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Other work investigated the synthesis and characterization of first-ever phosphonium 

polyzwitterions.  Free radical polymerization synthesized air-stable triarylphosphine-containing 

polymers and random copolymers from the monomer 4-(diphenylphosphino) styrene (DPPS).  31P 

NMR spectroscopy confirmed quantitative post-polymerization alkylation of pendant 

triarylphosphines to yield phosphonium ionomers and polyzwitterions.  Systematic comparison of 

neutral, ionomer, and polyzwitterions elucidated significant (thermo)mechanical reinforcement by 

interactions between large phosphonium sulfobetaine dipoles.  Broadband dielectric spectroscopy 

(BDS) confirmed the presence of these dipoles through significant increases in static dielectric 

content.  Small-angle X-ray scattering (SAX) illustrated ionic domain formation for all charged 

polymers. 
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GENERAL AUDIENCE ABSTRACT 

 
 

 Additive manufacturing (AM) revolutionizes the fabrication of complex geometries, 

however the utility of these 3D objects for real world applications remains hindered by 

characteristically poor mechanical properties.  As a primary example, many AM process restrict 

the maximum viscosity of suitable materials which limits their molecular weight and mechanical 

properties.  This dissertation encompasses the design of new photopolymers to circumvent this 

restriction and enhance the mechanical performance of printed materials, with an emphasis on 

elastomers. Primarily, my work investigated the use of latex polymer colloids, polymer particles 

dispersed in water, as a novel route to provide high molecular weight polymers necessary for 

elastic properties in a low viscosity, liquid form.  The addition of photoreactive molecules into the 

aqueous phase of latex introduces the necessary photocurability for vat photopolymerization (VP) 

AM.  Photocuring in the printer fabricates a three-dimensional object which comprises a hydrogel 

embedded with polymer particles.  Upon drying, these particles coalesce by penetrating through 

the hydrogel scaffold without disrupting the printed shape and provide mechanical properties 

comparable with the high molecular weight latex polymer.  As a result, this work introduces high 

molecular weight, high performance polymers to VP and reimagines latex applications beyond 2D 

coatings.  Further investigations demonstrate the versatility of this approach beyond elastomers 

with successful implementations with glassy polymers and inorganic (silica) particles which yield 

nanocomposites. 
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2.1 Abstract 

Unparalleled temporal and spatial control of colloidal chemical processes introduces immense 

potential for the manufacturing, modification, and manipulation of latex particles.  This review 

highlights major advances in photochemistry, both as stimulus and response, to generate 

unprecedented functionality in polymer colloids. Light-based chemical modification generates 

polymer particles with unique structural complexity, and the incorporation of photoactive 

functionalities transforms inert particles into photoactive nanodevices.  Latex photo-functionality, 
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which is reflected in both the colloidal and coalesced states, enables photochromism, 

photoswitchable aggregation, tunable fluorescence, photoactivated crosslinking and solidification, 

and photomechanical actuation.  Previous literature explores the capacity of photochemistry, 

which complements the rheological and processing advantages of latex, to expand beyond 

traditional coatings applications and enable disruptive technologies in critical areas including 

nanomedicine, data security, and additive manufacturing. 

2.2 Introduction  

The design and application of latex, colloidal dispersions of polymer particles in water, endures 

as an immense field of innovation throughout academia and the industrial sector.  The allure of 

these colloids lies in the unique benefits they offer for polymerization conditions, facile processing, 

and modular modification of polymeric materials.1  Centered on coating and adhesive applications, 

polymer latex currently comprises a multi-billion-dollar global industry.2,3 While nature provided 

the first example of these materials in the form of natural rubber latex, developments in emulsion 

polymerization and emulsification processes have broadly expanded the compositions, 

morphologies, and functionalities of latexes beyond polyisoprene.4  The incorporation of light-

based processes further revolutionizes these materials, yielding unparalleled synthetic capability 

and functional responsivity to polymer colloids. 

Photochemistry affords unique spatial and temporal control to synthetic and modification 

processes.  Light is currently the fastest mode of energy and stimulus delivery, offering precise 

selectivity across the electromagnetic spectrum, and is readily shaped and modulated with 

currently available optics technology. In latex, photochemistry enables the precise manufacturing, 

modification, and manipulation of microscopic polymer particles to revolutionize the expansive 

reach of the latex industry and introduce new possibilities for these materials in fields such a 
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Figure 2.1.  Photo-induced crosslinking of natural rubber latex in both latex- and film-states 
investigated by Schlögl and coworkers.  Copyright 2014. Reprinted  with permission from Elsevier 
from reference 24. 

 

While thiol-ene chemistry provides an interesting analog to sulfur vulcanization of diene 

rubbers, the presence of thiols incurs undesirable odors, which may not be suitable for certain 

applications requiring human exposure.  Work by Wiroonpchit and coworkers investigated an 

alternative approach to intraparticle photocrosslinking of natural rubber latex with diacrylates 

instead of thiols.30,31  It is interesting to note that both Schlögl and Wiroonpchit observed only 

minor inhibition by oxygen regardless of atmospheric conditions.  While the former example 

employed thiol-ene chemistry, which is an oxygen-resistant click reaction, the use of acrylate 

chemistry implied an additional effect to explain this insensitivity.  Schlögl et al. suggested that 

the decreased surface area-to-thickness ratio in their reactor compared to thin film cases (which 

displayed oxygen inhibition) may limit oxygen accessibility to photoinitated radicals.26    
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property is strongly dependent on environment, staging an ideal opportunity for latex.  Zhu and 

coworkers investigated the copolymerization of an spiropyran-acrylate derivative to yield 

functional latex particles via copolymerization with styrene, MMA, and n-butyl acrylate (BA) and 

compared these with analogous polymers in homogenous solution.125  In solution (toluene), neither 

the spiro- or mero- isomers exhibited appreciable fluorescence.  However, when incorporated into 

a polymer latex particle, the mero-isomer strongly fluoresced.  The authors attribute this to the 

hydrophobic environment of the particle interior, which prevented nonradiative decay or electron-

transfer pathways with solvent molecules and possibly provided restriction to rotational mobility 

within SP, which benefits fluorescence.  Later work by Zhu and coworkers found further evidence 

of this effect of nanoenvironment on spiropyran fluorescence.91 In spiropyran-functionalized 

poly(caprolactone) (PCL) particles, both the spiro- (green) and mero- (red) isomers strongly 

fluoresced at an excitation wavelength of 420 nm, rather than just the mero- form in the 

styrenic/acrylic latexes. 

Traditional fluorescent molecules often exhibit decreased fluorescence at high concentrations 

due to the aggregation caused quenching (ACQ) effect.128  Illustrated in Figure 2.9, Li and 

coworkers developed a novel system to mitigate this effect by ionically attaching the fluorophores 

to the surface of latex particles, which separated the molecules and reduced their ability to 

aggregate.102  The model fluorophore, rhodamine B, is ionizable and contains both negatively and 

positively charged moieties, dependent on pH.  The authors synthesized latex particles with both 

positively and negatively charged surfaces to investigate attachment in different environments.  

Studies of the effects of particle size, rhodamine B concentration, and particle concentration on 

fluorescent properties found the ionically bound fluorescent systems to effectively overcome 

ACQ. 

 









25 
 

 
Figure 2.12. Liang and coworkers investigated the effects of chain mobility on the protection of 
water-sensitive AIEgens. (a) Below Tg, AIEgens are kinetically trapped away from the polymer-
water interface.  However, at and above Tg they can migrate to the surface and hydrolyze. (b) 
Increased fluorescence loss of MPPS as the temperature approaches the particle Tg (74 °C). 
Copyright 2019. Reproduced with permission from Elsevier from reference 90. 

Recent work by Li et al. introduced AIEgens into latex as TPE-functionalized silica cores.88 

Functionalized silica nanoparticles were prepared via silane coupling of a modified TPE 

compound onto the surface (Figure 2.13).  A subsequent emulsion polymerization using these 

particles as seeds yielded hybrid organic-inorganic latex particles with fluorescent silica cores.  

Subsequent film formation of the hybrid latexes yielded fluorescent nanocomposite films. 
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latex formulations, with promising results of increased photocatalytic performance than 

TiO2.179,180 

 

2.4.5 Photomechanical response 

The transduction of electromagnetic radiation into mechanical energy enables the unique ability 

to manipulate polymer particles with light.  Mechanochemistry is a rapidly expanding field, 

providing exciting capabilities to materials that include shape memory, locomotion, and stress-

analysis.181 Photo-activated mechanochemistry primarily utilizes photoisomerization of 

mechanically active linkages in materials.  Specifically, a major portion of research in this area 

focuses on the photoisomerization of the azobenzene chromophore, shown in Scheme 2.2.  Upon 

irradiation at approximately 320 nm, the molecule isomerizes to the cis form.182 It is important to 

note that while one isomer dominates upon irradiation at either wavelength, it is neither 

quantitative nor static; an equilibrium exists between the two forms at all times.  The rapid 

excitation and relaxation between isomers results in a continuous cycling between the cis and trans 

states during irradiation.   

 

Scheme 2.2. Reversible photoisomerization of azobenzene. 

Li and coworkers discovered the curious photomechanical deformation of polymer 

particles, which contained azobenzene units pendant to the polymer chain, shown in Figure 

2.14.183,184  The authors irradiated the particles with a p-polarized laser, which has an electric field 

parallel to the plane of incidence, at 480 nm and observed an elongation of the particles along the 

direction of the light polarization.  While the precise mechanism of this response remains 
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Figure 2.15. Zhou and coworkers investigated the photo-deformation of Janus azo-functionalized 
latex particles.  (a) Azo-containing copolymer incorporated into one half of the Janus particles.  
(b) Effect of orientation on shape of photo-deformed particle (c) optical micrograph of Janus 
particles before (top) and after (bottom) irradiation. Copyright 2016. Reproduced with permission 
from the American Chemical Society from reference 189. 
 

Hou and coworkers investigated Janus polymer particles which contain an azo-functional liquid 

crystalline (LC) polymer on one side (Figure 2.16).192 Upon light-induced cis-trans cycling of the 

azo-end groups, as discussed earlier, the LC phase becomes amorphous and expands before 

eventually engulfing the other half of the particle.  Visible light reverts the azobenzene groups 

primarily to the trans state and the particles revert to the Janus morphology. 
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light irradiation, the surfactant returns to predominantly the trans isomer and reinserts into the 

particle surface, enabling particle redispersion.  The inclusion of a non-photosensitive and 

oppositely charged surfactant, sodium dodecyl sulfate (SDS), facilitates both aggregation and 

redispersion.  SDS provides a low level of negative charge at the surface which aids the overall 

decrease in zeta potential as the positively charged C4AzoTAB leaves the surface. This charge 

also provides enough repulsion in the aggregated state to prevent irreversible coagulation.  

 

Figure 2.18 Jasinski et al. introduced the ability photo-induce aggregation of latex via 
incorporation of an azo-functionalized photosurfactant. Copyright 2019. Reproduced with 
permission from John Wiley & Sons, Inc from reference 209. 

 

In addition to photosurfactants, aggregation is induced by the introduction of attractive 

interactions on the particle surface. In this way, spiropyran-functionalized latex particles 
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Figure 2.19. Abdollahi et al. investigated the (a) reversible photo-induced aggregation of 
spiropyran (SP) surface-functionalized latex particles. DLS showed size increases at 
concentrations from 0.5% (b) to 5% SP (c). Copyright 2018.  Reproduced with permission from 
the American Chemical Society from reference 107. 

2.4.7 Interparticle photocrosslinking 

Crosslinking and network formation represent a heavily studied research focus for both 

photochemistry and latex, primarily to increase the mechanical properties and chemical resistance 

of the resultant polymer film.  Photocrosslinking in latex has occurred primarily as intraparticle 

photocrosslinking in the colloidal state (discussed previously), film-state photocrosslinking 

between chains from every particle after drying and coalescence of the latex, and colloidal state 

interparticle photocrosslinking to connect the dispersed latex particles and yield a solid.  The latter 

in particular affords exciting new opportunities beyond traditional film and coatings applications. 

2.4.7.1 Film-state photocrosslinking 

Latex design to yield photocrosslinkable coatings and films has received major attention across 

both academia and industry.  As mentioned previously (Figure 2.1), Schlögl et al. introduced 

photocrosslinking chemistry into natural latex capable of crosslinking the polydiene backbone in 
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isotopically and neither it nor the network penetration by the latex polymers disrupt the printed 

features shape and resolution.  This work also introduces in-situ computer-vision print parameter 

optimization to mitigate light scattering by the colloids and improve feature resolution of printed 

parts.  As a result, this work combines the low viscosity processing advantages of polymer latex, 

the enhanced mechanical properties associated with high molecular weight polymer, and the ability 

to fabricate structures with unprecedented spatial and temporal control afforded by 

photochemistry. 

 
Figure 2.24. Scott and Meenakshisundaram et al. designed (A) a platform to harness photocurable 
latex for introducing high molecular weight polymers to VP 3D printing. Images of 3D printed 
lattice in greenbody (B) and IPN (C).  Elastomeric molds (D-G) exhibit combination of geometric 
complexity and elastic performance. Copyright 2020. Reproduced with permission from the 
American Chemical Society from reference 10. 
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2.5 Future Perspectives for the Role of Light in Latex 

Photochemistry revolutionizes traditional strategies for the manufacturing, modification, and 

manipulation of polymer latexes, introducing new possibilities for these historic colloids as 

functional nanomaterials. Significant research elucidates colloidal particles as ideal nanostructures 

for assembly into photonic crystals,231,232,253,254 enabling optical applications in laser232 and lens255 

technology.  For these applications, particles are typically concentrated and dried onto a substrate 

to promote self-assembly into colloidal crystal structures.  However, previously discussed 

developments in particle laser trapping and attachment could significantly impact this technology 

by allowing precise and intentional arrangement of particles for more intricate optical devices. In 

a similar direction, Tian and coworkers provides an intriguing example of interparticle crosslinking 

to provide tough photonic crystals.233 Recent work by Klinger and coworkers introduces photo-

degradable crosslinked polymer particles256,257 which have clear application for triggered drug 

delivery among other applications.  Extensive research into semibatch and ab-initio emulsion 

polymerization techniques demonstrates uniquely precise control of latex particles over a wide 

range of sizes.19,258,259  This combined with synthetic control of surface functionality, modulus, 

chemical composition, and shape, positions degradable latex particles as promising nanodevices 

for selective functionality within biological systems.  Recent examples of 3D printing latex 

demonstrate its ability to create crosslinked structures with controlled nanoporosity or fabricate 

complex architectures of polymer compositions and molecular weights otherwise difficult or 

impossible to achieve by traditional techniques. The introduction of hybrid colloids to this strategy 

suggests facile access to nanocomposite materials as a natural advancement of their traditional use 

in coatings and films.  Further, this technology offers potential disruption to fields outside of 

science and engineering.  Decades of research into the controlled coloration of latexes enables an 
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3.1 Abstract 

 

Vat photopolymerization (VP) additive manufacturing fabricates intricate geometries with 

excellent resolution; however, high molecular weight polymers are not amenable to VP due to 

concomitant high solution and melt viscosities. Thus, a challenging paradox arises between 

printability and mechanical performance. This report describes concurrent photopolymer and VP 

system design to navigate this paradox with the unprecedented use of polymeric colloids (latexes) 

that effectively decouple the dependency of viscosity on molecular weight. Photocrosslinking of a 

continuous-phase scaffold, which surrounds the latex particles, combined with in-situ computer-

vision print parameter optimization, which compensates for light scattering, enables high-

resolution VP of high molecular weight polymer latexes as particle-embedded green bodies. 

Thermal post-processing promotes coalescence of the dispersed particles throughout the scaffold, 

forming a semi-interpenetrating polymer network (sIPN) without loss in part resolution. Printing 

a styrene-butadiene rubber (SBR) latex, a previously inaccessible elastomer composition for VP, 

exemplified this approach and yielded printed elastomers with precise geometry and tensile 

extensibilities exceeding 500%. 
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weight polymers in printed objects. Moreover, polymeric colloids scatter incident VP irradiation 

during printing, and intelligent energy distribution schemes for mitigating this scattering remain 

unexplored. 

We report an unprecedented VP material and printing platform that employs common 

polymeric latexes as high molecular weight, low viscosity precursors to address the VP 

printability -performance paradox. Photocrosslinking of water-soluble network precursors in the 

continuous phase forms a tunable scaffold that surrounds the latex particles, which yields a robust, 

freestanding green body object with suitable modulus for VP operations. We employ 

unprecedented computer-vision-based process parameter generation in the VP printer that 

compensates for light scattering by the colloid and enables light-based printing of complex shapes 

without UV absorbers.  Subsequent dehydration of printed green bodies under mild conditions 

promotes 3D coalescence of the latex particles throughout the printed scaffold. This novel strategy 

forms a semi-interpenetrating polymer network (sIPN) and harnesses the mechanical properties of 

the dispersed, high molecular weight polymer without requiring extraordinary polymer thermal 

stability or disrupting the complex geometric features defined during the VP printing process. This 

leads to 3D printed elastomers that establish a new benchmark for performance that approaches 

bulk elastomeric films. 

