

purification was performed and the compound was used as is. 

CPTP: 1H NMR (400 MHz, CDCl3) δ = 7.42-7.39 (m, 2H), 7.33-7.29 (m, 2H), 7.26-7.22 

(m, 1H), 3.97-3.90 (m, 1H), 3.72-3.64 (m, 2H), 3.20-3.06 (m, 2H), 2.62 (d, 1H); 13C NMR 

(101 MHz, CDCl3) δ = 134.7, 130.3, 130.1, 129.4, 127.1, 69.7, 48.1, 38.4. 

General procedure for the synthesis of intermediate X-diol – 1,2-ethanedithiol-

based intermediate diol (EDT-OH) and 4,4’-thiobisbenzenethiol-based 

intermediate diol (TBT-OH) 

To a 250 mL round-bottomed flask equipped with a magnetic stir bar was added 

2.50 g (9.98 mmol) of 4,4’-thiobisbenzenethiol and was diluted with 100 mLs of toluene. 
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To this mixture, 3.8 g (25.0 mmol) of DBU was added. After stirring at room temperature 

for 10 min, 4.5 g ( 22.0 mmol) of CPTP was added. The resulting suspension was 

heated to 90 °C for 16 h. After this period, the flask was cooled to room temperature 

and the toluene was removed under reduced pressure to afford a crude residue which 

was diluted with EtOAc (~200 mLs), washed with 1N HCl (~150 mLs, 2X), water (~150 

mLs, 1X), and brine (~150 mLs, 1X).  The combined organics were dried over Na2SO4, 

filtered, and concentrated under reduced pressure to yield 5.6 g (96%) of the title 

compound (TBT-OH) as yellow viscous liquid.  

EDT-OH: 1H NMR (400 MHz, CDCl3) δ = 7.40-7.38 (m, 4H), 7.32-7.28 (m, 4H), 7.24-

7.20 (m, 2H), 3.84-3.77 (m, 2H), 3.16-3.12 (m, 2H), 3.06-3.00 (m, 2H), 2.84-2.78 (m, 

2H), 2.75 (m, 4H), 2.67-2.62(m, 2H), 1.64 (bs, 2H).; 13C NMR (101 MHz, CDCl3) δ = 

135.1, 130.1, 129.3, 127.1, 126.8, 126.5, 69.1, 40.3, 38.8, 32.9. 

TBT-OH: 1H NMR (400 MHz, CDCl3) δ = 7.39-7.36 (m, 4H), 7.31-7.27 (m, 8H), 7.24-

7.20 (m, 6H), 3.89-3.83 (m, 2H), 3.24-3.18 (m, 4H), 3.13-3.04 (m, 4H), 2.75 (bs, 2H).; 

13C NMR (101 MHz, CDCl3) δ = 135.0, 134.6, 133.8, 131.5, 130.3, 130.0, 129.2, 126.8, 

68.1, 40.1, 39.8. 

General procedure for the synthesis of X-diallyl ether – 1,2-ethanedithiol-based 

diallyl ether (EDTDAE) and 4,4’-thiobisbenzenethiol-based diallyl ether (TBTDAE) 

To a 250 mL round-bottomed flask equipped with a magnetic stir bar was added 

5.6 g (9.60 mmol) of TBT-OH and was diluted with 100 mLs of anhydrous THF. The 

flask was cooled to 0 °C and 1.15 g (28.8 mmol) of 60% NaH in mineral oil was added. 

After stirring at room temperature for 1 h, 3.5 g ( 28.8 mmol) of allyl bromide was added 

followed by 0.16 g (0.96 mmol) of potassium iodide. The resulting solution was stirred at 
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room temperature for 16 h. After this period, the reaction mixture was diluted with 

EtOAc (~200 mLs), washed with 1N HCl (~150 mLs, 2X), water (~150 mLs, 1X), and 

brine (~150 mLs, 1X).  The combined organics were dried over Na2SO4, filtered, and 

concentrated under reduced pressure reduced pressure to yield the crude  as pale 

yellow liquid which was purified by column chromatography eluting with (30% 

EtOAc/hexanes). Evaporation of the fractions under reduced pressure yielded 4.2 g 

(67%) of the title compound (TBTDAE) as colorless viscous liquid. 

EDTDAE: 1H NMR (400 MHz, CDCl3) δ = 7.39-7.36 (m, 4H), 7.31-7.26 (m, 4H), 7.21-

7.17 (m, 2H), 5.99-5.83 (m, 2H), 5.25-5.13 (m, 4H), 4.09-4.00 (m, 4H), 3.67-3.61 (m, 

2H), 3.18-3.16 (m, 4H), 2.87-2.73 (m, 8H); 13C NMR (101 MHz, CDCl3) δ = 136.2, 

134.7, 129.6, 129.1, 126.4, 117.6, 77.8, 71.2, 37.0, 35.6, 33.2, 33.1. 

TBTDAE: 1H NMR (400 MHz, CDCl3) δ = 7.37-7.34 (m, 4H), 7.30-7.26 (m, 8H), 7.23-

7.17 (m, 6H), 5.90-5.80 (m, 2H), 5.20-5.11 (m, 4H), 4.04-4.01 (m, 4H), 3.70-3.64 (m, 

2H), 3.27-3.14 (m, 8H); 13C NMR (101 MHz, CDCl3) δ = 136.0, 135.7, 134.5, 133.4, 

131.6, 130.0, 129.7, 129.1, 126.5, 117.8, 76.7, 71.3, 37.4. 

Synthesis of 1,3-bis-(hydroxyethylthio)-2-propanol (BHETP) 

To a dry 250 g round-bottomed flask equipped with a magnetic stir bar was 

added 10 mL (128 mmol, 1 eq) of epichlorohydrin and 10.9 g (273 mmol, 2.13 eq) of 

sodium hydroxide to 125 mL (1 M) of 200 proof absolute ethanol. 19 mL (270 mmol, 

2.11 eq) of 2-mercaptoethanol was added dropwise to the stirring solution using an 

addition funnel over 1 hour. The reaction was heated to 50C and stirred for 1 hour. The 

reaction mixture was then cooled to room temperature and 13.5 mL (159 mmol, 0.58 

eq) of 36% concentrated hydrochloric acid were added to form a precipitate. The 
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precipitate was filtered off through a short pad of celite. The filtrate was then 

concentrated under reduced pressure. 

BHETP: 1H NMR (400 MHz, CDCl3) δ = 5.05(d, 1H), 4.77(t, 2H), 3.72-3.67(m, 1H), 

3.55-3.50(m,4H), 2.70-.55 (m, 8H); 13C NMR (101 MHz, CDCl3) δ = 70.9, 61.4, 38.2, 

35.2. 

Synthesis of trithiol 1 

The synthesis of trithiol 1 was adapted from a procedure reported in the patent 

literature.29 Briefly, to a dry 500 g round-bottomed flask equipped with a reflux 

condenser and magnetic stir bar was added 22 g of BHETP (104 mmol, 1 equiv.) and 

28.9 g (379 mmol, 3.66 equiv.) of thiourea, and was dissolved in 63.3 g (1.58 M) of 36% 

aqueous hydrochloric acid solution and homogenized. This solution was heated to 110 

°C and stirred for 1 hr. After this period, the reaction was cooled to room temperature 

and 61.5 g (762 mmol, 7.35 equiv.) of 50% aqueous NaOH solution was added under 

N2 atmosphere. The suspension was then allowed to stir at room temperature for 24 hr. 

After this period, 200 mL of toluene was added and the mixture was filtered via suction 

then transferred to a separatory funnel. The organic layer was washed with 1 M 

hydrochloric acid solution, water and brine then dried over sodium sulfate. The solution 

was filtered and concentrated under reduced pressure to yield 25.2 g (93%) of the title 

compound as a colorless liquid which was used as is without further purification. 

Trithiol 1: 1H NMR (400 MHz, CDCl3) δ = 2.95-2.71(m, 15H), 1.79-1.72 (m, 3H); 13C 

NMR (101 MHz, CDCl3) δ = 49.0, 37.2, 36.2, 35.8, 28.8, 25.1, 24.9.  

Synthesis of 1-chloro-3-(hydroxyethylthio)-2-propanol (CHTEP) 
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To a dry 250 mL round-bottomed flask equipped with a magnetic stir bar was 

added 25 mL (320 mmol, 1 eq) of epichlorohydrin and 12.2 g (32 mmol, 0.1 eq) of borax 

to 160 mL (2 M) of deionized water. 50 mL (710 mmol, 2.22 eq) of 2-mercaptoethanol 

was added dropwise to the stirring solution using an addition funnel over 1 hour. The 

reaction was allowed to proceed for 16 hours.  

CHETP: 1H NMR (400 MHz, CDCl3) δ = 3.99-3.95(m, 1H), 3.81-3.77(m, 2H), 3.69-

3.61(m, 2H), 2.87-2.68(m, 4H); 13C NMR (101 MHz, CDCl3) δ = 70.7, 61.3, 48.0, 36.4, 

36.1. 

Synthesis of tetrafunctional alcohol 1 

 To a dry 250 g mL round-bottomed flask equipped with a magnetic stir bar was 

added 4 mL (47.7 mmol, 1 eq) of 1,2-ethanedithiol, 16.6 g (97.3 mmol, 2.04 eq) of 

CHETP, 4.23 g (106 mmol, 2.22 eq) in 100 mL (0.48 M) of absolute ethanol. The 

mixture was heated to 50C and stirred for one hour. The reaction mixture was then 

cooled at room temperature and 1.5 mL of hydrochloric acid (36%) was added to form a 

precipitate. The salt precipitate was separated by filtration and the filtrate was 

concentrated under reduced pressure.  

Tetra-alcohol 1: 1H NMR (400 MHz, DMSO-d6) δ = 4.78 (bs, 4H), 3.73-3.67(m, 2H), 

3.35 (t, 4H), 2.74-2.54 (m, 6H); 13C NMR (101 MHz, DMSO-d6) δ = 70.4, 60.91, 37.7, 

37.2, 34.8, 32.3. 

Synthesis of tetrathiol 1 

To a dry 100 mL round-bottomed flask equipped with a magnetic stir bar was 

added 17 g (46.9 mmol, 1 eq) of tetrafunctional alcohol 1 and 17.1 g (225 mmol, 4.8 eq) 

in 20 mL of 36% concentrated HCl (2.34 M). The solution was heated and stirred for six 
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hours at 110C. Following this the solution was cooled to room temperature and 12.1 g 

of sodium hydroxide 50% aqueous solution were added while keeping at 20C, then 

heated and stirred for 30 minutes at 110C. The solution was then cooled to room 

temperature and 40 mL of toluene was added for separatory extraction. The organic 

phase was washed with 1 M HCl solution then with water three times. The organic 

phase was dried by anhydrous sodium sulfate then concentrated in vacuo. 

Tetra-thiol 1: 1H NMR (400 MHz, CDCl3) δ = 2.96-2.86 (m, 9H), 2.85-2.79 (m, 7H), 

2.77-2.69 (m, 6H), 1.81-1.69 (m, 4H); 13C NMR (101 MHz, DMSO-d6) δ = 51.6, 48.9, 

37.1, 36.1, 35.7, 28.8, 28.7, 28.2, 25.1, 24.9. 

1.27.2 Methods 

Refractive index and dispersion measurements 

A digital refractometer (Abbemat MW) was used to measure refractive index 

values at 20C at the Fraunhofer lines –β hydrogen-F (nF, 486 nm), sodium-D (nD, 589 

nm), and α hydrogen-C (nC, 656 nm). Abbe number was calculated according to the 

equation, V = (nD-1)/(nF-nC). 

Viscosity measurement  

A rotational rheometer (ARES-G2, TA Instruments) with a parallel plate geometry 

was used to measure the viscosity of the liquid monomers using a 0.4 mm gap with a 

shear rate of 10-500 s-1 using 20 mm diameter quartz plates at ambient temperature. All 

resins showed Newtonian fluid behavior.  

Dynamic Mechanical Analysis (DMA) 

 A DMA (Q800, TA Instruments) was used to conduct temperature sweep 

experiments on rectangular photopolymer films with an applied oscillatory strain of 
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0.1%. Sample dimensions were approximately 10 x 5 x 0.5 mm. A temperature ramp 

rate of 3C/min was used from -60 to 60C at a frequency of 1 Hz. The glass transition 

temperature (Tg) was taken as the peak of the tan δ curve. The rubbery modulus was 

measured at 40C for rubbery samples. 

Aspherizing lens via overmolding 

 The negative mold was made by casting degassed PDMS (Sylgard 184, Dow 

Corning), mixed at a standard 10:1 weight ratio, around a commercial aspheric lens 

(ACL1210U, Thorlabs) that was anchored to a round petri dish (Pyrex) with blocking 

wax. The PDMS was cured overnight in an oven at 60C then subsequently released 

from the petri dish and lens package to get the negative asphere PDMS mold as shown 

in Scheme 0-2A. Approximately 100 μL of thiol-ene resin was dispensed into the cavity 

of the PDMS mold followed by careful placement of the spherical lens (LA1540, 

Thorlabs). A broad spectrum UV lamp (Acticure 4000, EXFO) was used to cure for 150 

seconds on each side to obtain the aspherized lens as illustrated in Scheme 0-2B. 
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Scheme 0-2. Aspherizing a spherical lens by overmolding with photopolymer resin. (A) 
A commercial aspheric lens was affixed to the bottom of a petri dish with blocking wax 

and PDMS resin was cast over and allowed to cure overnight at 60C. After curing, the 
negative PDMS mold was freed from the petri dish and lens. (B) Approximately 100 μL 
of thiol-ene resin was placed in the well of the negative mold followed by a commercial 
spherical lens. This package was cured with a UV lamp on both sides for 150 seconds 
each. The aspherized lens was then removed from the PDMS mold.  

1.28 Results & Discussion 

The synthetic strategy shown in Figure 0-1  
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Figure 0-1. Synthetic strategy developed to obtain high refractive index multifunctional 
enes and thiols. (A) Multifunctional enes are synthesized in three steps. The first step 
involves the generation of a Cl-linker from the thiol-epoxide ring-opening reaction of 
epichlorohydrin with a monothiol. This Cl-linker is used to couple on to a multithiol to 
produce a multifunctional hydroxyl intermediate which is then converted to a number of 
polymerizable groups including alkynes, allyl ethers, (meth)acrylates, norbornenes and 
urethane (meth)acrylates. (B) Multifunctional thiols are synthesized with an analogous 
procedure using a chlorinated diol for the Cl-linker instead. (C) Example high refractive 
index monothiol and multithiol substrates applicable for use as the Cl-linker and the high 
refractive index core respectively. 

is generally outlined for thiol- and ene- functional molecules separately with both 

routes sharing similarities in the thiol substrates. Overall, a set of thiol-X ‘click’ 

reactions30, 31 (i.e. thiol-epoxide and thiol-halide) were used to generate the desired 

multifunctional monomers with good overall efficiencies. The high degree of 

customizability is a salient feature of this synthetic approach to achieve monomers with 

tunable material specifications.32 In particular with the route to multifunctional enes 

shown in Figure 0-1, a wide range of (photo)polymerizable monomers possessing 

useful properties are obtained from three relatively simple steps.  
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Figure 0-1. Synthetic strategy developed to obtain high refractive index multifunctional 
enes and thiols. (A) Multifunctional enes are synthesized in three steps. The first step 
involves the generation of a Cl-linker from the thiol-epoxide ring-opening reaction of 
epichlorohydrin with a monothiol. This Cl-linker is used to couple on to a multithiol to 
produce a multifunctional hydroxyl intermediate which is then converted to a number of 
polymerizable groups including alkynes, allyl ethers, (meth)acrylates, norbornenes and 
urethane (meth)acrylates. (B) Multifunctional thiols are synthesized with an analogous 
procedure using a chlorinated diol for the Cl-linker instead. (C) Example high refractive 
index monothiol and multithiol substrates applicable for use as the Cl-linker and the high 
refractive index core respectively. 

In the first step, a high refractive index chlorinated linker (Cl-linker) intermediate 

is produced by the efficient thiol-epoxide ring-opening reaction with a monofunctional 
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thiol such as thiophenol. While a number of good approaches exist for the selective 

thiol-epoxide reaction without any thiol-halide side reaction occurring, we found a 

previously reported borax-catalyzed procedure28 to be convenient for large scale (> 50 

grams) synthesis. Using thiophenol (nD/20C = 1.588), we synthesized 1-chloro-3-

(phenylthio)-2-proponal (CPTP) as well as a significantly higher refractive index analog 

using 4-(methylsulfanyl)thiophenol to produce a 1-chloro-3-(methylthiophenylthio)-2-

propanol (CMTPTP) to demonstrate the range of high refractive index Cl-linkers 

possible with this facile and efficient reaction as listed in Table 0-1.33 

The second step involves the selection of a multi-thiol ‘core’ which reacts with the 

Cl-linker via a thiol-halide nucleophilic substitution reaction under basic conditions. This 

thiol-halide step produces a compound with secondary hydroxyl groups equivalent in 

functionality to the multi-thiol ‘core’, which is the most influential component for 

controlling the final properties and characteristics of the final monomer. While fewer 

choices are commercially available for multi-thiols (especially for functionalities greater 

than two), there are a number of high refractive index multifunctional thiols previously 

reported in the literature that can be utilized.22, 25, 34, 35 Nevertheless we used 

commercially available 1,2-ethane dithiol (EDT) and 4,4’-thiobisbenzenethiol (TBT) as 

the ‘cores’ for demonstrative example compounds. Notably, multi-thiols such as TBT 

that are typically insoluble in neat thiol-ene resins are readily incorporated to generate 

the desired hydroxy compound. 

Table 0-1. Refractive index and dispersion values (measured at 20C) of compounds 
synthesized including the Cl-linker precursors, diallyl ethers and multifunctional thiols 
including the measured viscosities of diallyl ether monomers at ambient temperature.   
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Compound Structure nF  nD nC V 
η 

(cP) 

Chlorinated linker 

CPTP 
 

1.6027 1.5887 1.5833 30.4 - 

CMTPTP 
 

1.6522 1.6332 1.6261 24.2 - 

Diallyl ethers (DAEs) 

EDTDAE 
 

1.6094 1.5954 1.5900 30.7 88 

TBTDAE 
 

1.6647 1.6440 1.6362 22.6 560 

Multi-thiols 

trithiol 1 
 

1.6592 1.6457 1.6405 34.5 43 

tetrathiol 1 
 

1.6533 1.6403 1.6352 35.3 189 

In the final step, a range of polymerizable groups are attached to the hydroxyl 

groups using established procedures to generate allyl ethers, alkynes, (meth)acrylates, 

norbornenes, and urethane (meth)acrylates. Here, we primarily validate the overall 

strategy with diallyl ether (DAE) monomers using a standard procedure involving allyl 

bromide in THF under basic conditions (NaH).  