3.3 Results and Discussion 

3.3.1 Synthetic design of photocurable polymer latexes 

Figure 3.1 illustrates VP of photocurable polymeric latexes to print high molecular weight 

polymers.  Facile addition of network precursors and photoinitiator to the continuous, aqueous 
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photoinitiator) at 1 wt% dilution was also prepared for comparison.  70 µL of each latex sample 

was then applied to the surface of a TEM grid and spin coated at 4000 rpm for 20 s.  For photocured 

samples (green body and IPN state), UV irradiation was applied via an Omnicure S2000 (details 

above), at 10% shutter for 5 s.  IPN state samples were placed in a vacuum oven at 65 °C for 12 

h.  All other samples were mounted onto a glass slide and placed into a sealed centrifuge tube with 

water-saturated kim wipes to minimize drying prior to imaging.  TEM imaging occurred promptly 

after sample preparation.  The wet samples were placed directly into the TEM sample load lock to 

rapidly dry immediately before insertion into the instrument and imaging. The dried (IPN state) 

sample was imaged after directly after removal from vacuum oven. 

3.4.6 Liquid-cell (k-kit) TEM (wet-state) 

Photocurable latex (4:1 polymer:scaffold, 5:1 NVP:PEGDA) was prepared as described above, 

using 1 wt% diluted latex in lieu of 50 wt% to aid imaging and a neat 1 wt% without added 

monomer and photoinitiator for comparison.  Each sample was loaded into the k-kit according to 

a modified version of the procedure provided with the k-kit toolkit and employing a stereoscope 

for visualization of the process.  0.2 uL of latex was placed on the sample loading stage.  The k-

kit channel ends were opened via removing the sealing tips at each end, then one end of the channel 

was dipped into the sample droplet, ensuring contact via stereoscope observation.  The ends of the 

k-kit body were cleaned using polypropylene swabs, followed by sealing of each end with Hysol 

1C high vacuum sealant.  The k-kit was allowed to sit for 1 h at atmospheric temperature and 

pressure to allow hardening of the sealant before mounting into the provided copper grid holder 

with the supplied epoxy.  The k-kit was then placed in a vacuum oven at 15 mmHg and room 

temperature to accelerate curing of the sealant and mounting epoxy.  Finally, the sample was 





97 

 

nm. The intensity on the projection plane, measured with a 365 nm radiometer (xx name), is 2.4 

mW/cm2. Using imaging and conditioning optics (DLIinnovations-DLP6500), the projection area 

and projected pixel size on the focal plane were measured to be 61x34 mm and 31 µm respectively. 

The projector is fixed on cross-mounted X-Y linear stages (ZABER: A-LST0500A-E01) to enable 

continuous scanning in the X-Y plane. A build stage, additively manufactured using filament 

extrusion of ULTEM 9085, is mounted to a high-resolution Z-stage (ZABER: A-LST0250A-E01). 

A glass slide (Corning 294775X50) was mounted to the top surface of the build platform to ensure 

a smooth build surface and good adhesion with the printed part. A custom glass vat (150x150x40 

mm) was manufactured for containing the photocurable latex. A recoating blade, mounted to a 

custom linear actuator, was directly mounted to the X-Y gantry, enabling the control over recoating 

speed and recoating depth.  The mechatronic elements and the projection were controlled using a 

custom LABVIEW program.30 

The scanning mask projection apparatus was used in this work because it enables the 

fabrication of large area parts with high-resolution through the use of the unique scanning process. 

Instead of projecting a static frame on the resin surface, the S-MPVP system projects a movie and 

scans across the resin surface simultaneously. During the fabrication process, a bitmap 

corresponding to the layer to be printed is sliced into smaller projection rows. Each row is then 

split into multiple static frames such that when they are played as a movie, the entire row is 

projected without loss of information. The speed at which the movie is played is related to the scan 

speed through the S-MPVP model. Through the use of a custom rendering program, the movie is 

created and played real-time while the projector is scanning across the resin surface. This process 

is repeated for all the scanning rows and all layers if the part to be fabricated. The synchronization 

of the movie and the scanning process are carefully monitored to ensure consistent part fabrication.  
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µm was selected for specimen fabrication. The flowchart for the process parameter optimization 

is shown in Figure S3.6.  

For fabrication of specimens in the static mode, the optimization algorithm was modified as 

per Scheme 3.1. Through iterative selection of exposure time and grayscaling ratio, the cured 

specimen dimensions were simulated with the S-MPVP model. The combination of process 

parameters that resulted in the fabrication of features with errors < 10 µm was selected for 

specimen fabrication. 

3.4.9.4 Specimen Fabrication via Static MPVP 

Autodesk Netfabb was used to slice the STL file of the Schwarz lattice (pore size of 5 mm) 

and the impellor molds into 100 µm layers. The layers were then converted into bitmap images 

with a resolution of 801 DPI. Photocurable latex was transferred into the resin vat and the build 

platform was lowered 100 µm (layer thickness) into the resin. The projector, while remaining 

stationary above the build platform, projected bitmap patterns corresponding to each layer for an 

exposure time of 8 seconds. The first layer was exposed 3 times to ensure good adhesion with the 

glass slide. The build platform was then lowered into the resin to agitate the latex and prevent 

evaporation of water. After accounting for the layer thickness, the build platform was raised to the 

appropriate height for recoating. A recoating blade traversed across the printed tensile specimen 

to enforce deposition of a uniform layer of uncured resin. The recoating speed was controlled to 5 

mm/s to prevent dislodging of printed specimen. The projection and recoating cycles were repeated 

until complete fabrication of the part. Printed greenbodies were removed from the build platform 

and cleaned thoroughly with water to remove uncured resin. Cleaned greenbodies were UV-

postcured for 10 minutes (each side). 
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Figure S3.2. Drying of photocured greenbodies yields translucent sIPN networks.  TEM confirms 
coalescence of SBR particles entrapped in NVP/PEGDA photocured scaffold. 

 

 
 
Figure S3.3. TEM images of photocured latex greenbody in wet state (k-kit) showing well 
dispersed particles throughout curing process. 
  



107 

 

 

 
 

Figure S3.4. TEM images of photocured latex in dried state (k-kit) showing well dispersed 
particles with increased radius due to penetration with scaffold.  Rod-like objects are fragments 
that appeared after drying and are likely from the k-kit body itself. 
 

 

Figure S3.5. Working curve of the 0.25:1 PEGDA:NVP latex composition shows adherence to 
the Jacobs equation when the layer thickness is < 700 µm. The Critical Energy and Depth of 
penetration were calculated to be 74 mJ/cm2 and 206 µm respectively.    
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Figure S3.6. The flowchart highlights the method to determine the process parameters for 
printing with the S-MPVP system. First the desired energy distribution (ER) is numerically 
computed. Then, through the use of known parameters (pixel intensity distribution measured via 
in-situ computer vision technique and resin curing properties (Ec and Dp), the scan speed (V) and 
intensity (I) required to fabricate the part are iteratively determined. Additional constrains such 
as speed limit of the linear stages (Vlim) and the maximum intensity of the UV lamp are supplied 
to ensure the predicted parameters are within achievable ranges.  
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Figure S3.7. VP printed cubes from 0.4:1 PEGDA:NVP latex composition for shrinkage 
analysis.  Surfaces ridges are due to parabolic attenuation of light in the z direction, a common 
artifact for VP parts with large (>10 µm) layer thicknesses. Wet greenbody (left) and dried sIPN 
(right) states shown.  sIPN cubes are clear along axis of direction (top right), confirming a lack 
of discrete interfaces between layers. 
 

 
 

Figure S3.8. Tensile analysis of VP printed tensile specimens (0.4:1 PEGDA:NVP).  Confirms 
consistent tensile behavior between multiple specimens with all achieving extensibilities above 
500%. 
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4.1 Abstract 

Inorganic-polymer hybrid colloids present a modular and tunable route to fabricate polymer 

nanocomposites from low viscosity precursors; however, their use in additive manufacturing 

remains limited.  This manuscript introduces photocurable hybrid colloids to enable layered 

fabrication of elastomeric nanocomposites, by combining continuous-phase photocrosslinking 

chemistry with hybrid colloids of water-dispersible silica nanoparticles and styrene-butadiene 

rubber (SBR) latex particles.  Varying the relative concentrations of polymeric and inorganic 

particles afforded precise tuning of filler loading in the final nanocomposite and introduced a 

bidisperse particle size distribution with desirable rheological behavior for extrusion-based 

additive manufacturing.  Specifically, ultraviolet-assisted direct ink write (UV-DIW) processing 

of the photocurable hybrid colloid pastes generated free-standing green bodies, which contained a 

combination of SBR and silica nanoparticles. Subsequent drying of the green bodies allowed SBR 
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combine mechanical performance with structural complexity.  Many examples combine 

mechanisms i & ii to aid in the generation of shape and the manifestation of mechanical properties 

during DIW processes.63,66,67 However, high molecular weight polymers are not suitable for DIW 

as a greater amount of chain entanglements induces melt and solution viscosities above the suitable 

maximum for DIW (up to approximately 105 Pa·s with appropriate shear-thinning behavior).54,68 

Furthermore, the inclusion of inorganic fillers to the polymer further increases viscosity leading to 

nozzle clogging or inability to extrude at the pressures available.69  As a result of the viscosity 

constraints due to applied pressure limitations of the extruder, filled thermoplastics printed via FFF 

are limited to 40 wt% filler  69. 

Polymer colloids mitigate the molecular weight-viscosity relationship through preventing 

long-range entanglement as chains are sequestered into discrete particles. Furthermore, the 

polymer colloids often exhibit shear thinning behavior, presenting an opportunity for polymer 

colloids as high molecular weight DIW inks.  Colloidal gel DIW inks comprise high concentrations 

of particles in a liquid medium, which physically interact to form a solid colloidal gel. Above a 

critical stress or strain, this colloidal gel network disrupts, allowing particles to flow past each 

other, and the colloid rapidly transitions to liquid-like rheological behavior.  Upon removal of 

shear stress, the structure reforms and the material solidifies.70,71 Investigations of colloidal DIW 

inks include poly(ethylene imine)-coated silica nanoparticles in water,65 concentrated polymer 

colloids,72,73 and inorganic particles suspended in a small-molecule dispersant57 or liquid oligomer 

melts.54 Although concentrated colloids display ideal rheological behavior for DIW, utilization of 

inorganic-polymer hybrid colloids to simultaneously introduce high molecular weight polymers 

and facile incorporation of inorganic fillers for DIW remains unexplored. 
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Herein, we report, to the best of our knowledge, the first example of additive manufacturing of 

inorganic-polymer hybrid colloids.  Our research groups have recently developed a novel, 

photoactive continuous-phase scaffolding approach to enable VP additive manufacturing of 

polymeric latexes as a versatile strategy to fabricate complex geometries of high molecular weight 

elastomers from low-viscosity precursors.74 Replacing a fraction of polymer particles with 

inorganic nanoparticles allows access to high-performance nanocomposites. High particle 

concentrations, concomitant with the introduction of the smaller silica particles, introduce yield-

stress rheological behavior and position these hybrid colloids as ideal candidates for DIW printing. 

The hybrid colloids were therefore equipped with two solidification mechanisms (i & ii) , which 

include a reversible, shear-dependent solid-liquid transition that enabled both flow through the 

nozzle and retention of the deposited shape, and a subsequent, irreversible gelation by continuous-

phase photocrosslinking to provide a robust network capable of supporting subsequent layers.  

Upon drying of printed objects, coalescence of latex polymer particles throughout the 

photocrosslinked scaffold surrounds the silica nanoparticles and yields high-performance 

reinforced elastomeric nanocomposites with tensile strains exceeding 300% and tensile strengths 

approaching 10 MPa. 

4.3 Materials and Methods 

4.3.1 Materials 

Carboxylated styrene-butadiene rubber (SBR) latex (Rovene 4176) was generously donated by 

Mallard Creek Polymers Inc. The latex has a solids content of 50 wt% in water and a particle 

diameter range of approximately 120-170 nm. The SBR copolymer was approximately 50/50 by 

weight styrene and butadiene with a low level of carboxylic acid monomer neutralized with 
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ammonia to provide colloidal stability.  The polymer contains a high insoluble (gel) content from 

the polymerization process due to intra-particle crosslinking during the polymerization process. 

1-vinyl-2-pyrrolidinone (NVP), poly(ethylene glycol) 575 g/mol (PEGDA 575), lithium 

bromide (LiBr), (3-aminopropyl)triethoxysilane, and succinic anhydride were purchased from 

Millipore Sigma and used as received. Methyl ethyl ketone (MEK), dimethyl phenylphosphonite 

and 2,4,6-trimethylbenzoyl chloride were purchased from Alfa Aesar and used without further 

purification.  Colloidal silica nanoparticles (10-15 nm) dispersed in MEK  (MEK-ST) were 

generously donated by Nissan Chemical Corporation. HPLC-grade tetrahydrofuran (THF), 

dimethyl formamide (DMF), diethyl ether, and hexanes were purchased from Fisher Scientific and 

used without further purification. 

4.3.2 Analytical Methods 

Dynamic light scattering (DLS) was performed with a Malvern Zetasizer Nano at 25 °C. 

Thermogravimetric analysis (TGA) was performed with an TA Instruments Q500 at a rate of 10 

°C/min and an isothermal drying step at 120 °C for 10 min. 

Tensile tests were performed with an Instron 5500R equipped with a 200 lb load cell at 50 

mm/min. Tests were conducted on (i) dogbones that were both die-cut (ASTM D-638 V) from 

photocast and dried films, and (ii)  dogbones printed via UV-assisted direct ink write (UV-DIW) 

(ASTM D-638 IV, scaled proportionally to a 55 mm length). Differences between the mechanical 

properties of tensile bars printed with x-y tool path bead orientations of 0°, 45°, and 90° with 

respect to the elongation direction were compared using a one-way ANOVA, where a value of P 

< 0.05 was considered statistically significant. Cyclic experiments were performed on the same 

Instron instrument at a rate of 200 %/min with a 30 s hold at 0% strain between cycles. 
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Dynamic mechanical analysis (DMA) was performed on a TA Instruments Q800 at 1 Hz, 3 

°C/min, and 0.2% strain. 

Rheological analysis was performed on a TA Instruments DHR-2 rheometer with a concentric 

cylinder geometry (28 mm bob diameter, 42 mm bob length, 30.4 mm cup diameter) for both 

continuous flow and oscillatory experiments at 25 °C.  An oscillatory time sweep experiment was 

performed to investigate the recovery time of colloidal network structure to gauge wait time 

between experiments. Stress and strain sweeps were performed at a constant frequency of 1 Hz. 

Photorheology was performed with the same rheometer equipped with a 20 mm parallel plate 

geometry with a UV light guide attachment and OmniCure S2000 Spot UV Curing System light 

source.  Photorheological tests were performed at 0.2% strain, 1 Hz, and with a measured UV 

intensity of 250 mW/cm2 averaged across a spectral range of 320-500 nm.  Scanning electron 

microscopy (SEM) samples were freeze-fractured in liquid nitrogen prior to imaging on a FEI 

Quanta 600 FEG utilizing the back-scattering detector and 20 kV accelerating voltage.  Samples 

were sputter-coated with 7 nm of gold/palladium for imaging. 

4.3.3 Synthesis of lithium acylphosphinate photoinitiator (LAP) 

Lithium acylphosphinate photoinitiator (LAP) was synthesized according to a previous 

procedure from literature.75,76  In a typical example 3.00 g (17.5 mmol) of dimethyl 

phenylphosphonite was added to a 250-mL round bottomed flask and purged with argon for 15 

min while stirring.  3.20 g (17.5 mmol) of 2,4,6-trimethylbenzoyl chloride was added dropwise 

via syringe to the flask while stirring and allowed to react 18 h.  It is important to note that methyl 

chloride is a toxic, gaseous byproduct of this reaction and therefore the reaction purge outlet was 

bubbled through an aqueous ethanolamine trap. 6.1 g (70.1 mmol) of LiBr was dissolved in 100 
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mL of MEK and the solution was added to the reaction.  The reaction was subsequently heated to 

50 °C for 10 min after which a white precipitate formed.  The reaction was then cooled and allowed 

to rest at room temperature for 4 h to allow full precipitation.  The supernatant was decanted, and 

the white powder precipitate was washed three times with MEK.  The LAP powder was then dried 

at room temperature in vacuo overnight and stored in a sealed amber jar. 