For high refractive index multi-thiols, the desired goal was to obtain a set of 

sulfur-rich alkyl structures without any other heteroatoms or aromatic groups present. 

The primary intention behind this approach was to primarily achieve low viscosity liquid 

monomers that could achieve high refractive index values without being significantly 

absorptive or dispersive.13, 23, 36 Given this preference, we were inspired by patents from 

Mitsui Chemicals disclosing a scalable route to a sulfur-containing alkyl trithiol using 
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epichlorohydrin and 2-mercaptoethanol as the starting materials.29 However, to obtain 

higher functionality (greater than three) thiols the aforementioned approach of using a 

Cl-linker for the ene monomers was employed as presented in Figure 0-1B. Here, the 

required Cl-linker was instead a diol synthesized by the exclusive thiol-epoxide ring-

opening of epichlorohydrin with 2-mercaptoethanol using the same borax-catalyzed 

procedure28 to produce the colorless liquid, 1-chloro-3-(hydroxyethylthio)-2-propanol 

(CHETP). This compound can then be reacted with a multi-thiol under basic conditions 

via a thiol-halide substitution to obtain a higher functionality hydroxyl compound as 

shown in Figure 0-1. Similar to the synthetic route for the multifunctional ene monomers, 

the multi-thiol forms the core of the molecule and can be chosen to tune material 

properties as needed. The intermediate hydroxy compounds are finally converted to the 

corresponding multi-thiol with thiourea followed by acid hydrolysis. Although this 

synthetic route involves three steps overall, greater flexibility in formulation design is 

achieved in being able to use higher functionality thiols in terms of controlling gel point 

conversion,37 and/or refractive index. Furthermore, compared to other synthetic routes 

to multi-thiols presented in the literature, the reactions are higher yielding and require 

significantly less expensive reactants for the same number of steps.22, 25 

The strategies laid out for both multifunctional thiols and enes critically involve a 

thiol-epoxide ring-opening reaction to form sulfur-rich alkyl chains to give relatively low 

viscosity liquid monomers. As such, both sets of monomers share the same underlying 

structure and thus exhibit good solubility with each other in neat thiol-ene resins due to 

their mutual compatibility (‘like dissolves like’). Resin solubility without the use of 

solvents is a key trait desired for almost all photopolymerization systems and is 
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especially valuable for high volume applications such as vat photopolymerization 3D 

printing. 

To establish a baseline level for this overall synthetic approach and validate its 

efficacy, we opted to use only commercially available and preferably inexpensive 

starting materials to show accessibility. We selected thiophenol (lit. nD/20C = 1.588) to 

form the high refractive index Cl-linker, CPTP, and chose EDT (alkyl) and TBT 

(aromatic) as the two dithiol cores to be converted using allyl bromide to the 

corresponding diallyl ethers, EDTDAE and TBTDAE respectively. Both monomers were 

liquids with nD/20C values of 1.5954 and 1.6440 respectively and Abbe numbers of 

30.7 and 22.6 respectively. In addition, a new tetrathiol was synthesized using EDT as 

the dithiol core with BHETP to form the tetra-alcohol that was then converted to 

tetrathiol 1. These synthesized monomers were used with commercially available 

PETMP to form 4 distinct sets of thiol-ene networks as illustrated in Figure 0-2. 
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Figure 0-2. Demonstrative stoichiometric thiol-ene systems using PETMP, tetrathiol 1 
and the dienes EDTDAE and TBTDAE with 0.5 wt% DMPA present in each formulation. 
Formulation 1 is PETMP-EDTDAE. Formulation 2 is PETMP-TBTDAE. Formulation 3 is 
tetrathiol1-EDTDAE. Formulation 4 is tetrathiol1-TBTDAE. 

The reaction kinetics and conversion of these four thiol-ene formulations were 

studied using real-time FTIR with a 365 nm exposure at 20 mW/cm2. Figure 0-3 shows 

the rapid reaction kinetics typical of a thiol-ene reaction with conversions well past the 

conversion required for gelation. It is notable that both formulations containing TBTDAE 

do go to high conversions of at least 80% although they clearly are slower in their 

reactions than the corresponding alkyl-based EDTDAE. This difference is likely due to 

the more viscous nature of TBTDAE compared to EDTDAE. Another prominent feature 

is that the thiol conversion for the tetrathiol 1 containing systems were both higher with 
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both diallyl ethers. We hypothesize this outcome was due to the insufficient purity 

(~90%) of the synthesized tetrathiol causing the disparity between thiol and ene 

conversions. 

More crucially, photopolymerizing the EDTDAE and TBTDAE with the 

commercial tetrathiol, PETMP, via a photoinitiated thiol-ene reaction yielded a colorless 

crosslinked polymer network with a nD/20C of 1.6029 and 1.6335 and Abbe numbers of 

34.4 and 26.4 respectively. As expected, the aromatic dithiol core present in TBTDAE 

efficiently enhances refractive index by 0.03, although this comes at the expense of 

increased dispersion (i.e. reduced Abbe number). To achieve a balanced increase in 

refractive index and dispersion, further investigation into suitable substituents for the 

core and the Cl-linker is required. Typically these are synthesized structures that 

incorporate sulfur in an aliphatic,21, 38 cyclic,25, 35 or acyclic21 structure over an aromatic 

one.16-19, 39, 40 To validate this idea, the synthesized tetrathiol 1 was photopolymerized 

separately with the same set of diallyl ethers using the same conditions as before to 

obtain nD
20 values of 1.6330 and 1.6651 and Abbe numbers of 32.2 and 25.0 

respectively. A complete set of refractive index and dispersion values for the crosslinked 

thiol-ene systems is listed in Table 0-2. With a higher purity tetrathiol 1, it would be 

reasonable to expect these numbers to be even higher with increased thiol and ene 

conversions.  

Overall through judicious choice of substrates, the presented synthetic strategy 

permits the balancing of traditionally competing optical property requirements such as 

absorption, color, dispersion against refractive index in addition to other non-optical 

property considerations such as monomer viscosity, solubility, or polymer glass 
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transition temperatures. In this regard, the presented methodology provides extensive 

opportunities for a systematic and tailored approach to materials design beyond just 

high refractive index optical applications. 

 

Figure 0-3. FTIR reaction kinetics and conversions with neat stoichiometric thiol-ene 
resins using either commercially available PETMP or synthesized tetrathiol 1 as the 
thiol, and either the synthesized EDTDAE or TBTDAE as the dienes with 0.5 wt% 
DMPA and 365 nm irradiation at 20 mW/cm2. (A) PETMP-EDTDAE system. (B) 
PETMP-TBTDAE system. (C) tetrathiol1-EDTDAE system. (D) tetrathiol1-TBTDAE 
system. 
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Table 0-2. Refractive index and dispersion values (measured at 20C) of 
photopolymerized stoichiometric thiol-ene networks with the measured viscosities of 
initial, unreacted resins at ambient temperature. A continuous 365 nm irradiation at 20 
mW/cm2 was used to polymerize each liquid resin for 5 minutes. 

Thiol-ene structures nF nD nC V η (cP) 

  

1.6155 1.6029 1.5979 34.4 117 

  
1.6509 1.6335 1.6269 26.4 340 

 
1.6471 1.6330 1.6275 32.2 73 

 
1.6844 1.6651 1.6578 25.0 167 

 

 Aside from achieving high refractive index values at relatively high Abbe 

numbers, as shown in Figure 0-4, a broad range of thermomechanical properties were 

accessed from the four example systems with Tg values between -18 to 16C and 

rubbery moduli (at 40C) between 0.9 and 4.8 MPa. The step-growth nature of the thiol-

ene polymerization characteristically produced uniform networks with a narrow glass 

transition regime.30, 31 This is evident in Figure 0-4B by the distinct and relatively narrow 

tan δ curves for each thiol-ene system. These specific thiol-ene systems also exhibited 

elevated tan δ values (2.2 – 2.5) compared to other thiol-ene systems41 signifying good 

damping and energy dissipating qualities.41  
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 Photocurable liquid monomers are commercially used as optical adhesives or to 

fabricate replication optics thus typically requiring good optical transmittance and clarity 

across the designed wavelengths as well as a match in refractive index.3, 42 While a 

number of resins exist for the refractive index range below 1.6, higher refractive index 

glasses (or other media) ideally require a closely matched value ( 0.1 or less). 

However, the associated advantages of using photocurable optical-grade resins, such 

as the ease of production and high throughput, can be severely limited by prohibitively 

viscous resins. In this respect, the set of monomers prepared (resin viscosity range: 73 

– 340 cP) are far superior to existing high refractive index commercial resins such as 

NOA 170 which has a quoted viscosity range of 4400 – 5500 cP.43 Using the highest 

refractive index example system, i.e. tetrathiol1-TBTDAE, this facile overmolding 

procedure was employed to aspherize a spherical lens using a PDMS negative mold.3 

As seen in Figure 0-5, the optical clarity and surface finish of the thiol-ene photopolymer 

overmold (left side) is of high enough quality that the 1 mm spaced vertical lines look 

indistinguishably clear with either lens. However, as expected, the high refractive index 

overmold increased the optical power and numerical aperture (NA) of the lens, resulting 

in a greater magnification (approximately 1.5x) of the lens.  
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Figure 0-4. Thermomechanical properties of the photopolymerized thiol-ene networks 
measured at a frequency of 1 Hz with an applied oscillatory strain of 0.1%. A 

temperature sweep was conducted from -60 to 60C at a ramp rate of 3 C/min. (A) 
Storage modulus (G’) vs. temperature plots for all four systems. (B) tan δ vs. 
temperature plots for all four systems showing well-defined and relatively narrow peaks. 

Crosslinked networks with a Tg range of -18 to 16C, and a rubbery modulus range of 

0.9 to 4.8 MPa at 40C was obtained for the four example thiol-ene systems. 
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Figure 0-5. Side-by-side view of an overmolded aspherized lens (left) and the pristine 
spherical lens (right) over an array of lines spaced 1 mm apart. The higher refractive 
index overmold increases the optical power and NA of the lens as shown by the larger 
magnification. 

1.29 Conclusions 

To summarize, we present a general and efficient synthetic strategy based on 

efficient thiol-X ‘click’ chemistries for the facile and modular synthesis of a vast range of 

high refractive index monomers. This strategy is compatible with existing approaches to 

high refractive index thiols but greatly expands on the scope of monomer design for 

both thiols and enes. A defining feature of the presented approach is the precise, multi-

faceted control over the final monomer structure to enable rational materials design of 

final properties. We validated this strategy at each synthetic step by selecting only 

commercially available substrates to produce a representative set of liquid thiol-X 

monomers with refractive indices exceeding 1.6. These monomers were polymerized 

neat via a standard thiol-ene photopolymerization achieving rapid and high conversions 

of both thiol and ene groups. These photopolymerizations produced homogeneous 
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networks with narrow glass transition regimes, in addition to clear and transparent 

polymer films with a valuable refractive index range between 1.6 and 1.7 with Abbe 

numbers in excess of 25. The utility of the prepared low viscosity monomers was 

successfully demonstrated with a simple overmolding procedure to aspherize a base 

spherical lens. Excellent optical properties were demonstrated with the polymer 

overmold showing the expected increase in optical power and NA. 
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1.30 Supporting Information 

 

Figure S0-6. 1H NMR spectra for CPTP.  

 

Figure S0-7. 13C NMR spectra for CPTP. 
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Figure S0-8. 1H NMR spectra for EDT-OH. 

 

Figure S0-9. 13C NMR spectra for EDT-OH.  

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.5
f1	(ppm)

081018_5-91a_1H.10.fid

2
.1
2

3
.3
8

2
.2
8

2
.0
2

1
.9
8

2
.0
0

1
.7
9

3
.5
3

3
.5
0

2
.6
2

2
.6
4

2
.6
6

2
.6
7

2
.7
4

2
.7
5

2
.7
8

2
.7
9

2
.8
1

2
.8
3

3
.0
0

3
.0
1

3
.0
2

3
.0
2

3
.0
4

3
.0
4

3
.0
6

3
.0
6

3
.1
2

3
.1
3

3
.1
5

3
.1
6

3
.7
9

3
.7
9

3
.7
9

3
.8
0

3
.8
1

3
.8
1

3
.8
2

3
.8
2

3
.8
2

7
.2
0

7
.2
0

7
.2
1

7
.2
1

7
.2
2

7
.2
2

7
.2
3

7
.2
3

7
.2
4

7
.2
6
	C
D
C
l3

7
.2
8

7
.2
8

7
.2
8

7
.2
9

7
.3
0

7
.3
0

7
.3
0

7
.3
0

7
.3
1

7
.3
2

7
.3
2

7
.3
8

7
.3
8

7
.3
8

7
.3
8

7
.3
9

7
.4
0

7
.4
0

7
.4
0



 154 

 

Figure S0-10. 1H NMR spectra for TBT-OH. 

 
Figure S0-11. 13C NMR spectra for TBT-OH. 
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Figure S0-12. 1H NMR spectra for EDTDAE. 

 

Figure S0-13. 13C NMR spectra for EDTDAE. 
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Figure S0-14. 1H NMR spectra for TBTDAE. 

 

Figure S0-15. 13C NMR spectra for TBTDAE. 
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Figure S0-16. 1H NMR spectra for CHETP. 

 

Figure S0-17. 13C NMR spectra for CHETP. 
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Figure S0-18. 1H NMR spectra for BHETP. 

 

Figure S0-19. 13C NMR spectra for BHETP.  
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Figure S0-20. 1H NMR spectra for trithiol 1.  

 

Figure 0-21. 13C NMR spectra for trithiol 1.  
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Figure S0-22. 1H NMR spectra for tetra-alcohol 1. 

 

Figure S0-23. 13C NMR spectra for tetra-alcohol 1. 
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Figure S0-24. 1H NMR spectra for tetra-thiol 1. 

 

Figure S0-25. 13C NMR spectra for tetra-thiol 1. 
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Fundamentals of Photopolymerizable Thermoplastics1 

 

Thermoplastics, such as poly(ethylene) and poly(ethylene terephthalate), are 

high molecular weight linear polymers that have become the preeminent synthetic 

materials of modern society. Photopolymers are crosslinked materials conveniently 

fabricated from low viscosity liquid resins in a matter of seconds using light. 

Thermoplastics formed from photopolymerizations, however, do not develop sufficiently 

useful material properties compared to traditional methods such as injection molding or 

extrusion. Here, a set of photopolymerizable systems capable of forming semicrystalline 

high molecular weight polymers in seconds at ambient temperature using visible light at 

low intensities (1 mW/cm2) is presented. This new paradigm of photopolymers enables 

access to an extraordinary set of mechanical properties (such as elongations to break of 

around 800% strain, and toughness values of around 100 MJ/m3) and capabilities (melt 

and reprocess) not achievable with existing photopolymers. 

1.33 Introduction 

 Thermoplastics, more universally known as ‘plastics’, are the defining synthetic 

materials of modern society based on their unmatched versatility and utility. While 

thermoplastics, such as poly(ethylene terephthalate) (PET),1, 2 are ubiquitous and 

produced globally on a massive industrial scale there remains no way of producing 

                                              
1 Contributing authors: Kimberly K. Childress, Neil J. Baugh, Alina M. Martinez, Benjamin D. Fairbanks, 
Matthew K. McBride, Brady T. Worrell, Jeffrey W. Stansbury, Robert R. McLeod, and Christopher N. 
Bowman 
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thermoplastic materials, or even close mimics, via photopolymerization. This disparity is 

because the polymerization kinetics of linear polymers are inherently slow which limits 

the molecular weights achieved and the conversion which ultimately severely limits the 

mechanical properties. 

 Here, as shown in Figure 0-1, the distinct virtues of both thermoplastics and 

photopolymers are combined into a single materials platform, extending thermoplastic 

materials to be photopolymerizable. Utilizing a unique subset of dithiol and divinyl 

monomers, we demonstrate that semicrystalline high molecular weight polymers are 

rapidly produced under neat conditions at ambient temperature using mild irradiation 

and dose conditions. Owing to the high molecular weights and extent of crystallinity 

quickly achieved in these photopolymerizable thermoplastic systems, impressively 

strong and tough materials closely resembling important thermoplastics, such as PET, 

are formed. A systematic study of the structure-property relationships were investigated 

with varying alkyl dithiol lengths with the model diallyl ester monomer. 

 

Figure 0-1. Overview of photopolymerizable thermoplastics. (a) Schemes of traditional 
thermoplastics and photopolymers. The former typically involve thermally-driven 
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polymerizations forming polymers that vary in degree of branching and range from 
being completely amorphous to semicrystalline. In contrast, photopolymers generally 
comprise the light-induced formation of permanent, crosslinked networks that are 
amorphous. The presented system, photopolymerizable thermoplastics, harnesses the 
thiol-ene reaction to combine the key characteristics (i.e. light-induced formation of 
robust, linear polymers) of both systems. Specifically, a stoichiometric ratio of alkyl 
dithiol and diallyl ester monomers were studied.  

1.34 Experimental 

1.34.1 Materials 

 Commercially available photoinitiator and monomers were used as received 

without further purification. Alkyl dithiols 1,2-ethane dithiol (EDT), 1,3-propane dithiol 

(PDT), and 1,8-octane dithiol (ODT) were purchased from Acros while 1,4-butane dithiol 

(BDT), 1,5-pentane dithiol (PDT), and 1,6-hexane dithiol (HDT), 1,9-nonane dithiol 

(NDT), and 1,10-decane dithiol (DDT) were purchased from Alfa Aesar and Sigma-

Aldrich. Diallyl terephthalate (DAT), diallyl isophthalate (DAI), diallyl phthalate (DAP), 

and photoinitiator, diphenyl(2,4,6-trimethylbezoyl)phosphine oxide (TPO), were 

purchased from TCI America. 