4.3.4 Surface functionalization of silica nanoparticles 

Surface functionalization of colloidal silica nanoparticles followed methods described 

previously in literature.77  In a typical example, 100 g of a colloidal silica in MEK dispersion (25 

g dry silica) was combined with 100 mL of THF in a sealed 500-mL round bottomed flask and 

purged 20 min with argon while stirring vigorously. 3.258 g (14.7 mmol) of (3-

aminopropyl)triethoxysilane was added to the flask. The reaction was heated to 60 °C and allowed 

to react for 16 h.  The reaction dispersion was subsequently poured into a series of 50-mL 

centrifuge tubes, each diluted 5x with hexanes, and centrifuged at 6,000 rpm for 5 min to 

precipitate the particles.  The supernatant was discarded, and the particles were redispersed in 

THF. This purification process was repeated 3x before finally redispersing the amine-

functionalized nanoparticles in 200 mL DMF in a 500-mL round bottomed flask and purged with 

argon for 20 min while stirring. 4.22 g (42.2 mmol) of succinic anhydride was dissolved in 10 mL 

DMF and added via syringe and the reaction was allowed to proceed for 12 h at room temperature.  

The resultant carboxylic acid (COOH) functional particles were precipitated from diethyl ether, 

centrifuged 3x (in a similar fashion as described above), and finally stored as a dispersion in 

ethanol for storage.  Degree of functionalization, expressed as mmol COOH / g silica, was 

determined via potassium hydroxide titration in ethanol. 

4.3.5 Design of photocurable polymer-inorganic hybrid colloids 
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photocrosslinkable network precursors into the continuous phase yielded stable, photocurable 

hybrid colloids amenable to UV-based AM processes. Photocrosslinking and subsequent SBR 

coalescence throughout the scaffold containing the silica nanoparticles yielded an elastomeric 

nanocomposite without disruption in the geometric fidelity of the printed part. 

 

Figure 4.1. Photocurable polymer-inorganic hybrid colloids enable UV-DIW additive 
manufacturing (AM) of hydrogel green bodies, which yield semi-interpenetrating polymer 
network (sIPN) nanocomposites upon removal of water. 

 

4.4.1 Photocurable Hybrid Colloid Design 

Carboxylation of colloidal silica nanoparticles using efficient silane functionalization77 

enabled dispersibility in aqueous media, as illustrated in Figure 4.2. Condensation of (3-

aminopropyl)triethoxysilane with surface silanol groups yielded amine-functionalized 

nanoparticles. Subsequent nucleophilic ring-opening of succinic anhydride with these amines 

generated surface-bound carboxylic acids. Titration of the surface acids confirmed a surface 

loading of approximately 0.350 mmol COOH/g silica, which corresponded to an approximate 
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increased with silica loading, which suggested aggregation beyond the 12 nm diameter of 

individually dispersed silica nanoparticles.  Silica aggregates clearly appeared for all filled 

systems, with a trend toward larger sizes for higher silica concentrations. SEM confirmed the 

presence of uniquely large aggregates at 50:50 silica:SBR. However, 10:90 and 30:70 Silica:SBR 

exhibited evenly distributed microscale dispersions of silica throughout the film.  It is important 

to note that only larger silica aggregates are visible with these SEM experiments, and therefore, 

these micrographs do not preclude the presence of individually dispersed silica nanoparticles. 

Since DLS does not provide evidence of micron-scale particles, silica aggregation likely occurred 

during either the photocuring or drying/coalescence stages.  The latter is a more plausible 

explanation as coalescence and penetration likely provided sufficient force to drive aggregation of 

previously dispersed silica nanoparticles.  Capillary forces during drying may also provide silica 

aggregation at higher particle loadings.  However, this mechanism of sIPN formation from latex 

is unprecedented beyond our own investigations, and future studies are necessary to better 

understand this phenomenon. 
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Figure 4.8. (A) Dynamic mechanical analysis and (B) tensile analysis confirm silica reinforcement 
of sIPN nanocomposites. (C) Cyclic tensile experiments of 30:70 Silica:SBR at a constant (C) and 
progressive (D) maximum strain elucidate reversible elongation and permanent set. 

 

4.4.5 Evaluation of Printed Objects from UV-DIW of Photocurable Hybrid Colloids 

30:70 and 50:50 silica:SBR hybrid colloid compositions were printed via DIW due to their 

suitable shear yield stress behavior (Figure 4.9). In agreement with predictions based on the 

rheological analysis, both of these compositions were extrudable at moderate pressures and, upon 

deposition, maintained their as-deposited shape. Moreover, these compositions maintained shape 

fidelity over the timescale required to print a single layer. UV irradiation subsequently photocured 

the paste into a robust solid green body capable of supporting subsequent layers. UV-DIW 

fabricated three-dimensional objects in a layer-by-layer approach, which generated elastic sIPN 

nanocomposite geometries upon water removal in vacuo. 
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Figure 4.9. (A) DIW-printed nanocomposite sIPN 3D objects from 50:50 silica:SBR photocurable 
hybrid colloid. (B) Tensile analysis shows comparable performance for DIW-printed dogbones 
(30:70 silica:SBR) with x-y layers printed at 0°, 45°, and 90° with respect to the elongation 
direction. 

 

In contrast to mask-projection VP, which fabricates entire layers simultaneously, the extrusion-

based approach of DIW yields both inter- (z) and intra- (x-y) layer interfaces.  These interfaces are 

known to create anisotropy of mechanical properties for parts fabricated by extrusion-based AM 

processes.49  The extension of latex-based printing to UV-DIW affords the opportunity to study 

the potential of polymer particle 3D coalescence to reduce this process-induced anisotropy. The 

30:70 silica:SBR composition was chosen for UV-DIW printing of tensile specimens as this ink 

balanced optimal rheology for printing, reinforced mechanical properties, and minimal 

aggregation of silica. Figures 4.9C and 4.9D  illustrate minimal differences between average 

ultimate tensile strains and stresses, respectively, for dogbones printed by UV-DIW with x-y 

interfaces oriented at 0°, 45°, and 90° with respect to the tensile direction (Figure 4.9B).  One-way 

ANOVA analysis determined no statistically significant difference (p > 0.05) for either metric 
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across all three directions, which confirmed low anisotropy for the printed sIPN nanocomposite 

objects. The printed and cast 30:70 Silica:SBR samples showed similar average strains at break, 

320% and 317%, respectively (Figures 4.8 and 4.9). However, the printed samples showed lower 

average ultimate strength than the cast samples, 7.6 MPa and 8.2 MPa respectively, perhaps due 

to the imperfections introduced by the printing process. 

4.5 Conclusions 

Photocurable hybrid colloids present a modular and highly tunable system for additive 

manufacturing of elastomeric nanocomposites. Hybrid colloid design on a particle-by-particle 

basis (rather than as composite particles) allows for precise loading of inorganic fillers into the 

final nanocomposite, and the concomitant bimodal size distribution strongly directs colloidal 

rheology to extend latex printing to extrusion-based AM platforms.  Colloidal shear-dependent 

liquid-solid transitions in concert with continuous-phase photocrosslinking establishes a unique 

processing window for UV-DIW printing that enables inks to maintain their as-deposited shape 

before subsequent photocuring to generate robust, stackable green body layers.  Upon water 

removal, SBR polymer particles coalescence throughout the photocrosslinked scaffold and 

surround the silica nanoparticles to yield sIPN nanocomposites.  These materials exhibited well-

dispersed silica aggregates and significant reinforcement to (thermo)mechanical properties while 

retaining high ultimate strains and reversible deformation. Isotropic polymer particle coalescence 

throughout printed objects appeared to mitigate concerns of anisotropy due to extruded bead 

orientation.  In sum, the design of photocurable hybrid colloids provided tunable combinations of 

high molecular weight elastomer and silica nanofillers.  These materials exhibit suitable 

processability for UV-DIW and enable the fabrication of 3D architectures of high-performance 

elastomer nanocomposites. 
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4.8 Supporting Information  
Table S4.1. Example compositions of photocurable hybrid colloids 

Silica:SBR (wt:wt) 0:100 10:90 30:70 50:50 
SBR (wt%) 40 36 28 20 
Silica (wt%) 0 4 12 20 
Scaffold Precursors [NVP & PEGDA] (wt%) 10 10 10 10 
Water (wt%) 50 50 50 50 

 

 
Table S4.2. Example compositions of sIPN nanocomposites 

Silica:SBR (wt:wt) 0:100 10:90 30:70 50:50 
SBR (wt%) 80 72 56 40 
Silica (wt%) 0 8 24 40 
Photocrosslinked Scaffold [NVP & PEGDA] (wt%) 20 20 20 20 

 
Table S4.3. Tensile analysis results of sIPN nanocomposites 

 Silica:SBR 
  0:100 10:90 30:70 50:50 
Stress at 10% Strain 0.42 ± 0.07 0.92 ± 0.07 2.9 ± 0.2 7.3 ± 0.5 
Stress at 100% Strain 1.6 ± 0.2 3.0 ± 0.2 6.6 ± 0.5 8.8 ± 0.5 
Stress at Break 7.4 ± 0.6 8.5 ± 0.8 10 ± 0.7 9.3 ± 0.6 
Strain at Break 485 ± 69 437 ± 98 296 ± 24 209 ± 40 
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Figure S4.1. Intensity distribution for silica and SBR particles 1 wt% in water shows the presence 
of some larger silica aggregates.  It is important to note that intensity ~ (diameter)6 which impacts 
the apparent distribution. 

 

 

Figure S4.2. Thermogravimetric analysis confirms loading of silica across targeted composition 
range. 
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Figure S4.3. EDS analysis of (A) 10:90 Silica:SBR, (B) 30:70 Silica:SBR, and (C) 50:50 
Silica:SBR.  Yellow corresponds to the presence of silicon and red for carbon. 
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Figure S4.4. Multi -modal EDS measurements across freeze-fracture surface for (A) 0:100, (B) 
10:90, (C) 30:70 Silica:SBR, and (D) 50:50 Silica:SBR.  Observed EDS peaks, from lowest keV 
to highest, are carbon, oxygen, silicon, gold, and palladium (last two are from sputter coating). 
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Figure S4.5. Ultraviolet-Assisted Direct Ink Writing (UV-DIW) setup integrating a Nordson EFD 
Ultimus V DIW system and a Keynote Photonics LC4500-UV Digital Light Processing (DLP) 
projector. 
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5.1 Abstract 

This investigation probes the effect of polymer thermal properties on semi-interpenetrating 

polymer network (sIPN) formation driven by latex coalescence, an unprecedented mechanism 

introduced in our recent work.  Emulsion copolymerization of methyl methacrylate (MMA) and 

hexyl methacrylate (HMA) yielded colloidal copolymer particles with Tg values ranging from -5 

to 120 °C.  Photoactivated network formation in the continuous phase of each latex yielded solid 

�³green bod�\�´���K�\�G�U�R�J�H�O�V embedded with polymer particles.  Subsequent water removal and particle 

coalescence �W�K�U�R�X�J�K�R�X�W�� �W�K�H�� �S�K�R�W�R�F�U�R�V�V�O�L�Q�N�H�G�� �V�F�D�I�I�R�O�G�� �\�L�H�O�G�H�G�� �V�,�3�1�¶�V�� �Z�L�W�K�� �D�� �U�D�Q�J�H�� �R�I�� �W�K�H�U�P�D�O��

properties.  Further, latex particle Tg values influenced the green body modulus as well as the 

minimum temperature required for coalescence and sIPN formation.  This work demonstrates the 
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versatility of this novel sIPN formation mechanism for polymers beyond SBR elastomers and 

suggests its promise for enabling the 3D printing of glassy polymers. 

5.2 Introduction 

 Interpenetrating polymer networks (IPN), also termed double networks, comprise at least 

two chemically discrete, yet physically intertwined polymer networks.1  The term IPN typically 

refers to materials in which each network is chemically crosslinked; semi-interpenetrating 

networks (sIPN) describe a subclass in which one network is covalently crosslinked and the other 

is only physically entangled.  Depending on their synthetic method and chemical composition, 

���V���,�3�1�¶�V���H�[�K�L�E�L�W���Y�D�U�\�L�Q�J��degrees of phase mixing between each component.  Crosslinks restrict 

chain mobility and therefore hinder phase separation, which provides compatibilization between 

immiscible polymers.1 �7�K�H�U�P�R�P�H�F�K�D�Q�L�F�D�O���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�V���R�I�����V���,�3�1�¶�V���F�R�P�P�R�Q�O�\���R�E�V�H�U�Y�H���V�K�L�I�W�L�Q�J��

of �H�D�F�K���Q�H�W�Z�R�U�N�¶�V glass transition temperatures (Tg) toward a single value, a major indication of 

phase mixing.1,2  The combined Tg �R�E�V�H�U�Y�H�G�� �I�R�U�� �K�L�J�K�O�\�� �P�L�[�H�G�� ���V���,�3�1�¶�V��often aligns with 

predictions by the Fox equation, typically used to describe the Tg of random copolymers.1,3  This 

mixing of networks often provides beneficial combinations of their (thermo)mechanical 

properties, for example reinforced elastomers4 and toughened plastics5 by the combination of 

glassy and rubber networks.6  Other a�S�S�O�L�F�D�W�L�R�Q�V�� �I�R�U�� ���V���,�3�1�¶�V��include drug delivery7 and self-

healing materials.8 

(s)IPN synthesis occurs through two different approaches which form each network 

component sequentially or simultaneously.  Sequential (s)IPN synthesis relies on iterative steps 

which include the polymerization of the first linear or crosslinked polymer and a subsequent 

process to generate the second network component. Sequential network formation typically occurs 

through orthogonal polymerization/crosslinking chemistries,4 selective inhibitors,9 or swelling of 



154 
 

a preformed network in a second monomer/crosslinker with subsequent 

polymerization/crosslinking.5  In contrast, simultaneous (s)�,�3�1�¶�V���L�Q�Y�R�O�Y�H���W�K�H���F�R�Q�F�X�U�U�H�Q�W���I�R�U�P�D�W�L�R�Q��

of both network components.   As a result, the formation of each network must employ independent 

and non-interfering chemistry to avoid copolymerization and covalent attachment between 

networks.10 

 Emulsion polymerization and the resultant polymer colloids (latexes) provide many 

advantages to the synthesis and processing of polymers including facilitated heat transfer during 

polymerization, high monomer conversion and molecular weights, minimal use of organic 

solvents, low volatile organic contents (VOC), and low viscosities due to the absence of chain 

entanglements between discrete colloidal particles.11,12  Latex-based processes therefore aid many 

efforts across polymer science and engineering, including (s)IPN synthesis.  In general, latex 

(s)IPN strategies involve the polymerization and crosslinking of monomers fed into existing 

�³�V�H�H�G�´ polymer particles.  Hourston et al. fed various acrylic monomers into natural latex particles 

�W�R���I�R�U�P���V�,�3�1�¶�V��and observed varying degrees of phase mixing between the polyisoprene and the 

crosslinked acrylic networks, depending on chemical composition.13�±15  �/�D�W�H�[���,�3�1�¶�V���R�I�W�H�Q���H�[�K�L�E�L�W��

phase separation within each particle, with many investigations reporting core-shell morphology 

due to polymerization of the added monomer at the particle surface (shell) in addition to within 

the monomer-swollen particle (core).16  �V�,�3�1�¶�V���D�U�H���S�D�U�W�L�F�X�O�D�U�O�\���X�V�H�I�X�O���L�Q���W�K�L�V���F�D�V�H���G�X�H���W�K�H���Q�H�F�H�V�V�L�W�\��

of the particles to have an uncrosslinked component capable of flow and coalescence to yield 

contiguous materials.2 

Recent work in our research group introduced a new strategy to create �V�,�3�1�¶�V�� �I�U�R�P�� �O�D�W�H�[��

precursors with the goal of harnessing the rheological advantages of these colloids to 3D print high 

molecular weight polymers.17  In contrast to the examples mentioned previously, which involve 
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intraparticle crosslinking to yield (s)IPN particles, our efforts focused on interparticle 

crosslinking through photoactivated network formation in the continuous, aqueous phase of the 

latex.  Upon photocuring, this approach yielded �³�J�U�H�H�Q�� �E�R�G�L�H�V�´�� photocrosslinked hydrogels 

embedded with discrete latex particles.  Subsequent drying of these green bodies enabled particle 

flow and coalescence which occurred throughout the three-dimensional photocrosslinked 

�³�V�F�D�I�I�R�O�G�´��by interpenetration.  This introduced an unprecedented mechanism for sIPN formation: 

flow of preformed polymer through a crosslinked network driven by particle coalescence.  Better 

understanding of this mechanism requires further study, and therefore this work ventures to probe 

�W�K�H���H�I�I�H�F�W���R�I���W�K�H���O�D�W�H�[���S�R�O�\�P�H�U�¶�V���W�K�H�U�P�D�O���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�Q���W�K�L�V��coalescence-driven sIPN formation 

while also investigating its versatility to polymers beyond SBR elastomers. 