1.34.2 Methods 

Thiol-ene formulation preparation and photopolymerization 

 A stoichiometric ratio of dithiol and diallyl monomers were well mixed in a 20 mL 

scintillation vial (VWR) with TPO photoinitiator set at 1 mol% to either functional group 

(corresponding to 0.87 wt% of the total formulation). Films were prepared between 

glass plates with 250 μm plastic shims (Precision Brand) lining the perimeter to control 

the thickness with binder clips used to clamp the slides together. A broadband LED 

source (ECO UV Bar) was used to irradiate the samples at an intensity of approximately 

7 mW/cm2 at 405 nm for 5 – 10 minutes. 
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Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was used to monitor the polymerization 

of the thiol and carbon-carbon double bonds.  A Thermo Scientific Nicolet 6700 FTIR 

spectrometer was used with a 405 nm LED source (Thorlabs) using a myDAQ device 

(National Instruments) synchronized to a computer for timed and defined illuminations at 

1-10 mW/cm2.  Optically thin samples were prepared between two salt (NaCl) plates 

using 15 μm spacers.  Thiol conversion (cthiol) and vinyl conversion (cvinyl) were 

monitored using a series scan, integrating over the ranges 2550-2600 cm-1 and 1778-

1650 cm-1 respectively. Conversion of functional groups (c) was calculated with the 

equation, 

c = (1 −
𝐴𝑓𝑖𝑛𝑎𝑙

𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) ∗ 100%     (1) 

where Ainitial is the area of the unconsumed functional group peak, and Afinal is the area 

under the thiol or C=C peak after the thiol-ene reaction. 

Photo-rheology 

 A rotational rheometer (ARES-G2, TA Instruments) with a parallel plate geometry 

using a photocuring geometry equipped with mirrors and a 20 mm diameter quartz plate 

for in-situ irradiation using a 405 nm LED (Thorlabs) with an intensity of 10 mW/cm2. 

Polarized optical imaging 

 A Nikon Eclipse Ci optical microscope equipped with a commercial DLP (Mightex 

Polygon 400) and visible LED source control module (Mightex BioLED) was used to 

image the photopolymerization and subsequent crystallization of thiol-ene resins 
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between two glass slides. An analyzer was inserted after irradiation to take cross 

polarized images of the crystallization events.  

Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) was conducted with a TA Instruments 

DSC2500 at a heating and cooling rate of 2C/min under a N2 atmosphere. 

Approximately 5-7 mg of sample was measured in a hermetically sealed aluminum pan. 

The melting temperature (Tm) was taken as the peak of the melting endotherm, the 

glass transition temperature (Tg) was taken as the midpoint of the heat capacity change, 

and the cold crystallization temperature (Tc) was taken as the peak of the exotherm. 

The heat of fusion (ΔHf) was taken as the area of the melting endotherm. 

Size exclusion chromatography with multi-angle light scattering and viscometry 

(SEC-MALS-IV) 

A size-exclusion chromatography equipped with a UV and differential refractive 

index detector (Tosoh EcoSEC) was used with a multi-angle light scattering detector 

(Wyatt Treos II) and an online viscometer (Wyatt Viscostar). 

Mechanical tensile testing 

 A uniaxial tensile tester (Exceed Model E42 – MTS) was used on thiol-ene films 

cut into ASTM D368 Type V dogbones ranging in thickness (120 – 250 μm) and tested 

with a strain rate of 5 mm/min at ambient temperature. 

1.35 Results & Discussion 

A series of in-situ experiments were conducted to gain fundamental insight on 

the various processes occurring in these photopolymerizable thermoplastic systems. 

The studied systems comprised a stoichiometric ratio of alkyl dithiol (collectively 
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referred to as ‘xDT’) and diallyl terephthalate (DAT) with the 1,6-hexane dithiol (HDT) 

used as a representative system unless otherwise stated (hereon referred to as the 

‘HDT-DAT’ system). The structures used are shown in Figure 0-2.  

 

Figure 0-2. Chemical structures of alkyl dithiols (xDT) and the diallyl esters monomers 
used. Primarily, systems comprising xDT and DAT were investigated. 

First and foremost, achieving sufficiently high molecular weights in linear step-

growth photopolymerizations requires rapid reaction kinetics to near quantitative 

conversions. As shown in Figure 0-3, this condition was confirmed using real-time 

Fourier transform infrared spectroscopy (FTIR) for each xDT-DAT system (except NDT-

DAT) by monitoring the swift disappearance of both characteristic SH and C=C peaks 

upon 405 nm LED irradiation using modest exposure intensities (1-10 mW/cm2). 

Furthermore, as evident in Figure 0-3, with the exception of the EDT-DAT system the 

effectively identical kinetic profiles of both thiol and ene groups for every system 

suggests an archetypal step growth process with minimal to no vinyl 

homopolymerization observed. The rapid and selective thiol-ene kinetics observed are 
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consistent with recent reports by the Liska group where they observed preferential as 

well as enhanced reactivities of vinyl esters (highly similar to the allyl ester groups in 

DAT) with thiols compared to just the vinyl homopolymerization. The outlying ene 

conversion of the EDT-DAT system is most likely due to the incorrect integration of the 

C=C peak and/or a limitation of infrared spectroscopy sensitivity rather than an 

incomplete conversion. This notion is supported by the fact that the conversion profiles 

of thiol and ene were essentially indistinguishable except for the conversion plateau 

values. An alternative look at the respective thiol and ene reactivity for each system is 

presented in Figure 0-4 showing that the thiols are indistinguishable in their reactivity 

and final conversions. The same can be said of the ene conversion except for the EDT-

DAT. 
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Figure 0-3. Polymerization kinetics obtained via real-time FTIR of the thiol-ene 
photopolymerization using a continuous irradiation turned on at t = 30 s (405 nm LED, 1 
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mW/cm2) for each xDT-DAT system. (A) EDT-DAT system. (B) PDT-DAT system. (C) 
BDT-DAT system. (D) PnDT-DAT system. (E) HDT-DAT system. (F) HpDT-DAT 
system. (G) ODT-DAT system. (H) DDT-DAT system. 

 

 

Figure 0-4. Polymerization kinetics obtained via real-time FTIR of the thiol-ene 
photopolymerization using a continuous irradiation turned on at t = 30 s (405 nm LED, 1 
mW/cm2) for each xDT-DAT system. (A) All thiol conversions for xDT-DAT. (B) All ene 
conversions for xDT-DAT. 

Next, the HDT-DAT system was used as a representative system to investigate 

the modulus development of the thermoplastic photopolymer systems upon similar 405 

nm irradiation conditions using real-time photo-rheology to measure both storage (G’) 

and loss moduli (G’’). As shown in Figure 0-5, moduli increased dramatically due to the 

photopolymerization with a rapid G’-G’’ crossover (indicative of solid-like behavior) 

observed. However, storage modulus continued to increase further well after the 

polymerization timescale before eventually plateauing. This phenomenon was also 

reflected in a dramatic concurrent increase in the complex viscosity of the system as 

shown on the secondary y-axis of Figure 0-5. Based on this rheological data and the 
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independent observation of changes in the physical appearance of the formed polymer, 

i.e. going from transparent to translucent to white, it was hypothesized that 

crystallization was occurring.  

 

Figure 0-5. Real-time modulus development of HDT-DAT obtained via photo-rheology 
revealing a sharp increase in both storage (G’) and loss (G’’) modulus due to the 
photopolymerization with an eventual decrease in G’’ below the instrumental detection 
limits. Critically, G’ continues to increase well after the polymerization before eventually 
hitting a plateau due to crystallization. This phenomenon is also revealed in the 
concomitant increase in the complex viscosity. 

To directly confirm crystallization, in-situ polarized microscopy imaging of the 

photopolymerization and crystallization processes were conducted with a series of 

representative time points presented in Figure 0-6 showing the development of 

characteristic spherulites3, 4 over several minutes – well after the polymerization 

timescale as determined from real-time FTIR. Curiously, when a uniform circular 

illumination was used, spherulites were observed to grow preferentially first at the 

exposure interface presumably due to favorable heterogenous nucleation as shown by 

the sequence of differential interference contrast (DIC) images in Figure 0-7. After this 
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initial growth, spherulites coalesce inwards until they impinge on each other with the 

inner centroid developing at a much later time point.  

The ability and propensity for crystallization in these particular thiol-ene systems 

is explained by the fast reaction kinetics and quantitative conversions that result in long 

polymer chains with high degrees of linear symmetry.5 Thus, produced polymers are 

expected to be minimally branched with high degrees of stereoregularity and a regular 

step-growth configuration (i.e. marginal homopolymerization). Furthermore, in an 

analogy to PET, crystallization is promoted by the combination of the flexible alkyl 

chains to organize,5 the intermolecular dipole-dipole interactions between the polar 

carbonyl groups6 as well as the regular π-π stacking of the benzene rings present along 

the main chain. Systems that used the 1,2-substituted (diallyl phthalate) and 1,3-

substituted (diallyl isophthalate) structural isomers instead of DAT were not observed to 

be crystalline. Classically, spherulite formation (crystallization) in polymers has been 

observed from melts or solutions with a large degree of undercooling (ΔT = Tm – Tc, the 

difference between melting and crystallization temperatures).3, 4, 7-10 However, here 

crystallization occurs from a polymer formed and kept at ambient temperature. 
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Figure 0-6. A series of images at representative time points viewed through crossed 
polarizers of the crystallization observed in the form of characteristic spherulite 
formation after the photopolymerization of HDT-DAT using a uniform 400 nm flood 
illumination. 

 

Figure 0-7. A series of large DIC images taken at representative time points after a 
circular 405 nm LED beam was irradiated on a neat HDT-DAT resin. 