Herein, we investigate the efficacy of this strategy for acrylic copolymer latexes which provide 

a wide Tg range from below (-5 °C) to well above (120 °C) ambient temperatures.  Emulsion 

polymerization of methyl methacrylate (MMA) and hexyl methacrylate (HMA) yielded 

homopolymer and copolymer latexes at controlled particle sizes and solids contents.  Addition of 

a water-soluble lithium acylphosphinate (LAP) photoinitiator, N-vinyl pyrrolidone (NVP, scaffold 

�P�R�Q�R�P�H�U�������D�Q�G���1���1�¶-methylenebisacrylamide (MBAm, scaffold crosslinker) into the continuous, 

aqueous phase introduced photocrosslinking chemistry to each latex.  Dynamic light scattering 

(DLS) of reaction aliquots monitored size evolution of latex particles during emulsion 

polymerization and confirmed similar final particle sizes across all compositions.  Size exclusion 

chromatography (SEC) measured molecular weight and dispersity of each latex polymer. 

Photorheology probed the effect of scaffold and particle composition on photocuring behavior and 

green body modulus. Differential scanning calorimetry (DSC) measured glass transition 

�W�H�P�S�H�U�D�W�X�U�H�V���I�R�U���D�O�O���Q�H�D�W���S�R�O�\�P�H�U�V���D�Q�G���W�K�H�L�U���F�R�U�U�H�V�S�R�Q�G�L�Q�J���V�,�3�1�¶�V�� 
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5.3 Results and Discussion 

 

Figure 5.1 illustrates our �V�W�U�D�W�H�J�\�� �I�R�U�� �J�H�Q�H�U�D�W�L�Q�J�� �V�,�3�1�¶�V�� �I�U�R�P�� �S�K�R�W�R�F�X�U�D�E�O�H�� �O�D�W�H�[��  The 

incorporation of  water-soluble radical photoinitiators, monomers, and crosslinkers into the 

aqueous, continuous phase of polymer latex provides the necessary precursors for photoactivated 

�³�V�F�D�I�I�R�O�G�´�� �Q�H�W�Z�R�U�N�� �I�R�U�P�D�W�L�R�Q�� �D�U�R�X�Q�G�� �W�K�H�� �S�D�U�W�L�F�O�H�V��  The resulting photocured green body 

comprises a swollen hydrogel that is embedded with latex polymer particles which subsequently 

coalesce and penetrate throughout the scaffold to yield a semi-interpenetrating polymer network 

(sIPN).  The �W�U�D�Q�V�L�W�L�R�Q�� �I�U�R�P�� �R�S�D�T�X�H�� �Z�K�L�W�H�� �J�U�H�H�Q�� �E�R�G�L�H�V�� �W�R�� �W�U�D�Q�V�O�X�F�H�Q�W�� �V�,�3�1�¶�V provides visual 

confirmation of this process, due to the loss of discrete, light-scattering polymer particles upon 

coalescence and penetration.  Previous efforts probed this mechanism via TEM measurements 

,which observed the coalescence of embedded particles, and size exclusion chromatography 

(SEM) which demonstrated smooth sIPN fracture surfaces without visible phase separation or 

porosity.17,18 Furthermore, phase mixing of the latex polymer and photocrosslinked scaffold 

components resulted in a single Tg value which aligned with predictions by the Fox equation based 

on the Tg values of the neat latex polymer and photocrosslinked network.  
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Figure 5.1.  Continuous-phase scaffolding strategy for photocuring 3D architectures from liquid 
latex, amenable to light-based additive manufacturing platforms.  Subsequent drying of photocured 
greenbodies enables sIPN formation by 3D particle coalescence and scaffold penetration. 

This work expands the investigations of coalescence-driven sIPN formation to polymers 

beyond SBR elastomers to probe the versatility of this approach and gain greater understanding 

�I�R�U�� �W�K�H�� �L�Q�I�O�X�H�Q�F�H�� �R�I�� �W�K�H�� �O�D�W�H�[�� �S�R�O�\�P�H�U�¶�V�� �W�K�H�U�P�D�O�� �S�U�R�S�H�U�W�L�H�V�� �R�Q�� �W�K�L�V�� �P�H�F�K�D�Q�L�V�P��  Emulsion 

polymerization enabled the synthesis of model latexes with controlled formulations and systematic 

variation in backbone composition to target a wide Tg range.  Scheme 5.1 depicts the emulsion 

copolymerization of methyl methacrylate (MMA) and hexyl methacrylate (HMA) to yield a range 

of homopolymers and copolymers with varied wt% HMA.   

 

Scheme 5.1. Emulsion polymerization of MMA and HMA to yield random copolymer latexes with 
a wide range of thermal properties. 

 

Semibatch emulsion polymerization enabled the controlled synthesis of each acrylic latex at a 

targeted solids content of 50 wt%.  The first stage of each polymerization began in batch conditions 

(no feeding) at approximately 30 wt% monomer (at the target wt% HMA) in the emulsion and 

lasted 60 min after initiation with potassium persulfate (KPS),  yielding �D���³�V�H�H�G�´���O�D�W�H�[����The rate of 

monomer conversion decreased with increasing HMA content and was approximated at 1.86 g/min 

for 100 HMA%, calculated from the initial slope of conversion over time (Figure S5.1).  At the 60 

min mark, f�H�H�G�L�Q�J���V�W�D�U�W�H�G���R�I���D���³�S�U�H-�H�P�X�O�V�L�R�Q�´��mixture which comprised monomer (at the same 
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target wt% HMA), surfactant, and water at rate of 1.09 g/min for 180 min.  This rate was targeted 

to increase the solids content of each latex to 50 wt% while remaining below the rate of monomer 

conversion for all polymerizations (slower than 100% HMA�������L�H���� �³�V�W�D�U�Y�H�G���F�R�Q�G�L�W�L�R�Q�V�´�� High (> 

95%) instantaneous conversions (mass polymer / mass monomer delivered at the aliquot time) 

confirmed  starved conditions throughout polymerization, shown in Figure S5.1. This ensured that 

added monomer polymerized within the existing particles rather than nucleating new particles; this 

was evidenced by the close agreement of measured particle sizes with theoretical predictions 

(which assumed a constant particle number) (Figure 5.2). This controlled feeding to a final solids 

contents 50 wt% resulted in the steady growth of latex particles, and all latexes achieved similar 

diameters of approximately 100-125 nm.  Monomodal size distributions and lack of larger 

aggregates confirmed the colloidal stability of synthesized acrylic particles in water. 

 

Figure 5.2. (Left) Particle size (measured by DLS) and evolution of 50 wt% HMA latex during 
batch and semibatch (started at 60-min mark) emulsion polymerization. (Right) DLS analysis of 
particle sizes of latexes across copolymer compositional range. 

 

The selection of methacrylate monomers avoided the crosslinking side reactions that typically 

occur during emulsion polymerization of acrylate monomers due to backbone hydrogen 

abstraction.19  As a result, all latexes exhibited negligible gel fractions and therefore provided 

model systems for sIPN formation studies.  Despite the lack of branching/crosslinking side 
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reactions, the complex nature of emulsion polymerization still yielded relatively high molecular 

weight distributions (���� (Figure 5.3 and Table 5.1).  Higher dispersities (~ 4) from emulsion 

polymerization with respect to homogenous free radical polymerization (~2) are typical due 

disproportionation (prevalent for methacrylate radicals)20 between high molecular weight growing 

polymer chains and oligomeric radicals that enter the polymer particle.21  Detailed in Figure 5.3 

and Table 5.1, each latex also exhibited high relative Mw values (relative to polystyrene standards), 

above 300 kg/mol.   

 

Figure 5.3. SEC of MMA/HMA copolymers and homopolymers in THF 

 

Table 5.1. Summary of latex molecular weight and particle size across compositional range 
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Differential scanning calorimetry (DSC) confirmed a wide Tg range for the latex copolymer 

series, which are depicted in Figure 5.4. These values closely aligned with Fox equation 

predictions for each copolymer Tg, confirming the random copolymerization of MMA and HMA.  

As a result, these latexes provided a model latex series with systematic variation of thermal 

properties across a broad Tg range. 

 

Figure 5.4. Measured Tg values (by DSC) for all latex polymers across compositional range. Close 
agreement with Fox equation predictions suggests random copolymerization of MMA and HMA. 

 

The incorporation of photocrosslinking chemistry to the latexes followed a similar approach 

to our previous efforts.  As depicted in Scheme 5.2, the combination of a water-soluble monomer, 

N-vinyl pyrrolidone (NVP), and multifunctional �F�U�R�V�V�O�L�Q�N�H�U���� �1���1�¶-methylenebisacrylamide 

(MBAm), provided radically reactive scaffold network precursors in the continuous, aqueous 

phase of each latex.  Altering the relative concentrations of these two molecules (NVP:MBAm, 

wt:wt) provided tunability of the scaffold crosslink density and green body modulus.  As a 

development of the previous system, this work utilized water-soluble lithium acylphosphinate 

(LAP) initiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate.  The increased solubility of 
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this photoinitiator compared to diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) enabled 

lower concentrations and increased stability over time in water. 

 

 

Scheme 5.2. Photocrosslinking reaction of aqueous scaffold precursors, N,N'-
methylenebisacrylamide (MBAm) and N-vinyl pyrrolidinone (NVP), with photoinitiator lithium 
acylphosphinate (LAP) in latex continuous phase. 

 

Upon ultraviolet (UV) irradiation, photogenerated radicals initiated polymerization and 

crosslinking of NVP and MBAm in the continuous phase of each latex, yielding solid green bodies.  

Photorheology (Figure 5.5) measured the increase in shear storage ���*�¶�����D�Q�G���O�R�V�V�����*�´�����P�R�G�X�O�L��of 

photocurable latex during UV irradiation (started at the 30 s mark). Total scaffold loading 

(latex:scaffold) denoted as the weight ratio of total scaffold precursor mass to total latex (polymer 

and water) mass was kept constant at 8:1, a similar loading utilized in previous investigations.17  

�9�D�U�L�D�W�L�R�Q�V���L�Q���W�K�H���U�H�O�D�W�L�Y�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���1�9�3���D�Q�G���0�%�$�P���W�X�Q�H�G���*�¶���R�I���S�K�R�W�R�F�X�U�H�G���J�U�H�H�Q�E�R�G�L�H�V����

�Z�L�W�K���J�U�H�D�W�H�U���*�¶���Y�D�O�X�H�V���R�E�V�H�U�Y�H�G���I�R�U���K�L�J�K�H�U���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���W�K�H���0�%�$�P���F�U�R�V�V�O�L�Q�N�H�U�� All measured 

�V�F�D�I�I�R�O�G�� �F�R�P�S�R�V�L�W�L�R�Q�V�� �H�[�K�L�E�L�W�H�G�� �U�D�S�L�G�� �S�K�R�W�R�F�X�U�L�Q�J�� �Z�L�W�K�� �*�¶-�*�´�� �F�U�R�V�Vovers occurring within 2 s 

after the onset of irradiation.  Previous work demonstrated an inverse relationship between sIPN 

strain performance and relative concentration of the scaffold crosslinker (PEGDA), presumably 

due to increased scaffold/polymer interactions and hinderance of particle coalescence.  Therefore, 

the �K�L�J�K�H�V�W���1�9�3���0�%�$�P���U�D�W�L�R���Z�K�L�F�K���H�Q�D�E�O�H�G���U�D�S�L�G���S�K�R�W�R�F�X�U�L�Q�J���W�R���D���V�X�L�W�D�E�O�H���*�¶���U�D�Q�J�H���I�R�U���S�U�L�Q�W�L�Q�J����

(approximately 104-105 Pa)17 was selected for further investigation. 
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Figure 5.5. Investigation of various scaffold monomer (NVP) to crosslinker (MBAM) weight 
ratios through photorheology of 20 wt% HMA latex at total loading of 8:1 Latex:Scaffold.   

Figure 5.6 depicts photorheology studies for the latex copolymer series at a constant 

NVP:MBAm ratio of 10:1 and scaffold loading of latex:scaffold = 8:1.  The plateau shear storage 

modulus (�) �4
�ñ) decreased significantly with increasing HMA content, suggesting an effect of the 

embedded �S�D�U�W�L�F�O�H�V�¶��thermal properties on the overall green body mechanical properties.   As 

detailed in Figure 5.4, all polymers below 100% HMA exhibited Tg values near or above room 

temperature and therefore acted as rigid, glassy fillers.  However, 100% HMA (Tg = -5 °C) spheres 

behaved as soft, rubbery fillers at room temperature.  As a result, this series provided new insight 

into the role of the discrete latex particles on the mechanical properties of photocured greenbodies. 
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Figure 5.6.  Photorheology probes the effect of latex particle composition on greenbody shear 
modulus. 8:1 Latex:Scaffold and 10:1 NVP:MBAm, constant for all samples. 

 

Photorheology generated opaque, white green body discs by photocuring liquid latex in a 

parallel plate geometry.  As observed in prior investigations, the transition of this opacity to 

translucence provided visual confirmation of the coalescence of polymer particles by penetration 

through the photocrosslinked scaffold (sIPN formation).  Figure 5.7A displays the discs shortly 

after photocrosslinking from photorheological experiments; the discs were exposed to atmosphere, 

but not intentionally dried through heating or vacuum.  Interestingly, this ambient drying enabled 

particle coalescence for the rubbery PHMA (100 wt% HMA) particles as evidenced by rapid 

clarification.  The 80 wt% HMA sample clarified similarly, over a longer time window, without 

heating.  Both the 0 wt% HMA (PMMA homopolymer) and 50 wt% HMA particle embedded 

green bodies retained opacity despite ambient drying, with a significantly greater opacity observed 

for the former sample.  Like the trends observed in green body modulus, these observations clearly 

correspond with the Tg of the particles in each sample. Polymer particles with Tg values near or 
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below room temperature had sufficient chain mobility to coalesce and penetrate throughout the 

scaffold.  However, the glassy particles (0 and 50 wt% HMA) lacked this mobility and therefore 

remained as discrete phases within the green body.  The lesser opacity of the 50 wt% discs may 

imply a small degree of flow and coalescence for these polymers in comparison to the PMMA 

homopolymer particles. 

 

Figure 5.7. (A) Graphical representation of drying and interpenetrating process from photocured 
greenbody to sIPN states. (B) 20 mm photocured greenbody discs within minutes of photocuring 
(some drying on benchtop during sample preparation).  (C) Discs after drying in vacuo overnight 
at 80 °C. Opacity implies retention of discrete latex particle domains. (D) 0 wt% HMA (PMMA 
homopolymer) after drying overnight at 160 °C.  

 

As depicted in Figure 5.7B, heated drying and annealing further supported the hypothesized 

effect of particle Tg on sIPN formation.  Heated drying in vacuo at 80 °C, a value between the Tg�¶�V��

of the 0 wt% and 50 wt% HMA polymers, selectively coalesced the 50 wt% HMA particles 

(evident by clarification) while the PMMA-embedded sample remained in the opaque, green body 

state.  An annealing step of the latter sample to 160 °C, well above the PMMA Tg, enabled flow 

of the PMMA particles and produced clear sIPN discs for this sample (Figure 5.7C).  Spots seen 

in this sample were bubbles entrapped in the glassy sIPN. 
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Detailed in Figure 5.8, DSC observed a close alignment of the Tg values of each sIPN and its 

corresponding neat polymer.  The 50 wt% HMA sIPN showed greater deviation from its 

corresponding neat polymer which may be due to residual monomer in the sample.  It is important 

to note that most investigations into Tg �V�K�L�I�W�L�Q�J���R�I���,�3�1�¶�V��primarily utilize DMA to observe this 

phenomenon, and therefore thermomechanical analysis is required to further investigate the 

interactions between each latex polymer and the photocrosslinked scaffold.  

 

Figure 5.8. Comparison of measured Tg values (from DSC) for neat latex polymers and their 
�F�R�U�U�H�V�S�R�Q�G�L�Q�J���V�,�3�1�¶�V���� 

 

5.4 Conclusions 

Emulsion polymerization synthesized a model series of methacrylic copolymer latexes to 

investigate the effect of polymer thermal properties on coalescence-driven sIPN formation, an 

unprecedented mechanism introduced in our recent work.  Poly(MMA-co-HMA) latex copolymers 

and their corresponding homopolymers provided a broad Tg range of -5 to 120 °C, with controlled 

particle sizes and colloidal solids contents.  NVP and MBAm generated photocrosslinked hydrogel 
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scaffolds in the continuous phase of each latex yielding solid green bodies embedded with latex 

particles.  �(�D�F�K�� �O�D�W�H�[�� �U�D�S�L�G�O�\�� �S�K�R�W�R�F�X�U�H�G�� �D�Q�G�� �W�K�H�� �V�K�H�D�U�� �V�W�R�U�D�J�H�� �P�R�G�X�O�X�V�� ���*�¶���� �R�I�� �W�K�H�� �U�H�V�X�O�W�D�Q�W��

photocured green body related to the Tg of the embedded latex particles, with greater values for 

the green bodies embedded with glassy polymer particles.  The onset of sIPN formation (evidenced 

by an optical transition from opaque to transparent) strongly related to particle Tg and only 

occurred above these temperatures. This enabled selective coalescence of different latex particles 

on the basis of annealing temperature.  The Tg �Y�D�O�X�H�V�� �I�R�U�� �U�H�V�X�O�W�D�Q�W���V�,�3�1�¶�V�� �F�O�R�V�H�O�\�� �D�O�L�J�Q�H�G�� �Z�L�W�K��

their corresponding neat polymers via DSC measurements, and DMA observations are required to 

further probe the interactions between the latex polymer and the photocrosslinked scaffold.  This 

study demonstrates the versatility of coalescence-induced sIPN formation to polymers beyond 

SBR elastomers, which were used in initial studies of this process.17  These results suggest the 

efficacy of this sIPN approach, toward 3D printing or other applications,  for all polymers which 

(i) can be colloidally dispersed and (ii) exhibit a Tg below the degradation temperature of the 

scaffold. 

 

5.5 Experimental 

 

5.5.1 Materials 

Methyl methacrylate (MMA, Quimidroga), hexyl methacrylate (HMA, Quimidroga), and 

potassium persulfate (KPS, Fluka) were purchased commercially and used without further 

purification. Dodecyl diphenyloxide disulfonate (Dowfax 2A1 45%, Dow Chemicals) was used as 

an anionic emulsifier.  Deionized water was used for all emulsion polymerizations and 

hydroquinone (HQ, Fluka) was used to quench aliquots from the reactor.  SEC-grade 

tetrahydrofuran (THF, Scharlab) and technical grade THF (Scharlab) were used as received for 
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Size Exclusion Chromatography (SEC) and Soxhlet analysis, respectively.  N-vinyl pyrrolidinone 

(NVP) and N-methylene bisacrylamide (MBAM) were purchased from Sigma Aldrich and used 

without further purification. Lithium acylphosphinate (LAP) photoinitiator was synthesized 

according to previously reported procedures.23  

5.5.2 Semibatch emulsion polymerization of MMA/HMA copolymer latexes 

 In a typical example emulsion polymerization (50 wt% HMA): 30 g HMA, 30 g  MMA, 

128.5 g deionized water, and 2.67 g of  45 wt% Dowfax 2A1 aqueous solution (1.2 g dry Dowfax 

2A1, 2 wt% based on monomer [wbm%]) were added to a 0.5-L double-walled reactor equipped 

with a mechanical stirrer set to 155 rpm and sparged continuously with N2.  The temperature was 

�L�Q�F�U�H�D�V�H�G���W�R���������ƒ�&���D�Q�G���D�Q���L�Q�L�W�L�D�W�R�U���³�V�K�R�W�´���V�R�O�X�W�L�R�Q���R�I�����������J���.�3�6 (1 wbm%) in 10 g deionized water 

was injected into the reactor to initiate polymerization.  The reaction was allowed to proceed for 

60 min with aliquots taken every 10 min to monitor conversion and particle size evolution.  At the 

60 min mark, a second initiator shot [0.3 g KPS (0.5 wbm%) in 5 g deionized water] was injected 

and feeding began of a �³�S�U�H-�H�P�X�O�V�L�R�Q�´���P�L�[�W�X�U�H���F�R�Q�W�D�L�Q�L�Q�J���������J���+�0�$�����������J���0�0�$���������������J���R�I��������

wt% Dowfax 2A1 solution (1 wbm%), and 69.3 g deionized water.  The feeding rate was set to 

1.09 g/min for starved conditions (slower than the rate of polymerization) over 180 minutes to 

target a final solids content of 50 wt%.  The reaction was allowed to proceed for another 60 min 

beyond feeding completion to ensure full monomer conversion.  Aliquots were taken every 60 min 

during feeding and a final aliquot was taken 60 min after feeding completion to gauge final 

conversion and particle size. The reaction mixture was then cooled to room temperature, and the 

latex was collected. 
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5.5.3 Design of photocurable acrylic latexes 

Scaffold precursors (NVP monomer and MBAM crosslinker) were added at a constant mass 

fraction with respect to the total latex colloid (including both polymer and water) of 8:1 

Latex:Scaffold (wt:wt).  The mass ratios of NVP and MBAM were systematically varied to affect 

different crosslink densities of the scaffold and are reported as NVP:MBAM (wt:wt).  The latex 

was diluted to 40 wt% with deionized water to improve stability upon monomer addition.  In a 

typical example, 4 mg of LAP was dissolved in a small amount of water and added to 4.8 g of 40 

wt% latex.  545 mg NVP and 55 mg MBAM (10:10 NVP:MBAM) were added to the latex 

dropwise while stirring with a magnetic stir bar.  The photocurable colloid was then vortexed for 

10 s to ensure complete mixing. 

5.5.4 Drying and extraction of photocured latexes 

Photocured green bodies were dried under reduced pressure in a vacuum oven at varied 

temperatures.  

5.5.5 Analytical Techniques 

Emulsion polymerization conversion was monitored gravimetrically based on the fractional of 

wt% polymer solids divided by the total wt% monomer present (initial monomer + fed monomer) 

at the aliquot time point. Particle size was determined by dynamic light scattering (DLS) performed 

with a Malvern Zetasizer Nano at 25 °C.  Glass transition temperatures (Tg) were measured with 

a TA Instruments Q1000 Differential Scanning Calorimeter (DSC) at a rate of 10 °C/min.  

Photorheology was performed on a TA Instruments DHR-3 rheometer with 20-mm parallel plate 

photo-accessory attachment and an Omnicure S2000 light source equipped with a 320-500 nm 
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wavelength filter.  Photorheology analysis was performed at 1 Hz, 0.2% strain, and a UV intensity 

of 250 mW/cm2.  
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Equation used to predict particle diameter (dp) at a given total polymer mass (M) (seed monomer 
+ monomer fed at time t), assuming constant number of particles in the seed (Np,seed) and final 
(Np,final) latex.  M0 is the polymer mass in the seed latex, dp,seed is the particle diameter of the seed 
particles, �!���L�V���W�K�H���S�R�O�\�P�H�U particle density. 

 

 

Figure S5.1.  Instantaneous conversion (mass polymer/mass monomer delivered at time t) vs 
reaction time.  Feeding started at 60 min mark and continued until the 300 min mark. 
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Figure S5.2.  Particle size evolution of each latex over polymerization.  Feeding started at 60 min 
mark and continued until the 300 min mark. 

 

 

Figure S5.3. DLS of acrylic latexes with and without (neat) scaffold monomers at 8:1 
Latex:Scaffold, 10:1 NVP:MBAm. 
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6.1 Abstract 
 

 
 

 
This work describes the first example of a hydrogenated polybutadiene elastomer 

photopolymer that addresses the process constraints of vat photopolymerization (VP) additive 

manufacturing.  A synthetic method, which involves simultaneous thiol-ene step growth chain 
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extension and acrylate crosslinking, addresses traditional challenges associated with this leading 

3D printing platform. This facile, one-pot strategy combines the processing advantages of low 

molecular weight oligomers with the tunable thermomechanical and mechanical performance of 

higher molecular weight polymeric networks directly during printing, without requiring a post-

processing step.  The addition of photo-initiator to mixtures of liquid polybutadiene oligomer and 

miscible dithiols enabled selective photocuring under UV exposure to form high-strain, elastic 

parts in comparison to neat diacrylate systems.  Photolithographic printing of these photopolymers 

enabled the fabrication of three-dimensional, hydrocarbon elastomer objects. Photorheology 

elucidated curing behavior as a function of composition and UV intensity, while optical imaging 

and SEM revealed quality and resolution.   

6.2 Introduction  

Additive manufacturing (AM), often termed 3D printing, enables the rapid fabrication of 

complex architectures in a layer-by-layer approach.  Vat photopolymerization (VP) is a leading 

form of AM that fabricates each layer through light-activated crosslinking of a liquid precursor, 

enabling the fabrication of a three-dimensional object  with excellent resolution and surface 

finish.1-2  However, the current, relatively small library of photopolymers limits the application of 

3D printing and encourages the design of novel printable systems. The development of elastomers 

suitable for VP AM represents a grand challenge to expand the industrial and academic impact of 

this technological platform.  Currently, the requirements for both machine and materials conflict, 

limiting the mechanical properties of 3D printed materials.  Elastic networks require high 

molecular weight between crosslinks3 (Mc) and therefore typically require high molecular weight 

linear precursors, which typically exist as highly viscous liquids or solids.  Conversely, VP 

technology involves the dipping and recoating of liquid precursor onto a growing object therefore 
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presenting an upper limit to viscosity.  Novel synthetic approaches to network formation provide 

strategies to circumvent these challenges and enable the synergistic combination of mechanical 

performance and complex architecture. 

Recent developments in 3D printable materials employ synthetic strategies to tackle the 

process-induced constraints that hinder VP printing of elastic, high Mc networks.4 The majority of 

these techniques rely on innovative coupling and crosslinking chemistries to achieve these 

networks from low viscosity precursors.  Many examples of high strain photopolymers include 

mixtures of monofunctional and difunctional monomers to provide linear sequences between 

crosslink junctions.5-6 However, this approach requires high conversion of the monofunctional 

monomer to provide a high Mc, and thus inevitably requires oxygen-free environment or 

monomers with low oxygen sensitivity. However, most VP printing platforms involve photocuring 

in ambient conditions, which do not exclude oxygen, and thus thiol-ene click chemistry has 

received recent attention due to its resilience to oxygen inhibition.7 

 The elastomeric polyurethane (EPU) developed by Carbon Inc. for their photolithographic 

printing platform represents a premier example of the current state of 3D printable elastomers. In 

a patented example, photocrosslinking of a low viscosity, low molecular weight precursor provides 

a three-dimensional object, and a subsequent heating step enables tensile elongation above 300%.8   

This approach utilizes low molecular weight crosslinkers that contain blocked isocyanate groups.  

These species are crosslinked through photo-generated radicals to provide a highly crosslinked 

network swollen with a diol or diamine chain extender.  Upon a subsequent heating step, the 

blocked isocyanate groups revert to their reactive form9 and react with the chain extender, 

providing linear, step-growth chain extension of the network strands between crosslink points.  
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This results in a high Mc, elastic network capable of high elongations via a two-step crosslinking 

and subsequent chain extension approach of liquid, low viscosity precursors. 

Our recent work describes the use of concurrent reaction mechanisms to increase the Mc of 

photocured networks.10 Thiol-acrylate chemistry involves the simultaneous occurrence of thiol-

ene coupling and acrylate homopolymerization.7, 11-12 In cases where both the thiol and the 

activated alkene are difunctional, these reactions provide simultaneous chain-extension and 

crosslinking.  Telechelic dithiol poly(dimethyl siloxane) (PDMS) oligomers enabled linear, step-

growth coupling with diacrylamide-terminated PDMS oligomers while acrylamide 

homopolymerization provided multifunctional crosslinking for network formation.  As a result, a 

low viscosity, printable oligomeric system achieved strain at break values over 100%, 

approximately doubling the strain performance of the neat diacrylamide oligomer. 

Hydrocarbon elastomers currently comprise a significant portion of the rubbers used 

throughout the world, particularly for applications such as the automotive industry that demand 

resistance to chemical and thermal degradation in addition to robust mechanical properties. 

However, they remain largely unexplored as 3D printable materials, particularly for the VP 

printing process.  The majority of AM elastomers focus on polyurethane backbones, which take 

advantage of hydrogen bonding and often, in the case described above, post-printing step-growth 

polymerization to offer desired properties.13 However, many polyurethane materials do not exhibit 

the thermal and chemical stability and hydrophobicity characteristic of hydrocarbon elastomers 

such as hydrogenated polybutadiene. As a result, this work explores the synthesis of telechelic, 

hydrogenated polybutadiene diacrylate (HPBDA) oligomers yielded photoreactive, liquid 

precursors suitable for VP AM.  Additionally, low molecular weight dithiol species served both as 

a reactive diluent to further decrease viscosity, while also providing thiol-ene, step-growth chain 
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extension reactions to compete with acrylate crosslinking and increase Mc.  Furthermore, the low 

oxygen solubility of hydrogenated polybutadiene removed nitrogen-sparge requirement associated 

with printing PDMS.10 As a result, this work introduces the unique benefits of hydrocarbon 

elastomers to VP additive manufacturing in a facile one-pot approach that performs without the 

requirement for post-print processing. 

6.3 Experimental 

6.3.1 Materials 

Hydrogenated polybutadiene diol oligomer (2,100 g/mol, HPB diol) was obtained from Cray 

Valley (Krasol HLBH P-2000).  1,6-hexanedithiol was purchased from CTC Organics. Acryloyl 

chloride (�•������ ), potassium carbonate (K2CO3, �$�&�6���U�H�D�J�H�Q�W�����•����������), dichloromethane (DCM, 

�D�Q�K�\�G�U�R�X�V�����•����������), chloroform (CHCl3), aluminum oxide (activated, basic), and diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO, 97%) were purchased from Sigma Aldrich. Chloroform 

(HPLC grade, 99.8%) was purchased from Fisher Scientific.  All reagents were used as received 

without further purification. 

6.3.2 Synthesis of hydrogenated polybutadiene diacrylate (HPBDA) 

A typical synthesis of the reactive hydrogenated polybutadiene diacrylate precursor (HPBDA) was 

performed as described.  K2CO3 (52 g, 0.375 mol), HPB diol (250 g, 0.125 mol), and anhydrous 

DCM (250 mL) were added to a three-neck, 1-L, round-bottomed flask equipped with magnetic 

stir bar and 100-mL addition funnel.  The heterogenous mixture was purged under N2 while rapidly 

stirring.  Anhydrous DCM (20 mL) was added to the addition funnel via cannula followed by the 

addition of acryloyl chloride (24.9 g, 0.275 mol) via syringe.  The reaction flask was added to an 

ice bath and allowed to cool to approximately 0 °C.  The DCM/acryloyl chloride mixture was then 

added dropwise to the stirring reaction mixture over the course of 15 min.  The reaction was 
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allowed to warm to room temperature after acryloyl chloride addition.  After 12 h, the reaction 

was quenched with 2 mL water and filtered to remove K2CO3 salts.  The solution was then stirred 

with excess aluminum oxide (activated, basic) for 48 h to remove acidic impurities and filtered 

once more.  DCM was removed under reduced pressure before drying in vacuo at room 

temperature for 24 h to yield a colorless, viscous liquid.  1H NMR spectroscopy confirmed 

quantitative conversion of hydroxy end groups to acrylates (> 99%). 1H NMR (400 MHz, CDCl3, 

�������ƒ�&�������/�����������������+���������������������+���������������������+���������������������+������������-2.1 (polymer backbone).   

6.3.3 Preparation of samples for photorheology and vat photopolymerization 3D printing 

For a typical photorheology sample, 5g of HPBDA was added to a 6-dram vial followed by varying 

amounts of 1,6-hexanedithiol to target a range of molar equivalents.   TPO (1.0 g) was dissolved 

into CHCl3 (1.0 g) to form a photoinitiator stock solution which was then weighed into the mixtures 

to target 0.1 wt% photoinitiator loading with respect to the HPBDA.  The photopolymer mixtures 

were then mixed via vortex or mechanical stirring to yield a clear, homogenous liquid.  For vat 

photopolymerization printing, this procedure was scaled up to provide photopolymer volumes 

above 100 mL. 

6.3.4 Preparation of samples for Dynamic Mechanical Analysis (DMA) 

Photocured 20 mm discs from photorheology were extracted in excess CHCl3 (solvent exchanged 

at 2-, 4-, and 12 h) to remove unreacted oligomer and dithiol then dried for 24 h under reduced 

pressure.  DMA strip samples were then cut from the dry, extracted discs and used directly for 

DMA. 

6.3.5 Preparation of photocured films and tensile specimens 

�3�K�R�W�R�F�X�U�D�E�O�H���+�3�%�'�$���G�L�W�K�L�R�O���7�3�2���S�U�H�F�X�U�V�R�U���������J�����Z�D�V���D�G�G�H�G���W�R���D���F�L�U�F�X�O�D�U���3�7�)�(���P�R�O�G���Z�L�W�K���D�����´��

diameter and allowed to sit for 5 min to allow flowing and bubble removal.  The molds were then 
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irradiated for 30 s with an Omnicure S2000 high-pressure mercury light source (320-500 nm filter) 

�Z�L�W�K�� �D�Q�� �$�G�M�X�V�W�D�E�O�H���&�R�O�O�L�P�D�W�L�Q�J�� �$�G�D�S�W�R�U�� �S�R�V�L�W�L�R�Q�H�G�� �W�R�� �S�U�R�Y�L�G�H�� �D�� ���´�� �V�S�R�W���V�L�]�H���� �� �7�K�H�� �O�L�J�K�W�� �V�R�X�U�F�H��

shutter was adjusted to provide 20 mW/cm2 intensity at the film surface, as measured with an EIT 

Power PuckTM UV radiometer. Dogbones were cut from each film with a Pioneer-Dietecs ASTM 

D-638-V die.  The dogbones were then extracted with excess CHCl3
 (as described above) to 

remove unreacted dithiol and oligomer as described above and dried for 24 h under reduced 

pressure at room temperature. 