While the presence of crystallinity in the HDT-DAT polymers are generally 

indicative of linear polymers, the formation of a non-crosslinked polymer can be 

unequivocally confirmed by either its ability to melt, flow, or be dissolved in a suitable 

solvent. First, differential scanning calorimetry (DSC) was used with standard heat-cool-

heat ramp cycles with distinct first-order phase transitions observed in the form of 

relatively sharp melting endotherms with a typically broader exothermic exotherm 

(Figure S0-18 – Figure S0-26, Supporting Information). Certainly, the detection of 

distinct first-order phase transitions (i.e. melting and crystallization) strongly supports 

the notion of semicrystalline linear polymers being produced from these rapid thiol-ene 

photopolymerizations. Solubility tests were also conducted separately in both THF and 

DCM at a concentration of 1 mg/mL for each xDT-DAT system at ambient temperature 

as summarized in Table 0-1. The systems with the four lowest molecular weight alkyl 

dithiols, i.e. EDT, PDT, BDT, and PnDT, did not exhibit any solubility of the polymer in 

either solvent except for PDT-DAT in DCM. All the other systems dissolved easily in 
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both solvents. The insolubility of the lower molecular weight alkyl dithiols is not 

unsurprising given their structural resemblance to the commercial polyesters, PET and 

poly(butylene terephthalate). These commercial polymers are known to not be soluble 

in either DCM or THF, and instead require highly polar fluorinated solvents such as 

hexafluoroisopropanol (HFIP) or trifluoroethanol (TFE) to dissolve them. However, 

testing the solubilities of the xDT-DAT systems in these polar solvents was beyond the 

scope of this study. 

Table 0-1. Summary of solubilities of xDT-DAT polymers in either THF or DCM tested at 
a concentration of 1 mg/mL at ambient temperature. 

xDT-DAT 
Solubility (1 mg/mL) 

THF DCM 

EDT-DAT No No 

PDT-DAT No Yes 

BDT-DAT No No 

PnDT-DAT Yes Yes 

HDT-DAT Yes Yes 

HpDT-DAT Yes Yes 

ODT-DAT Yes Yes 

NDT-DAT Yes Yes 

DDT-DAT Yes Yes 

 

Next, as high molecular weights are the defining characteristic for functionally 

useful thermoplastics,5, 6 absolute molecular weights (MW), dispersity and chain 

morphology (degree of branching) of photopolymerized thermoplastics were determined 

using size-exclusion chromatography with multi-angle light scattering and differential 

viscometry (SEC-MALS-IV) in tetrahydrofuran (THF). A summary of the results are 
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listed in Table 0-2. Evidently, high average molecular weights on the order 104 g/mol 

are achieved in all the tested xDT-DAT systems with polydispersity values close to 2 

suggesting the formation of a step-growth polymer.5, 11, 12 Furthermore, individual 

intrinsic viscosity vs. molecular weight plots (Mark-Houwink-Sakurada plots) were fitted 

to reveal exponent a values between 0.46 and 0.56 which is indicative of a random coil 

morphology; these results are consistent with the observed tendency towards 

crystallization.  

Table 0-2. Summarized SEC-MALS-IV results for xDT-DAT covering average number 
molecular weight (Mn), average weight molecular weight (Mw), polydispersity index 
(Mw/Mn), and the Mark-Houwink-Sakurada parameters a and K. 

xDT-DAT 
Mn 

[104 g/mol] 
Mw 

[104 g/mol] Mw/Mn a K [mL/g] 

HDT-DAT 7.12 18.8 2.65 0.46 0.373 

HpDT-DAT 4.8 9.51 1.98 0.546 0.165 

ODT-DAT 4.92 8.96 1.82 0.542 0.185 

NDT-DAT 4.14 8.37 2.02 0.521 0.238 

DDT-DAT 4.24 7.41 1.75 0.557 0.178 

 

According to the Carothers equation,12 achieving these molecular weights in a 

linear step-growth system (corresponding to degree of polymerizations approaching 

100) would entail near-perfect stoichiometric balance (r = 1) and conversions of about 

99% or greater. Generally speaking, these requirements are unattainable for most 

polymerization methods, let alone photopolymerizations that occur in seconds. Possible 

explanations of these molecular weight results are limited to either: i) a pure thiol-ene 

step-growth polymerization, ii) a predominantly thiol-ene with a minor contribution from 

homopolymerization of the diallyl ester, or iii) significant ene homopolymerization. The 

former is unlikely because commercial monomers were used as received without further 
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purification and would result in a stoichiometric imbalance between thiol and ene, even 

if the monomers were weighed out perfectly (which they certainly were not). The latter 

explanation is also effectively ruled out by the solubility of the polymer in organic solvent 

as a diallyl homopolymerization would produce intractable covalently crosslinked 

networks. Therefore, we deduced that it is most probable that a thiol-ene step-growth is 

the predominant polymerization mechanism with further increases in molecular weight 

supported by small amounts of homopolymerization of any residual ene groups to 

produce linear polymers with low degrees of branching.  

This premise is supported by recent studies by the Liska group where they 

investigated the reactivity of vinyl esters (close analogs to the allyl esters used in these 

studies) with thiols against their (meth)acrylate(s) structural counterparts.13 Their 

seminal studies revealed thiol-vinyl ester photopolymerizations proceeded significantly 

faster than the vinyl ester homopolymerization and could even match the reactivity 

kinetics of acrylates. This behavior was attributed to the differences in resonance 

stabilizations of the acrylate and vinyl ester radicals leading to different monomer and 

radical reactivities.14 Vinyl ester radicals, as opposed to acrylate (α-carbonyl) radicals, 

lack significant resonance stabilization and are thus prone to hydrogen abstraction 

making them relatively poor chain-growth monomers but excellent thiol-ene step-growth 

monomers. Based on our set of results, we observe the allyl esters to behave similarly. 

However, unlike vinyl esters, allyl esters have the advantage of being more widely 

available commercially due to their synthetic accessibility. In this regard, it is also 

foreseeable that additional photopolymerizable thermoplastic systems analogous to 

other high performance polyesters such as poly(ethylene naphthalate) or poly(butylene 
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succinate) can be arrived at in scale. Therefore, while relatively less studied than other 

vinyls (such as allyl ethers, vinyl ethers and norbornenes),15 both allyl and vinyl esters 

represent highly promising ene groups that deserve greater attention for broader thiol-

ene applications. 

It is well established that thermoplastic polymers only develop useful mechanical 

properties at critical molecular weight values.12 To verify the molecular weights 

measured via SEC-MALS-IV were sufficiently high for practical use, uniaxial tensile 

testing of 120 – 250 μm thick dogbones (ASTM Type V) for the range of xDT-DAT 

systems were conducted with multiple repeats. The key mechanical properties are 

summarized in Table 0-3 with the stress-strain plots for each xDT-DAT system shown in 

order from Figure 0-8 (EDT-DAT) to Figure 0-16 (DDT-DAT). As shown in these 

engineering stress-strain plots, characteristic necking followed by significant amounts of 

strain hardening was observed to occur at elastomeric-like elongations suggesting 

significant amounts of entanglements of the amorphous phase. Interestingly, a few of 

these systems, such as HDT-DAT, exhibited a peculiar plastic deformation mechanism 

consisting of periodic reductions in stress at elevated strains evident by the jagged 

features on the stress-strain plots from Figure 0-8 to Figure 0-16. This behavior was 

physically observed on the deformed sample as intermittent striations with alternating 

lines of white, opaque regions and transparent regions as shown in Figure 0-17. 

Overall, these semicrystalline linear polymers exhibited extremely ductile behavior 

achieving ultimate tensile strengths between 15 to 24 MPa at failure strains ranging 

from 300% to 800%. These simple xDT-DAT systems thus cover a useful range of 

mechanical properties not encountered with the existing classes of polymers. In this 
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respect, photopolymerizable thermoplastics can be considered to represent their own 

unique class of polymeric materials. 

Table 0-3. Summarized mechanical properties of xDT-DAT systems from the stress-
strain plots due to a uniaxial tensile deformation at 5 mm/min at ambient temperature 
using photopolymer films (thickness: 0.12 – 0.25 mm) cut into ASTM D368 Type V 
dogbones. 

xDT-DAT 
Young's 
modulus 

(MPa) 

Yield 
strength 

(MPa) 

Ultimate 
tensile 

strength 
(MPa) 

Failure 
strain (%) 

Toughness 
(MJ/m3) 

EDT-DAT 183 ± 12 14.6 ± 0.9 18.0 ± 2.6 320 ± 66 44.1 ± 10.7 

PDT-DAT 104 ± 7 9.37 ± 0.38 16.4 ± 2.9 558 ± 138 61.5 ± 20.2 

BDT-DAT 85 ± 6 8.65 ± 0.44 24.5 ± 3.0 669 ± 104 94.9 ± 21.5 

PnDT-DAT 70 ± 3 6.19 ± 0.29 15.6 ± 1.0 702 ± 60 63.7 ± 6.9 

HDT-DAT 74.6 ± 5.2 7.17 ± 0.57 24.4 ± 1.6 793 ± 25 102 ± 9 

HpDT-DAT 89.5 ± 3.3 7.39 ± 0.27 22.2 ± 2.7 825 ± 81 102 ± 19 

ODT-DAT 68.6 ± 4.6 7.33 ± 0.27 27.2 ± 3.1 809 ± 67 119 ± 20 

NDT-DAT 104.5 ± 7.3 8.87 ± 0.45 19.6 ± 3.1 697 ± 107 85.8 ± 20.5 

DDT-DAT 79.8 ± 4.0 8.59 ± 0.34 23.7 ± 1.9 696 ± 57 97.7 ± 13.2 
 

 

Figure 0-8. Engineering stress-strain plot for EDT-DAT using ASTM D368 Type V 
dogbones (0.12 – 0.13 mm thick) at a strain rate of 5 mm/min. (n = 6) 
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Figure 0-9. Engineering stress-strain plot for PDT-DAT using ASTM D368 Type V 
dogbones (0.13 – 0.19 mm thick) at a strain rate of 5 mm/min. (n = 7) 

 

Figure 0-10. Engineering stress-strain plot for BDT-DAT using ASTM D368 Type V 
dogbones (0.14 – 0.17 mm thick) at a strain rate of 5 mm/min. (n = 6) 
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Figure 0-11. Engineering stress-strain plot for PnDT-DAT using ASTM D368 Type V 
dogbones (0.15 – 0.21 mm thick) at a strain rate of 5 mm/min. (n = 6) 

 

 

Figure 0-12. Engineering stress-strain plot for HDT-DAT using ASTM D368 Type V 
dogbones (0.12 – 0.18 mm thick) at a strain rate of 5 mm/min. (n = 7) 
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Figure 0-13. Engineering stress-strain plot for HpDT-DAT using ASTM D368 Type V 
dogbones (0.22 – 0.24 mm thick) at a strain rate of 5 mm/min. (n = 4) 

 

 

Figure 0-14. Engineering stress-strain plot for ODT-DAT using ASTM D368 Type V 
dogbones (0.15 – 0.2 mm thick) at a strain rate of 5 mm/min. (n = 5) 
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Figure 0-15. Engineering stress-strain plot for NDT-DAT using ASTM D368 Type V 
dogbones (0.13 – 0.22 mm thick) at a strain rate of 5 mm/min. (n = 8) 

 

 

Figure 0-16. Engineering stress-strain plot for DDT-DAT using ASTM D368 Type V 
dogbones (0.15 – 0.2 mm thick) at a strain rate of 5 mm/min. (n = 7) 
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Figure 0-17. Photograph of one end of a HDT-DAT ASTM D368 Type V dogbone 
strained to failure with visible periodic striations of opaque and translucent regions. 

1.36 Conclusions 

 Photopolymerizable thermoplastic systems are reported and studied for the first 

time. These interesting systems are enabled via the rapid thiol-ene ‘click’ reaction for a 

subset of difunctional thiol and ene monomers to produce semicrystalline high polymers 

capable of unique mechanical properties not easily achieved with existing methods. A 

thorough investigation revealed that the rapid thiol-ene polymerization produces high 

average molecular weight polymers on the order of 104 g/mol with the narrow 

polydispersity values expected of step-growth polymers (approximately 2). These 

formed polymers were confirmed to rearrange and organize at ambient temperature to 

form crystalline domains over a timescale of several minutes to hours. A systematic 

structure-properties relationship study was done investigating the effects of the chain 
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length of the alkyl dithiols on mechanical properties revealing a valuable range of 

properties intermediate of current elastomers (extensibilities of around 800%) and 

thermoplastics (ultimate tensile strengths: 15 – 25 MPa and toughness values: 45 – 120 

MJ/m3) used commercially. The findings here greatly expand on the material properties 

accessible with photopolymers. 

1.37 Supporting Information 

 

Figure S0-18. DSC trace of EDT-DAT system. 

 

Figure S0-19. DSC trace of PDT-DAT system. 
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Figure S0-20. DSC trace of BDT-DAT system. 

 

Figure S0-21. DSC trace of PnDT-DAT system. 
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Figure S0-22. DSC trace of HDT-DAT system. 

 

Figure S0-23. DSC trace of HpDT-DAT system. 
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Figure S0-24. DSC trace of ODT-DAT system. 

 

Figure S0-25. DSC trace of NDT-DAT system. 
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Figure S0-26. DSC trace of DDT-DAT system. 
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Vat Photopolymerization Additive Manufacturing of Photopolymerizable Thermoplastics1 

 

Materials used for vat photopolymerization additive manufacturing exclusively 

form crosslinked polymers. This generally means they cannot be reprocessed or 

recycled. Furthermore, an overwhelming majority of the resins used in vat 

photopolymerization 3D printing are (meth)acrylate-based which inherently has its 

limitations. Here, the recently developed photopolymerizable thermoplastics paradigm is 

explored towards additive manufacturing using a model thiol-ene system. The ability to 

3D print with excellent spatial resolutions and small feature sizes (several microns) at 

standard print times (≤ 10 s per layer) was demonstrated using commercial SLA 3D 

printers for a number of example prints with a relatively unoptimized resin. Critically, 

printed objects were melted and reprocessed enabling a new class of sustainable, 

reprocessable photopolymer materials for light-based 3D printing. 

 

1.40 Introduction 

Additive manufacturing (3D printing), widely regarded as the next frontier in 

prototyping, production and manufacturing,1-3 is a rapidly evolving technology for highly 

complex and customized materials fabrication.3 In particular, light-based 3D printing, or 

stereolithography (SLA), is arguably one of the most promising technologies for 3D 

                                              
1 Contributing authors: Kimberly K. Childress, Neil J. Baugh, Alina M. Martinez, Amelia Davenport, 
Matthew K. McBride, Brady T. Worrell, Jeffrey W. Stansbury, Robert R. McLeod, and Christopher N. 
Bowman 
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printing polymers,4, 5 offering a superior combination of cost, throughput, versatility and 

resolution. While significant progress has been made with respect to SLA printing 

technologies in terms of print speed,6, 7 methodology,7-9 multi-material printing,10 and 

achievable resolutions,6-10 the absence of key enabling material characteristics remains 

a persistent barrier inhibiting significant progress in key fields. One such unrealized 

material class is the ability to photopolymerize linear polymers rapidly that resemble 

conventional thermoplastics with their enhanced toughness, extensibility and 

semicrystalline character. This has limited the 3D printing of thermoplastics to fused 

deposition modeling (FDM) and selective laser sintering (SLS), which is generally 

regarded as an inferior technique to vat photopolymerization in terms of minimum 

feature size, resolution, layer-to-layer adhesion, and finishing quality. 

On a basic level, SLA-suitable photopolymers need to be: i) sufficiently reactive 

to enable rapid polymerization, ii) capable of high spatial resolutions, iii) mechanically 

strong, and iv) economical. For these reasons, the majority of SLA 3D printing resins 

are effectively restricted to radical chain-growth polymerizations of 

multi(meth)acrylates.3, 4, 6, 7, 10-16 Further, they almost exclusively involve the use of 

multifunctional monomers that lead to highly crosslinked networks.3 While a diverse and 

valuable array of material properties have been achieved through extensive formulation 

engineering (comprising monomers and oligomers of varying molecular weights, 

reactive/unreactive diluents, additives, stabilizers), there are fundamental limitations 

intrinsic to all chain growth multi(meth)acrylate systems such as low pre-gel conversions 

and significant shrinkage stresses. Given these inherent constraints, achieving an 

encompassing range of properties for 3D printing with (meth)acrylate photopolymers 
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alone is intractable. In light of this shortcoming, multiple researchers have explored 

strategies to extend the useful but limited material property space of standard 

(meth)acrylates towards the ultimate goal of high performance, functional SLA 3D 

prints4, 10-19 that can match or even enhance the library of properties offered by existing 

manufacturing methods such as injection molding or extrusion. While significant 

progress4 has been made towards achieving elastomeric-like materials,11, 12, 17-19 

reprocessability,15 enhanced toughness,16, 17 and even multi-material printing,10, 20 there 

has been limited work13, 14 on the vat photopolymerization of thermoplastic polymers. 

Important work from the Long group introduced novel strategies to 3D print all-aromatic 

polyimides comparable to commercial Kapton13, 14. However the final polyimide was 

arrived at via thermal post-processing that required high resin viscosities and involved 

significant shrinkage of the final part due to the removal of solvent. Outside the scope of 

(meth)acrylate-based systems, the thiol-ene reaction has been recently investigated as 

an alternative SLA resin chemistry17, 21-23 offering competitive reactivities to acrylates 

with the additional benefits of generally higher conversions and reduced polymerization 

shrinkage stresses. Notably, the Gall group reported on tough, semicrystalline thiol-ene 

photopolymers using a rigid, crystalline spiroacetal di-alkene monomer24 in a loosely 

crosslinked formulation containing 7.5 mol% trithiol crosslinker for 3D printing showing 

high extensibility and moderate strengths.17 

All these approaches fundamentally involve the fabrication of an insoluble, 

crosslinked photopolymer and to the best of our knowledge, no prior work on SLA-

based 3D printing of linear polymers has been reported. Here, we validate the 

applicability of the photopolymerizable thermoplastics materials platform towards 
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additive manufacturing to enable a new class of SLA-printed thermoplastic materials. 

Crucially, using a model photopolymerizable thermoplastic thiol-ene system consisting 

of 1,6-hexane dithiol and diallyl terephthalate (HDT-DAT), we demonstrate the vat 

photopolymerization-based 3D printing of high resolution thermoplastics objects that are 

subsequently melted and/or reprocessed. 

1.41 Experimental 

1.41.1 Materials 

Commercially available photoinitiator and monomers were used as received 

without further purification. 1,6-hexane dithiol (HDT) was purchased from Sigma-Aldrich. 

Diallyl terephthalate (DAT) and diphenyl(2,4,6-trimethylbezoyl)phosphine oxide (TPO) 

photoinitiator were purchased from TCI America. TPO-L photoinitiator was kindly 

donated by IGM Resins. 

Printing resin formulation 

 A stoichiometric mix of HDT DAT was mixed with 4 wt% TPO-L photoinitiator, 

0.07 wt% carbon black with 1 wt% of a proprietary surfactant additive. 