6.3.6 Vat Photopolymerization of HPBDA/Dithiol systems via mask projection micro vat 

photopolymerization 

Working curves were generated using a previously reported mask projection micro vat 

photopolymerization (µ-MPVP) machine14 to determine the depth-of-penetration and critical 

energy of the HPBDA/Dithiol system.2 A 365 nm UV LED light source, with an intensity of 9 

mW/cm2, was irradiated on the photopolymer surface for exposure times of 5 to 11 s to generate 

the working curve. The system exhibited a depth of penetration and critical energy of 490 µm and 

10.7 mJ/cm2, respectively.  

15 mL of HPBDA/Dithiol system was transferred into the glass vat in the µ-MPVP system. The 

STL file of the figurine was sliced into 50-µm layers and converted into bitmap images. Then the 

build platform was lowered into the resin for a depth of 1-layer thickness. The first layer (or first 

bitmap pattern) was projected on the resin surface for 3 seconds. Recoating was performed by 

dipping the platform in resin and waiting for the resin meniscus to settle. This procedure was 

repeated until complete fabrication of the 3D object.  Kim wipes were used to remove uncured 

resin from the printed part.  
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6.3.7 Vat photopolymerization of HPBDA/Dithiol systems via scanning-mask projection vat 

photopolymerization  

Tensile specimens and honeycomb lattice structures were fabricated using a scanning-mask 

projection vat photopolymerization (S-MPVP) system.15 A broad-spectrum UV light source (300-

500 nm) with a projected intensity of 2.4 mW/cm2 at 365 nm was used to irradiate the resin surface. 

The system exhibited a depth of penetration of 1.20 mm and a critical energy of 3.7 mJ/cm2. 250 

mL of the resin was transferred into a glass vat in the S-MPVP machine. The STL files for the 

tensile and lattice geometries were sliced into 300 µm layers and converted to bitmap geometries. 

The build platform was lowered into the resin surface to a depth of 300 µm. The first layer was 

fabricated by translating the projector of the resin surface at a speed of 2.76 mm/s. Simultaneously, 

the frames in the projector were refreshed at 256 frames/second to maintain dimensional accuracy. 

This simultaneous projection and scanning ensured that each projected pixel received an exposure 

equivalent to 3 seconds/pixel. The build platform was lowered into the resin after layer fabrication 

for recoating. A recoating blade ensured uniform deposition of resin and consistency of layer 

thickness. The projection-recoating cycle was repeated until part completion. Kim wipes were used 

to remove uncured resin from the printed geometries.  

6.3.8 Analytical Methods 

1H NMR spectroscopy was conducted on an Agilent U4-DD2 400 MHz NMR spectrometer, which 

is shown in Figure S6.1.  Photorheology was performed on a TA Instruments DHR-2 equipped 

with a SmartSwap® UV assembly with 20-mm aluminum upper plate, 20-mm quartz lower plate, 

and Omnicure S2000 high-pressure mercury light source (320-500 nm filter).  UV intensity was 

measured with a �6�L�O�Y�H�U�O�L�Q�H���U�D�G�L�R�P�H�W�H�U���D�Q�G�������×�P�P���V�H�Q�V�R�U���D�W�W�D�F�K�P�H�Q�W���I�R�U���W�K�H���T�X�D�U�W�]���S�D�U�D�O�O�H�O���S�O�D�W�H. 

�'�D�W�D�� �Z�D�V�� �J�D�W�K�H�U�H�G�� �D�W�� �D�� �������� �—�P�� �J�D�S���� ���������� �V�W�U�D�L�Q���� �D�Q�G�� ������ �+�]�� �L�Q�� �³�)�D�V�W�� �6�D�P�S�O�L�Q�J�´�� �P�R�G�H���� �Z�K�L�F�K��
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enabled a sampling frequency of 20 s-1.  UV radiation was applied at an intensity 20 mW/cm2 for 

150 s after a 30 s delay.  The rheometer was set to maintain 0 N axial force within a ±1 N tolerance 

through slight adjustments in gap size. Samples were run under air without purge of inert gas.  All 

samples were run in triplicate to ensure consistency and reproducibility of this technique.  Plateau 

�V�W�R�U�D�J�H���P�R�G�X�O�L���Y�D�O�X�H�V���Z�H�U�H���F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���O�D�V�W���������V���R�I���W�K�H���*�¶���F�X�U�Y�H�����P�R�G�X�O�L���F�U�R�V�V�R�Y�H�U�����*�¶���*�´����

values were determined using the dedicated feature in TA Instruments TRIOS software.  Gel 

fractions were determined as the difference in dry weight before and after extraction and averaged 

over three replicates.  Density measurements were conducted with a specific gravity kit and 

balance according to a previously reported procedure.16 Dynamic mechanical analysis (DMA) was 

performed on a TA Instruments Q800 Dynamic Mechanical Analyzer in tension mode at 1 Hz 

frequency, 10 µm amplitude, and a heating rate of 3 °C/min -150 to 100 °C.  Differential scanning 

calorimetry (DSC) measurements of extracted photorheology films were performed on a TA Q100 

instrument in a heat-cool-heat experiment with a heating and cooling rate of 10 °C/min from -80 

to 100 °C.  Second heats are reported.  Melt rheology in frequency sweep mode was performed 

with a TA Instruments AR-G2 rheometer with 25-mm aluminum parallel plates at 0.5% strain and 

25 °C.  Tensile experiments were performed on an Instron 5500R tensile tester at a strain rate of 5 

�P�P���P�L�Q���D�W�������� �ƒ�&������ �<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���Z�D�V���F�D�O�F�X�O�D�W�H�G���I�U�R�P���W�K�H���V�O�R�S�H���R�I���W�K�H���O�L�Q�H�D�U��portion of the 

stress/strain curve; stress and strain at break represent the maximum values before rupture of the 

dogbone.  Hysteresis experiments were performed on the same instrument from 0- to 40% strain 

at a strain rate of 20% strain/min.  Scanning electron microscopy (SEM) was performed on a 

benchtop Jeol NeoScope JCM5000 scanning electron microscope.  SEM samples were analyzed 

without sputter coating or modification for analysis. 
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6.4 Results and Discussion 

Simultaneous chain extension and crosslinking via thiol-acrylate chemistry enables the 

formation of networks with a higher Mc than the oligomeric precursors.  Acrylate-functionalized 

hydrogenated polybutadiene oligomers (2,100 g/mol) provided a reactive, liquid photopolymer at 

a viscosity suitable for vat photopolymerization (< 10 Pa�9s).  The addition of 1,6-hexanedithiol 

provided a miscible thiol-ene chain extender that further decreased the viscosity of the 

photopolymer mixture. The photoinitiator, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, 

provided radicals in response to UV light exposure that initiated the dual-chemistry approach.  

Scheme 6.1 illustrates an idealized structure of the photocured network containing simultaneously 

chain-extended and crosslinked network strands via thiol-ene step-growth coupling and 

homopolymerization of the acrylate end groups. 

 

 

Scheme 6.1.  Simultaneous thiol-ene chain extension and acrylate crosslinking in response to 
photo-generated radical. 
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Photorheology enabled the real-�W�L�P�H���P�R�Q�L�W�R�U�L�Q�J���R�I���V�W�R�U�D�J�H�����*�¶�����D�Q�G���O�R�V�V�����*�´�����V�K�H�D�U���P�R�G�X�O�L���D�V��

a function of UV exposure.  Shown in Figure 6.1, bo�W�K�� �*�¶�� �D�Q�G�� �*�´�� �U�D�S�L�G�O�\�� �L�Q�F�U�H�D�V�H�G�� �I�R�O�O�R�Z�L�Q�J��

�R�Q�V�H�W���R�I���8�9���H�[�S�R�V�X�U�H�������$�W���W�K�H���P�R�G�X�O�X�V���F�U�R�V�V�R�Y�H�U���S�R�L�Q�W�����W�K�H���Y�D�O�X�H���R�I���*�¶���H�[�F�H�H�G�H�G���*�´�����L�Q�G�L�F�D�W�L�Q�J���D��

transition to predominately solid-like properties.  �*�¶�� �D�Q�G�� �*�¶�¶�� �E�R�W�K�� �D�S�S�U�R�D�F�K�H�G�� �D�� �F�R�Q�V�W�D�Q�W���Y�D�O�X�H��

defined as the plateau shear storage modulus (G0�¶�������Z�K�L�F�K���U�H�O�D�W�H�V���W�R���W�K�H���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���E�H�W�Z�H�H�Q��

crosslinks (Mc) according to Equation 6.1�����D�O�R�Q�J���Z�L�W�K���G�H�Q�V�L�W�\�����!�������X�Q�L�Y�H�U�V�D�O���J�D�V���F�R�Q�V�W�D�Q�W�����5�������D�Q�G��

temperature (T).3, 17-18  

�)�4�"
L��
�é�4�6
�/ �Ö

 

Equation 6.1. Relationship of plateau shear storage modulus (G0�¶�����D�Q�G���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���E�H�W�Z�H�H�Q��

crosslinks (Mc). 

Therefore, decreasing plateau modulus with increasing dithiol content suggested that 

simultaneous chain extension and crosslinking resulted in increased Mc.  By measuring the density 

of each cured network, this equation yields calculated values for Mc, tabulated in Table 6.1.  For 

the neat diacrylate case, the value is below the molecular weight of the oligomeric precursor (2,100 

g/mol).  In addition to network imperfections, this is likely due to the fact that the network is 

composed of strands from both the polybutadiene backbone as well as the short, acrylate crosslink 

backbones. This would result in an averaged value for Mc less than the molecular weight of the 

precursor backbone.   
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Figure 6.1.  �D�����3�K�R�W�R�U�K�H�R�O�R�J�\���P�H�D�V�X�U�H�V���V�W�R�U�D�J�H�����*�¶�����D�Q�G���O�R�V�V�����*�´�����P�R�G�X�O�X�V���F�K�D�Q�J�H���D�V���D���I�X�Q�F�W�L�R�Q��
of UV irradiation time. UV irradiation (20 mW/cm2) begins at 30 s.  Modulus c�U�R�V�V�R�Y�H�U�����*�´���*�¶� ������
provides a metric for solidification upon photocuring. b) Plateau shear stora�J�H���P�R�G�X�O�L�����*�¶�����D�V���D��
function of dithiol addition (in molar equivalents with respect to HPBDA oligomer). 

It is well known that high degrees of crosslink density increase the glass transition temperature 

(Tg) of a thermoset network.19-20 This was evident in the increased Tg of the crosslinked HPBDA 

with respect to the uncrosslinked HPB diol, as shown by differential scanning calorimetry (DSC) 

in Figure 6.2.  The introduction of thiol-ene chain extension in the photocured networks resulted 

in decreasing Tg with increasing concentration of dithiol species, approaching the uncrosslinked 

state.  This thermal analysis of solvent-extracted networks provided further evidence for the 

structural effects of simultaneous chain extension and crosslinking. 
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Figure 6.2. Differential scanning calorimetry (DSC) compares glass transition (Tg) of photocured 
and extracted HPBDA/dithiol networks with uncrosslinked diol precursor (HPB diol) 

 

Figure 6.3 illustrates the dynamic mechanical analysis (DMA) of the solvent-extracted 

networks, which corroborated the observed systematic change in Tg as a function of chain 

extension. Furthermore, as the crosslink density of the network decreased, the rubbery plateau 

�P�R�G�X�O�X�V�����(�¶�����D�W���W�H�P�S�H�U�D�W�X�U�H�V���D�E�R�Y�H���7g decreased significantly, in accordance with well-studied 

relationships.18  Emphasized in Figures S6.2 and S6.3, a secondary transition occurred around -

125 °C, which literature attributes to the short-range motions of the pendant groups on the 1,2-

butadiene repeat units.21-24  After Tg�����(�¶���L�Q�F�U�H�D�V�H�G���V�O�L�J�K�W�O�\���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���W�H�P�S�H�U�D�W�X�U�H�����V�X�J�J�H�V�W�L�Q�J��

thermoelastic contraction via the Gough-Joule effect.25-26  This phenomenon occurred over 

replicate measurements of a single sample, further supporting this explanation over thermally-

induced chemical or physical changes (i.e. additional crosslinking). Table 6.1 summarizes data 

determined from photorheology, DSC, and DMA.  Values for photocuring of 1.1 equiv dithiol (in 

which the dithiol in excess of the diacrylate) was unavailable due to lack of sufficient acrylate 

crosslinking to provide a robust network. 
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Figure 6.3. Dynamic mechanical analysis (DMA) of photocured and extracted HPBDA/dithiol 
networks. 

 

 

Table 6.1. Curing and thermomechanical data for HPBDA/dithiol networks   

Equiv 
Dithiol  

aCrossover Time bGel Fraction aPlateau G' cCalculated Mc dTg dPlateau E' 

  (s) (%)  (MPa) (g/mol) (°C) (MPa) 

0 5 97 1.8 ± 0.025 1.3 × 103 -26 5.6 

0.25 4 97 1.1 ± 0.087 2.0 × 103 -26 3.4 

0.5 5 95 0.55 ± 0.11 4.1 × 103 -30 2.2 

0.75 5 92 0.41 ± 0.01 5.5 × 103 -35 1.1 

1.1 - - 0.071 ± .016 - - - 
 

aValues obtained from photorheology 
bSamples extracted in chloroform and dried. 
cCalculated via  
dValues obtained from DMA 
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As expected, the extension of the molecular weight between crosslinks provided a significant 

increase in the strain at break of the elastic network.  Figure 6.4 illustrates a systematic increase in 

strain-at-break of photocured and extracted networks as a function of increasing dithiol 

concentration.  Table 6.2 provides quantitative values for the tensile measurements of each sample.  

�7�K�H���H�I�I�H�F�W���R�I���G�L�W�K�L�R�O���L�Q�F�R�U�S�R�U�D�W�L�R�Q���R�Q���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���I�R�O�O�R�Z�V���W�K�H���W�U�H�Q�G���R�E�V�H�U�Y�H�G���L�Q���'�0�$���D�E�R�Y�H���� 

 

Figure 6.4. Tensile analysis of photocured and extracted HPBDA/dithiol films. 

 

Table 6.2.  Tensile results for HPBDA/dithiol films. 

�(�T�X�L�Y���'�L�W�K�L�R�O �<�R�X�Q�J�
�V���0�R�G�X�O�X�V 
���0�3�D�� 

�6�W�U�H�V�V���D�W���%�U�H�D�N 
���0�3�D�� 

�6�W�U�D�L�Q���D�W���%�U�H�D�N 
������  

�� ���������“�������� ���������“���������� �������“���� 
�������� ���������“���������� �����������“������������ �������“�������� 
�������� ���������“���������� �����������“���������� �������“���� 
�������� ���������“���������� �����������“���������� �������“������ 
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Reversible and repeatable deformation is a key property of elastic networks. Cyclic loading 

experiments confirmed that the networks reversibly deformed without measurable plastic 

deformation.  Figure 5 depicts the behavior of a network cured with 0.75 equiv of dithiol with 

respect to diacrylate.  The network exhibited very low hysteresis, below the limit of detection of 

the instrument.  Network strand slippage, rearrangement, and disentanglement are known to 

majorly contribute to hysteresis and are both related to Mc.27-30 The lack of measurable hysteresis 

for networks with 0.75 eq dithiol may therefore imply that, even with thiol-acrylate extension, the 

resultant Mc remains low due to the competition of extension and crosslinking reactions.  This is 

further supported by the values for calculated Mc listed in Table 6.1.   

 

 

Figure 6.5.  Cyclic tensile loading of photocured and extracted HPBDA/dithiol film with 0.75 
equiv dithiol.  First of three cycles shown (left), and all overlapping cycles (right). 
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These photopolymer systems successfully print via VP AM to yield elastic, three-dimensional 

architectures at high resolution in a single step.  Figure 6.6 displays images of HPBDA objects 

printed across a range of VP platforms, sizes, and dithiol incorporations.  Additionally, 3D printed 

dogbones enabled the determination of mechanical properties of objects produced through this 

technique.  Without any post-printing treatment, 3D printed objects at 0.75 equiv dithiol achieved 

strain at break greater than 100% (Table 6.3 and Figure S6.4).  Because these dogbones are tested 

directly from the printer without extraction, some increased tensile performance from the previous 

tensile results may be due to plasticization with residual uncured monomer and oligomer.  

Furthermore, 3D printed dogbones are subject to fewer microfractures compared to those that are 

die-punched from a film. 

 

 

Figure 6.6.  3D printed objects of HBDA networks. (a-b) Printed lattice structure of 0.50 equiv 
dithiol network. (c) SEM image of 3D printed pillar structure from neat HPBDA photopolymer 
(d-e) 3D printed figurine from neat HPBDA photopolymer. 
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Table 6.3.  Tensile results for 3D printed dogbones with 0.75 equiv dithiol 

�<�R�X�Q�J�¶�V Modulus 
(MPa) 

Stress at Break 
(MPa) 

Strain at Break 
(%)  

0.31 ± 0.058 0.238 ± 0.050 125 ± 17 

 

6.5 Conclusions 

The combination of a functionalized hydrogenated polybutadiene diacrylate with a 

miscible small molecule dithiol reactive diluent enabled the introduction of hydrocarbon 

elastomers to VP additive manufacturing.  The competition of two photoinitiated, radical-based 

processes, step-growth thiol-ene coupling and chain-growth acrylate homopolymerization, 

enabled the one-pot formation of networks with increased molecular weight between crosslinks 

(Mc) above the original diacrylate precursor.  This strategy yielded hydrocarbon elastomeric 

networks directly from the 3D printing process without requiring a post-print processing step.  In 

addition to thermal properties, higher Mc significantly increased the elastic strain performance of 

otherwise brittle, photocured networks.  Thermal and thermomechanical analysis provided novel 

insight into the effects of thiol-acrylate chain extension on the physical behavior of these networks. 

This analysis elucidated a wide range of tunable, thermomechanical behavior as a result of dithiol 

incorporation.  Photocuring remained controlled across all compositions in which the diacrylate 

was in excess, enabling high resolution photolithographic printing of each network.  As a result, 

this work enabled the VP 3D printing of hydrogenated polybutadiene elastomers with a wide range 

of tunable thermal and mechanical properties in one-pot approach.   
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6.8 Supporting Information  

 

Figure S6.1. 1H-NMR spectroscopy confirms structure of synthesized hydrogenated 
polybutadiene diacrylate (HPBDA) oligomer. 

 

 

 

 

Figure S6.2.  Zoomed view of the sub-Tg transition observed in DMA.   
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Figure S6.3. �=�R�R�P�H�G���Y�L�H�Z���R�I���O�R�V�V���P�R�G�X�O�X�V���(�´���Y�V�����W�H�P�S�H�U�D�W�X�U�H���I�U�R�P���'�0�$��  

 

 

Figure S6.4. Tensile analysis of vat photopolymerization unextracted 3D printed dogbones. 
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7.1 Abstract 

 Thiol-ene photocrosslinking of styrene-butadiene rubber (SBR) enables the first example of 

vat photopolymerization (VP) additive manufacturing of polydienes.  Low molecular weight SBR 

oligomers exhibit suitable viscosity for VP and 1,6-hexanedithiol provides a miscible dithiol 

crosslinker which couples with pendant vinyls in response to photogenerated radicals.  Varying 

dithiol concentrations in the photopolymer mixture affords tunability in photocuring behavior and 

final network (thermo)mechanical properties. Scanning mask projection vat photopolymerization 

(S-MPVP) fabricated three-dimensional SBR objects with high dimensional accuracy.  

Photorheology and photo-DSC probed photocuring behavior of various SBR photopolymer 

compositions; dynamic mechanical analysis (DMA) and tensile analyzed the (thermo)mechanical 

properties of photocured networks.  The wide range of properties and optical clarity exhibited 

across crosslinker concentrations suggests applications of these materials for 3D printable 

adhesives and flexible optical materials. 
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7.2 Introduction 

 

Polydienes, polymers from conjugated diene monomers (e.g., butadiene, isoprene), represent 

a major field of polymeric materials throughout academia and industry.  Polyisoprene, the polymer 

within natural rubber latex, stands as an early example of a commercialized polydiene elastomer.1  

Synthetic polydienes include ethylene-propylene-diene-monomer (EPDM) copolymer as well as 

polybutadiene and its related copolymers such as acrylonitrile-butadiene-styrene (ABS), styrene-

butadiene rubber (SBR) random copolymers, and styrene-butadiene-styrene block copolymers 

(SBS).  Due to their characteristically low glass transition temperature (Tg) and well-established 

crosslinkability, polydienes are highly utilized as elastomers for a vast array of applications.  Major 

applications include tire rubber, gaskets, sealants, adhesives, and shoe soles.2,3 Furthermore, these 

polymers provide impact resistance and increased toughness as additives to other polymers, ie., 

high-impact polystyrene.4 Crosslinking strategies for polydienes largely center on sulfur 

vulcanization5 of the backbone and pendant alkenes, however other routes include epoxidation, 

Diels-Alder,6 and thiol-ene chemistry.7�±12 

The thiol-ene �³�F�O�L�F�N�´��reaction involves the radical-based addition of a thiol to an alkene.  Its 

designation as a click reaction results from the rapid and quantitative nature of this coupling and 

the lack of side products.13  Furthermore, literature demonstrates the significant resistance of thiol-

ene chemistry to oxygen inhibition which permits its use in ambient environments.13�±15  Polydienes 

provide natural platforms for the use of thiol-ene chemistry. Diene monomers (e.g. butadiene, 

isoprene) can polymerize through either, or both, of their alkenes, and therefore synthetic 

polydienes exhibit multiple repeat unit microstructures from the same monomer. 1,2 

microstructures (for which polymerization occurs only through the 1,2-alkene) provide a 
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monosubstituted pendant vinyl which exhibits significantly higher reactivity for thiol-ene 

chemistry.16  Thiol-ene coupling of monofunctional thiols provides a facile route for polymer 

ligation to equip polydienes with functional pendant groups.17�±20  This strategy also affords an 

efficient route the formation of complex polymer architectures including block and graft 

copolymers from thiol-functional polymeric or polymerizable ligands.21,22  Multifunctional thiols 

enable rapid thermal- or photo-initiated crosslinking of polydienes based on the selection of readily 

available radical initiators.7,8,23,24 

Vat photopolymerization (VP) is an additive manufacturing (AM) platform which fabricates 

complex 3D geometries through spatially selective photocuring of a liquid photopolymer in a 

layer-by-layer process.  In general, our own investigations have indicated that suitable VP liquid 

photopolymers must exhibit viscosities below 20 Pa·s and rapidly photocure in air to yield solids 

with shear storage moduli ���*�¶����above approximately 104 Pa.25,26 Typical VP photocrosslinking 

chemistries center on the polymerization of multifunctional acrylates.26�±29 Although acrylate 

polymerization is highly oxygen sensitive, low degrees of polymerization provide the necessary 

coupling between molecules to generate a percolating, thermoset network.  As discussed 

previously, thiol-ene chemistry is highly resistant to oxygen inhibition, and multiple examples 

demonstrate its potential as a precise and highly tunable photocrosslinking chemistry for VP.27,30�±

33 Therefore, thiol-ene photocrosslinking affords an intuitive approach for VP printing of 

polydienes.  Very recent work by Bragaglia et al.34 demonstrated the potential of this approach for 

extrusion-based printing, however its implementation for VP remains unexplored. 

Herein this work investigates the first example of VP printing polydienes via thiol-ene 

photocrosslinking.  SBR represents a heavily utilized polydiene, and yet remains unexplored for 

VP beyond our own investigations.25  SBR oligomers (3,200 g/mol) exhibit suitable viscosity for 
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VP, and the incorporation of miscible 1,6-hexanedithiol provides a multifunctional thiol 

crosslinker. The photoinitiator, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), rapidly 

generates radicals in response to UV irradiation to enable thiol-ene photocrosslinking.  

Photorheology and photo-DSC probe the effects of photoinitiator and dithiol crosslinker 

concentration on photocuring behavior and offer insight into photopolymer design for VP. A 

modified VP technique, scanning mask project vat photopolymerization (S-MPVP) enables 3D 

printing of larger objects at high resolution.   

7.3 Results and Discussion 

Figure 7.1A depicts thiol-ene photocrosslinking of SBR to yield thermoset networks. The 

liquid SBR oligomer exhibited a viscosity of 14 Pa·s at 25 °C, which was within the suitable range 

for VP printing as outlined previously (Figure S7.1).  The photoinitiator, TPO, readily dissolved 

in the crosslinker, 1,6-hexanedithiol, which facilitated incorporation of both components into the 

liquid oligomer to create a photopolymer mixture.  Varying the dithiol concentration enabled direct 

and facile tuning of crosslink density, which provided access to a wide range of mechanical 

properties in the photocured network from viscous adhesive-like materials to rigid, brittle films 

(Figure 7.1B). 
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Figure 7.1. (A) Thiol-ene photocrosslinking of SBR oligomers. (B) Images depicting the wide 
variety of mechanical properties afforded by varied degrees of thiol-ene photocrosslinking. 

 

Photorheology probed the effect of dithiol concentration on photocuring behavior and final 

network modulus (Figure 7.2).  During UV radiation,  �V�K�H�D�U�� �V�W�R�U�D�J�H�� �P�R�G�X�O�X�V�� ���*�¶���� �V�K�D�U�S�O�\��

increased above �O�R�V�V���P�R�G�X�O�X�V�����*�´�������Z�K�L�F�K���L�Q�G�L�F�D�W�Hd a transition to solid-like properties.35 The time 

between the onset of UV irradiation and the occurrence of this modulus crossover provided a 

relative metric for the timescale of photocuring and solidification.  Detailed in Table 7.1, crossover 

times were within 5 s for all samples, with shorter times exhibited for higher crosslinker 

concentrations.  Subsequently, �*�¶���U�H�D�F�K�Hd a stable value upon completion of photocuring, referred 

to as the plateau storage modulus (�)�4
�ñ).  �)�4

�ñ inversely relates to the molecular weight between 

crosslinks,36 and this value strongly increased with dithiol crosslinker concentration.  �)�4
�ñ values 

for all measured dithiol concentrations were above the general requirement (104 Pa) for VP, and 

therefore all samples presented viable photopolymers for 3D printing. 
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Figure 7.2. Photorheology (left) and photo-DSC (right) of SBR photopolymers containing varying 
hexanedithiol concentrations. 

UV-equipped differential scanning calorimetry (photo-DSC) provided insight into the 

photocrosslinking reaction, which complimented photorheological analysis.  Photo-DSC irradiated 

liquid photopolymer samples with UV light and measured the exotherm from thiol-ene coupling 

reactions.  Shown in Figure 7.2, the exotherm peaks occurred at similar times for all dithiol 

concentrations, indicating similar reaction kinetics for all samples.   However, the intensity of the 

exotherm systematically increased with dithiol concentration due to an increasing number of thiol-

ene reactions. 

Photorheology and photo-DSC also probed the effect of photoinitiator concentration on 

photocuring behavior (Figure 7.3).   These studies investigated a concentration range of 0.05 wt% 

to 2 wt% TPO, a common range of concentrations utilized in VP literature.25,26,33,37  Photorheology 

observed minimal differences in photocuring behavior and �)�4
�ñ at concentrations above 0.5 wt% 

TPO, however the photopolymer exhibited considerably slower curing at 0.05 wt%.  Photo-DSC 

corroborated this trend, and only the 0.05 wt% TPO sample displayed a produced a decreased 
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exotherm.  This suggested that beyond a critical concentration, photocrosslinking reactions became 

independent of radical concentration.  This behavior closely aligns with similar studies in our 

research group which optimized photoinitiator concentrations for VP.26 

 

Figure 7.3. Photorheology (left) and photo-DSC (right) investigating the effect of photoinitiator 
concentration on photocuring behavior. 

 

Solvent (CHCl3) extraction of cured photorheology discs demonstrated greater gel fractions 

for higher dithiol concentrations, with minimal soluble residue (> 99 wt% gel) for networks 

crosslinked with 20 and 25 wt% dithiol (Table 7.1).  This aligns with the observations in 

photorheology which observed similar trends in curing behavior and plateau moduli.  Together, 

these results suggest that both of the higher dithiol concentrations (20 and 25 wt%) are above a 

critical value, beyond which further crosslinking does not significantly impact network structure.  

The restriction of chain mobility at high crosslink densities provides a plausible explanation.  Once 

the network becomes too rigid, chain-chain crosslinking by small dithiol molecules becomes more 

difficult. Beyond this point, additional thiol-ene reactions (observed in photo-DSC) do not create 

crosslinks, but rather dangling hexanethiol pendant groups. 
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In addition to photocuring behavior, crosslinker concentration strongly directed the 

thermomechanical properties of the photocrosslinked network.  Figure 7.4 depicts dynamic 

mechanical analysis (DMA) of solvent-extracted SBR networks, crosslinked with varying 

concentrations of dithiol.  Tg (determined by the peak in tan �/) of the networks significantly 

increased for higher crosslink densities due to vitrification and the restriction of cooperative 

backbone segmental motion.38,39  �7�K�H���V�W�R�U�D�J�H���W�H�Q�V�L�O�H���P�R�G�X�O�X�V�����(�¶����of the plateau region above Tg 

also followed a similar trend and, similar to �)�4
�ñ, relates to the molecular weight between crosslinks 

of the network.40  The trends for both Tg �D�Q�G���S�O�D�W�H�D�X���(�¶���I�R�O�O�R�Zed the aforementioned pattern, with 

similar values for both 20 and 25 wt% dithiol.  This further corroborated the hypothesis that these 

materials contain similar network structure, despite differing amounts of thiol-ene reactions during 

their formation.  �7�K�H���(�¶���S�O�D�W�H�D�X�V���D�E�R�Y�H���7g all display a noticeable positive slope with temperature.  

Previous work in our group observed this phenomenon and demonstrated reproducibility within 

the same sample, which negated the possibility of thermally induced crosslinking by residual 

reactive sites.  Instead, this behavior is due to  thermoelastic contraction elastomers via the Gough-

Joule effect, in which the entropic elastic restoring force of networks increases with 

temperature.41,42 
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Figure 7.4. DMA of SBR networks photocrosslinked by varying concentrations of dithiol. 

 

Table 7.1. Measurements from photorheology and dynamic mechanical analysis. 

 

*All values for 0.2 wt% TPO. 
aCalculated from photorheology. Time between onset of �L�U�U�D�G�L�D�W�L�R�Q���D�Q�G���F�U�R�V�V�R�Y�H�U���R�I���V�W�R�U�D�J�H�����*�¶�����D�Q�G���O�R�V�V��
���*�´�����V�K�H�D�U���P�R�G�X�O�X�V. 
bPlateau shear storage modulus �:�
 �4

�ñ) calculated from final values of each photorheology curve. 
cTg calculated from peak in the loss tangent ���W�D�Q���/�� in DMA. 
 

Illustrated in Figure 7.5, scanning mask projection vat photopolymerization (S-MPVP), with a 

build area of 80x50 mm, fabricated three-dimensional objects by photocuring the SBR oligomer 

photopolymer in a scanning layer-by-layer process described previously.25,26,43  Printing focused 

on the lowest concentration (10 wt% dithiol) of crosslinker as this sample exhibited suitable 
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photocuring behavior with the least amount of vitrification and embrittlement.  The generated 

working curve for this photopolymer (Figure S7.3) determined the critical energy and the depth of 

penetration to be 961 µm and 63.22 J/m2, respectively, based on the equation outlined by Jacobs.44  

From this working curve, the exposure time necessary to photocure each 200-µm layer was 

estimated to be 3.24 s/layer, and the S-MPVP model43 dictated a scanning speed of 2.56 mm/s. 

First, fabrication of pillar arrays probed the dimensional consistency of positive and negative 

features. The dimensional errors were measured to be approximately 40 µm in the static printing 

mode and 150 µm in the scanning mode. These errors, along with the occurrence of feature 

rounding,  were primarily due to diffuse reflection of the projected UV pattern on the surface of 

the photopolymer.45 This is typically corrected with the addition of UV absorbers to the resin and 

gray-scaling of the project patterns. 

 

 

Figure 7.5. (A) Schematic of the scanning mask projection vat photopolymerization (S-MPVP) 
system depicted the projector mounted on a XY stage, which facilitates the fabrication of large-
area parts. (B) Images of 3D objects printed from 10 wt% dithiol SBR photopolymer with the S-
MPVP system. 
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Figure 7.6 depicts representative tensile analysis for 3D printed dogbones printed from 10 wt% 

dithiol SBR photopolymer.  Although this dithiol concentration generated soft, flexible objects, 

the network only strained approximately 15%  Elastic strain of networks strongly relies on the 

molecular weight between crosslinks (Mc).42,46,47  At high Mc values, these linear network strands 

unravel and elongate during deformation, which enables high macroscopic strains without 

requiring bond breakage.  Upon relaxation, the strands recoil to regain conformation entropy, 

which causes an elastic restoring force to the original macroscopic strain value. The SBR 

oligomeric network precursors were 3,200 g/mol, and the Mc for the corresponding photocured 

networks would therefore be fractions of this low value.  Therefore, the strain performance 

observed for these materials is unsurprising.  Recent work in our group utilized simultaneous chain 

extension and crosslinking to increase network Mc beyond the length of the oligomeric 

precursors.27,33 Therefore, it may be possible to achieve similar enhancement of mechanical 

properties with the addition of divinyl chain extenders which would enable linear, step-growth 

thiol-ene polymerization between SBR oligomers.  