1.41.2 Methods 

Polarized optical imaging with DLP patterning 

 A Nikon Eclipse Ci optical microscope equipped with a commercial DLP (Mightex 

Polygon 400) and visible LED source control module (Mightex BioLED) was used to 

image the photopolymerization and subsequent crystallization of thiol-ene resins 

between two glass slides. An analyzer was inserted after irradiation to take cross 

polarized images of the crystallization events.  

SLA 3D printing 
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 A commercial DLP printer (Origin) with an intensity of approximately 7 mW/cm2 at 

385 nm was used. All prints used an initial exposure time of 10 – 20 seconds for 3-5 

layers with exposure times of 4 – 10 seconds per layer. 

1.42 Results & Discussion 

Given the interesting set of mechanical properties displayed, the HDT-DAT 

system was used as the test formulation to assess the viability of photopolymerizable 

thermoplastics as SLA 3D printing resins. The ability to pattern simple 2D patterns was 

first done using a commercial digital light processing (DLP) as well as a scanning laser 

microscope on a neat HDT-DAT system to validate the viability of patterning and the 

extent to which it could be done.  

With DLP patterning, a well resolved CU buffalo was successfully patterned 

using a commercial DLP system with a low intensity 400 nm LED (power ~ 40 μW) as 

evident in Figure 0-1. The overall pattern is discernable with features on the order of 

several microns observable although there is a noticeable halo surrounding the overall 

buffalo indicating that there is some degree of over-cure due to reaction-diffusion. 

Nevertheless, this simple DLP experiment showed that 2D photopatterning was 

possible without features getting washed out during or after the exposure. 
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Figure 0-1. A CU buffalo is imaged patterned on a neat HDT-DAT thiol-ene resin using 
a commercial DLP attached to a polarized microscope. Feature sizes on the order of 
several microns can be discerned with some over-cure observed. 

In the case of patterning with a high intensity scanning laser, a noticeable ‘over-

cure’ was observed as seen in the differential interference contrast image in Figure 0-2 

whereby spherulites were observed to form within tens of seconds of irradiation outside 

the intended red shaded square irradiation pattern. Peculiarly, a symmetric square 

pattern consistently produced an asymmetric crystallized pattern. This preferential 

directionality could have been induced by the manner in which the scanning laser 

exposes as well as the relative spot size. The high intensity of the exposure could also 

be a contributor as this leads to rapid polymerization within a low viscosity medium 

without any significant inhibiting species to confine reaction-diffusion. Overall, these set 

of photopatterning results suggest that spatial resolution control (i.e. control over the 
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crystallization) in photopolymerizable thermoplastics is highly dependent on the 

exposure intensity.  

 

Figure 0-2. A DIC image of the resulting pattern produced from a square irradiation (in 
red) using a high intensity 405 nm scanning laser. Significant over-curing is observed 
with crystallization occurring unexpectedly in a preferentially non-isotropic manner. 

Based on the previous set of 2D photopatterning experiment, an experimental 

thiol-ene 3D printing resin was formulated using carbon black as the photoabsorber in 
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an otherwise unoptimized 3D printing formulation. Generally speaking, the lack of 

oxygen inhibition in addition to the rapid reactivities makes SLA 3D printing of thiol-ene 

resins more challenging than conventional (meth)acrylate systems with additional 

considerations over the crystallization process. As shown in Figure 0-3, using a 

commercial production-grade DLP-based 3D printer, appropriate spatial resolutions 

were obtained for a standard quality control (QC) test print. In addition, other simple 

objects ranging from a batarang to a ring from Lord of the Rings were also successfully 

printed as shown in Figure 0-4. In particular, the fine details of the Elvish inscription was 

accurately printed as shown in Figure 0-5. 

 

Figure 0-3. Photographs of a QC 3D print at multiple angles showing the high spatial 
resolutions achieved with both positive and negative features. 
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Figure 0-4. Photograph of a 3D printed batarang sitting on top of an oversized ring with 
Elvish inscription on the outer face of the ring. 

 

Figure 0-5. Close-up photograph of the ring showing the Elvish inscription was faithfully 
captured during the 3D print of the thiol-ene HDT-DAT thermoplastic resin. 
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The viability of 3D printing photopolymerizable thermoplastics was further 

validated with the same resin formulation on a commercial projector-based desktop 3D 

printer (Solus) using modified print parameters. As shown in Figure 0-6 and , a diverse   

 

Figure 0-6. 3D prints of a House Stark direwolf sigil, an amulet, and a House Targaryen 
three-headed dragon sigilbreathing flames sigil. 

The high levels of intricacy and customization offered by 3D printing offers 

tremendous potential for a variety of use cases for meltable additive manufacturing 

resins. Specifically, with respect to jewelry investment casting, current 3D printing 

approaches involve printing the positive of a ring, or set of rings, that eventually serve 

as a sacrifice after casting in gypsum. Since all existing resins form crosslinked 

polymers, the embedded prints within the set gypsum need to be burnt off at polymer 

decomposition temperatures (in excess of 500C) for removal. This process is tedious 

and ultimately imperfect as residual ash and/or residue can limit final resolutions of the 

mold quality, particularly for jewelry and other high-value products. This same concept 

of decomposing a sacrificial printed photopolymer is also employed for 3D printing 

ceramics.25 In these instances, the ability to simply melt an embedded print and flow out 
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the polymer represents an enabling advancement over current methods. This is 

demonstrated as a proof-of-concept with photopolymerizable thermoplastics by 

removing a fractional portion of a QC print consisting of a base with 4 pillars. This object 

was placed on a glass slide such that the pillars were standing upright as shown in 

Figure 0-7. The slide was then placed on a hotplate operating at 90C (slightly above 

the melting temperature of HDT-DAT at 87C). Within 30 seconds, the base in direct 

contact with the glass slide melted causing the upright pillars to wilt and eventually fall 

over. This caused the rest of the print to melt and form a puddle. In the last image (far 

right) a glass pipette tip was used to manipulate the melt into an arbitrary design. This 

experiment clearly demonstrated the ability to heat a 3D printed object into a melt that 

could then be reprocessed.  

 

Figure 0-7. A time series of images showing the progression (from left to right) of a 3D 
printed object consisting of 4 pillars on a base that was situated on a glass slide and 

placed on a hotplate set at 90C. As heat conducts from the glass slide to the object, 
the base melted causing the standing pillars to wilt and fall before eventually melting 
themselves. In the last image a glass pipette tip was used to rearrange the melt to an 
arbitrary design. 

While essentially all thermoplastics are inherently recyclable, the unfortunate 

reality is that less than 10% of all plastics get recycled26, 27 with PET being the most 

recycled polymer. A major reason is the relatively low cost of production for low value 

end uses in contrast to the steep costs of sorting and recycling. Unlike conventional 
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thermoplastics, photopolymerizable thermoplastics are likely to only be economically 

feasible for high value applications such as 3D printing. Hence, they are less likely to be 

used for short single-use (typically low value) applications and more likely to be recycled 

and sustainable, possibly alleviating the issue of 3D printing exacerbating the plastics 

waste problem with permanent crosslinked polymers.28 In fact, a valuable feature of 

photopolymerizable thermoplastics is its intrinsic reprocessability. This feature lends to 

the concept of being able to reuse a SLA printed object (or cured resin) as a feedstock 

for one of the alternative 3D printing methods such as fused deposition modeling (FDM) 

and material jetting. As these additive manufacturing techniques fundamentally rely on 

the deposition of melted materials, printed photopolymerizable thermoplastics at the end 

of their SLA lifetime can be recycled for use as ‘new’ resins for FDM. A preliminary 

demonstration of this was  

The practical factors that may limit viability of the thiol-ene chemistry as 3D 

printing resins are primarily shelf-life resin stability and the unpleasant odor. In the 

former case, it has been well established that thiol-ene resin stability can vary widely 

from a few hours to multiple months with multiple strategies reported to effectively 

address this.29 Within the scope of the studied photopolymerizable thermoplastic thiol-

ene systems, a limited stability of a few days was observed with 1,2-ethane dithiol-

based (EDT) systems. Given the low starting viscosities of these thiol-ene systems, the 

finite stability of the resin can actually be considered useful in the slow and gradual 

generation of low molecular weight oligomers for reducing odor (primarily due to low 

molecular weight thiols) without dramatically compromising print quality. Furthermore, 

as mentioned earlier, any reacted photopolymerizable thermoplastics resin can simply 
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be repurposed instead of discarded. While the issue of odor is more of an 

inconvenience issue than of toxicity (unlike with many acrylates), several measures can 

be taken to mitigate the overall smell. One simple chemical approach would be to pre-

oligomerize the resin to form higher molecular weight species while more direct 

strategies such as printing in a fume hood or employing a vapor extraction system could 

also be considered. 

1.43 Conclusions 

 Here, the first instance of the vat photopolymerization 3D printing of mechanically 

robust linear polymers was disclosed using photopolymerizable thermoplastics. A model 

system, HDT-DAT, was used with carbon black in an otherwise unoptimized resin 

formulation to produce high quality 3D prints that displayed excellent positive and 

negative resolutions using a commercial 3D printer at standard print times (< 10 

seconds per layer). Critically, the intrinsic ability to melt at accessible temperatures 

(~80C) and reprocess these otherwise tough materials lends itself to a variety of new 

uses not achievable with current photopolymers.  
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