 

Figure 7.6. Tensile analysis of 3D printed dogbone from 10 wt% dithiol SBR photopolymer. 

Despite this lack of tensile performance, these materials demonstrate, for the first time, the 

capability to print polydienes through thiol-ene photocrosslinking in VP.  The restriction of 
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precursor molecular weight, due to process-induced viscosity limitations, hinders the maximum 

achievable tensile performance from this strategy.  However, as discussed previously,  polydienes 

serve a wide range of applications, and many do not require high-strain elastomers. As depicted in 

Figure 7.1, these SBR photopolymers access a broad and tunable range of physical properties.  

Low crosslinker concentrations (5 wt% dithiol) exhibited high viscosity and adhesive properties 

which support their utility as low volatile organic content (VOC), 3D printable adhesives.  The tire 

industry heavily relies on adhesives to connect various components,48 and an SBR-based 3D 

printable adhesive may enable both selective deposition and chemical compatibility with tire 

interfaces. At the other extreme, high levels of crosslinker provide solid networks with high optical 

clarity (Figure 7.1, 20 wt%) which offer utility as 3D printable flexible optical materials.  Future 

investigation into the compression performance of these materials will  also elucidate their use for 

printable seals and gaskets, an immense market for polydienes. 

 

7.4 Conclusions 

This report describes the use of thiol-ene photocrosslinking to enable the first-ever VP 3D 

printing of polydienes.  SBR oligomers (3,200 g/mol) provided liquid polydienes with suitable 

rheology for VP.  The incorporation of a miscible dithiol crosslinker (1,6-hexanedithiol) and 

radical photoinitiator (TPO) yielded photocrosslinkable SBR photopolymer mixtures. 

Photorheology and photo-DSC probed the effects of dithiol crosslinker and photoinitiator 

concentrations on photocuring behavior and network shear modulus to provide insight into their 

tunability for VP printing.  DMA confirmed higher Tg values and post-Tg �(�¶�� �S�O�D�W�H�D�X�V�� �Z�L�W�K��

increasing crosslink density, directed by dithiol concentration in the photopolymer mixture.  

Trends across photorheology, gel fraction, and DMA suggest similar network structure for samples 
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cured with 20 and 25 wt% dithiol presumably due to vitrification effects during photocrosslinking.  

S-MPVP successfully fabricated 3D geometries at high resolution from SBR photopolymers.  

Tensile analysis of 3D printed dogbones observed low maximum strains due the low molecular 

weight of the oligomeric precursors.  However, these materials may still provide utility as 3D 

printable adhesives, gaskets, and flexible optical materials due to the high degree of tunability in 

physical properties. 

7.5 Experimental 

7.5.1 Materials 

Oligomeric styrene-butadiene rubber (SBR) copolymer (Ricon 181, 3200 g/mol) was acquired 

from Cray Valley USA, LLC.  1,6-hexanedithiol was purchased from CTC Organics. 

Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) was purchased from Sigma-Aldrich.  

Toluene was purchased from Fisher Scientific. All reagents and solvents were used as received 

without further purification. 

7.5.2 Preparation of Photocrosslinkable SBR Photopolymers and Photocured Films 

In an example photopolymer (10 wt% dithiol) preparation, 100 mg TPO was dissolved in 440 

mg 1,6-hexanedithiol.  The solution was then added to 4 g SBR oligomer and vortexed in a 20-mL 

vial for 30 s.  Print-scale photopolymers were prepared similarly with 40 g of SBR oligomer.  Film 

preparation for DMA analysis occurred through photorheology (discussed below).   All samples 

were extracted in CHCl3 and dried in vacuo for 24 h before (thermo)mechanical analysis and 

tensile analysis. 
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7.5.3 Analytical Methods 

Photorheology analysis was performed with a TA Instruments DHR-2 rheometer equipped 

with a 20-mm parallel plate photo-attachment geometry and an Excelitas Technologies OmniCure 

S2000 Spot UV curing system at an intensity of 10 mW/cm2 measured at the quartz lower plate. 

Dynamic mechanical analysis (DMA) was performed with a TA Instruments Q800 at a frequency 

of 1 Hz, 10 µm strain amplitude, and temperature ramp rate of 3 °C/min.  Tensile analysis was 

performed on an Instron 5500R at a rate of 5 mm/min at room temperature.  Photo-DSC was 

performed with a TA Instruments Q2000 differential scanning calorimeter (DSC) equipped with a 

photocalorimeter accessory at an incident intensity of 20 mW/cm2. Oscillatory rheology was 

performed with a TA Instrument AR 2000 rheometer equipped with a 25-mm parallel plate 

geometry.  A strain sweep was performed prior to the temperature ramp to establish a suitable 

strain within the linear viscoelastic region of the material.  The temperature ramp was performed 

at 10% strain and an angular frequency of 6.283 rad/s.  

7.5.4 Vat Photopolymerization of SBR photopolymers 

Fabrication of samples via VP: A BlueWave® 75 UV spot curing lamp (Dymax: 40078) with 

intensity adjustment was selected at the source of ultraviolet (UV) light. A single pole lightguide 

(Dymax: 5721) was used to transmit light from the UV light source to the projector. A UV mirror 

(Thor Labs: PFSQ20-03-F01) was seated inside the projector to relay the light from the light guide 

�W�R�� �W�K�H�� �G�\�Q�D�P�L�F�� �P�D�V�N���� �7�K�H�� �S�U�R�M�H�F�W�R�U�� �Z�D�V�� �H�T�X�L�S�S�H�G�� �Z�L�W�K�� �D�� �7�H�[�D�V�� �,�Q�V�W�U�X�P�H�Q�W�V�� �'�/�3�Œ������������ �;�*�$��

DMD with a rectangular array of 1024 x 768 square micro-mirrors with a pitch and side of 10.8 

µm.  Imaging lenses (Thor Labs:  LA4078-UV, LA4545-UV) were suitably placed in the 

projection path to achieve a magnification of 1:1, producing a projection area of size 11.05 x 8.3 

mm at the surface of the resin. The projection system was mounted on cross-mounted high-load, 
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high-precision linear stages (Zaber: A-LST0500A-E01) for traversing in the XY plane. A high-

precision linear stage (Zaber: A-LST0250A-E01) was used for the Z motion. The build platform 

was fabricated using thermoplastic filament extrusion and attached to the Z-stage. A custom glass 

vat of size 150 x 150 mm contained the resin and built platform during part manufacturing. A 

recoating blade, attached to the X-Y linear stage, ensured uniform coating of resin on the build 

platform. 

�7�K�H���6�7�/���I�L�O�H���R�I���W�H�Q�V�L�O�H���V�S�H�F�L�P�H�Q���D�Q�G���W�K�H���K�R�Q�H�\�F�R�P�E���O�D�W�W�L�F�H���Z�D�V���V�O�L�F�H�G���L�Q�W�R���E�L�W�P�D�S�V���R�I�����������P��

layer thickness using Netfabb. A custom MATLAB program generated a moving mask for each 

layer and the corresponding scan speed based on the exposure time estimated from the working 

curves. A glass vat filled with resin was loaded into the build area. Glass slides were attached to 

the build platform to enhance the adhesion between the printed parts and the substrate. The 

projector traversed over the resin surface while projecting the moving mask over the resin. 

Recoating was performed by lowering the build stage into the resin vat. After a brief pause for 

resin settling, a recoating blade smoothened meniscus over the build platform, ensuring a smooth 

and level resin surface for fabrication of the consequent layers. This process continued until the 

entire part was fabricated. During fabrication, the linear stages, the projector and the recoating 

mechanism are actively monitored and controlled using a custom LabVIEW program. The printed 

parts, extracted from the build platform, were rinsed with 1-�3�U�R�S�D�Q�R�O���D�Q�G���Z�L�S�H�G���Z�L�W�K���.�L�P�Z�L�S�H�V�Œ��

to remove residual monomer.  

7.5.5 VP Working Curve Generation  

Working curves for photopolymer systems help estimate the amount of exposure required to 

print layers of a certain thickness.1 A Glass petri dish containing 20 ml of the optimized resin 

formulation was irradiated with UV light  for a duration of 3, 5, 7 and 10 seconds. The intensity 
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of the incident light was estimated to be 2.2 mW/cm2 using a UVX radiometer (97-0015-02) and 

a 365 nm sensor (97-0016-02). A working curve was generated by plotting the mean thickness of 

the extracted films, derived from four repetitions, against the natural log of their corresponding 

�G�R�V�L�Q�J���H�Q�H�U�J�L�H�V�����7�K�H���H�[�S�R�V�X�U�H���W�L�P�H���D�Q�G���W�K�H���V�F�D�Q���V�S�H�H�G���I�R�U���F�X�U�L�Q�J���D�����������P���O�D�\�H�U���Z�D�V���H�[�W�U�D�S�R�O�D�W�H�G��

from the working curve. 
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7.8 Supporting Information  

 

 

Figure S7.1. Oscillatory melt rheology temperature sweep of SBR Oligomer (3,200 g/mol). 
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Figure S7.2. Images of additional 3D objects printed from 10 wt% dithiol SBR photopolymer. 

 

Figure S7.3. VP working curve for 10 wt% dithiol SBR photopolymer. 
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8.1 Abstract 

 This work describes the synthesis and structure-property-morphology investigation of first-

ever phosphonium-based polybetaines. 4-(diphenylphosphino) styrene (DPPS) readily 

polymerizes via radical mechanisms to yield homopolymers and copolymers with pendant 

triarylphosphines. Quantitative post-polymerization alkylation generates a systematic array of 

homopolymers and copolymers equipped with neutral phosphines, phosphonium ions, and 

phosphonium sulfobetaine zwitterions. The polyzwitterions exhibit significantly increased glass 

transition temperatures (Tg) and (thermo)mechanical reinforcement in comparison to the 

polyphosphine and phosphonium ionomer states. Such changes in Tg and mechanical properties 

are found to be correlated with domains induced by enhanced electrostatic interactions in 

polyzwitterions as revealed by X-ray scattering and broadband dielectric spectroscopy (BDS). In 
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particular, BDS elucidates enhanced static dielectric constants (> 25) for polyzwitterions than the 

ionomer or uncharged polymers.  Such high values of the static dielectric constants for the solvent-

free polyzwitterions highlight their stronger polarization responses in comparison with polymers 

containing neutral phosphines and phosphonium ions and lend insight into the enhanced 

(thermo)mechanical behavior observed for these novel polymers. This work describes a synthetic 

approach for modulating electrostatic interactions to tune (thermo)mechanical properties of 

unprecedented phosphonium-containing polymeric systems.  

8.2 Introduction  

 

Zwitterions contain equal numbers of cations and anions covalently linked within the same 

molecule, providing large dipoles (18-30 D for common sulfobetaines)1 and net neutral charges.1,2  

A diverse range of zwitterionic compositions exist as both small-molecules and within polymers, 

including various combinations of cations (ammoniums,3 phosphoniums,4�±6 imidazoliums7) and 

anions (carboxylates, sulfonates, sulfates, phosphonates, phosphinates, phosphates).2�±11  

Investigations of zwitterionic small molecules include their use in metal extraction,12 self-

assembled ionic gels and proton conducitivity,4 catalytic ligands,6 metal-organic frameworks 

(MOF),13 and interfacial materials for solar cells.14  Literature examples demonstrate the potential 

of phosphonium ions to impart improved thermal stability and ion conductivity within both small-

molecule and polymer systems, with respect to ammonium analogs.15,16  Investigations into small 

molecule phosphonium zwitterions demonstrate similar advantages;4,12 however the use of these 

zwitterions in polymers remains unexplored. 

Literature provides multiple examples of conflicting terminology for zwitterionic 

polymers, and therefore, for clarity, this work will follow the nomenclature outlined in a recent 
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review by Laschewsky.2  Polyampholytes describe macromolecules which contain both cations 

and anions covalently bound anywhere within the polymer.  Polyzwitterions (also termed 

polybetaines) describe a subclass of these which contain the entire zwitterion (cation and anion) 

within the same repeat unit.  In other words, polyzwitterions are polymers decorated with (usually 

pendant) functionalities which resemble many of the small molecule zwitterions described 

previously.  Zwitterionic dipoles introduce unique functionality to polymers including 

antimicrobial/anti-biofouling properties,9,17 drug conjugation,18  biomimicry,19,20 self-

assembly,21,22 various stimuli-responses,8 and thermomechanical reinforcement.23,24 The latter 

arises from the greater dipole moments provided by zwitterions in comparison to traditional ion 

pairs due to the physical separation of their charges imposed by the covalent linkage between the 

cation and anion.  Attractive interactions between antiparallel aligned zwitterions therefore offer 

stronger physical crosslinking in polyzwitterions than ionomers. The strength of these attractive 

interactions can be modulated by varying temperature and added salt concentration leading to non-

trivial effects such as an enhanced solubility in solvents with the addition of salt (also known as 

anti-polyelectrolyte effect).25 For solvent-free cases, previous investigations demonstrated the 

greater capacity of pendant zwitterions to reinforce polymer thermomechanical properties in 

comparison to ionomer analogs.23 

Synthetic strategies for polyzwitterions explore a range of polymerization and post-

polymerization modification techniques to achieve a wide variety of backbone compositions and 

zwitterionic functionalities.2  Typical methods include chain- and step-growth polymerizations of 

zwitterionic monomers, or post-polymerization coupling of zwitterionic substituents onto polymer 

repeat units.2  Additionally, alkylation of repeat unit tertiary amines with anionic or ionizable 

ligands generates zwitterionic functionality directly onto the polymer.2,26  Despite a large diversity 
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in polyzwitterion anions, the cationic component of polyzwitterions remains primarily limited to 

ammoniums and imidazoliums due to the facile synthesis, commercial availability, or the relative 

stability of their corresponding monomers or polymerizable precursors.2  To the best of our 

knowledge, phosphoniums remain wholly unexplored for polyzwitterions despite promising 

investigation of these cations for polyampholytes.27  The absence of phosphonium-based 

zwitterionic monomers and the considerable oxygen sensitivity of typical alkyl phosphine 

precursors provide likely explanations for their omission in the literature. 

Previous work in our group explored triarylphosphine-containing polymers, based on the 

commercially-available monomer 4-(diphenylphosphino) styrene (DPPS).28�±30  The polymers 

exhibited greater air stability due to the decreased oxygen sensitivity of arylphosphines in 

comparison to alkylphosphines.31 As a result, these polyphosphines served as stable platforms that 

enabled subsequent generation of phosphonium-based ionomers via post-polymerization 

alkylation techniques.  Multiple examples in literature provide routes for the synthesis of small 

molecule phosphonium sulfobetaine zwitterions via alkylation of triphenylphosphine with 

sultones,12,32 or alkylation of haloalkylcarboxylic acids with subsequent deprotonation and salt 

removal.33 However the application of these synthetic routes to DPPS-containing polymers has not 

been investigated until now. 

Herein we report the synthesis of the first phosphonium-based polyzwitterions, achieved via 

post-polymerization functionalization of DPPS homopolymers and copolymers.  DPPS readily 

polymerized via free radical polymerization to yield stable, triarylphosphine-containing polymers.  

Quantitative post-polymerization alkylation with sultones and haloalkyl sulfonates generated 

pendant phosphonium sulfobetaine functionalities to yield unprecedented phosphonium-based 

polyzwitterions. Alkylation of the same polyphosphine precursors with alkyl halides yielded 
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phosphonium ionomers for a systematic structure-property investigation between the uncharged, 

ionomer, and polyzwitterion states of DPPS-containing polymers.  The polyzwitterions exhibited 

significant strain-hardening and better mechanical properties in comparisons with the uncharged 

polymers and the ionomers. X-ray scattering and broadband dielectric spectroscopy (BDS) 

analysis provided deeper insight into the origins of observed changes in (thermo)mechanical 

properties by the introduction of novel zwitterionic functionalities. 

8.3 Results and Discussion 
 

Free radical polymerization of DPPS yielded air-stable, phosphine-containing homopolymers 

and copolymers.  Scheme 8.1 illustrates the synthesis of phosphonium-containing ionomers and 

polyzwitterions via post-polymerization alkylation of styrenic triarylphosphine repeat units.   

Alkylation with bromopropane yields phosphonium ionomers, and the ring-opening reaction of 

1,3-propanesultone with pendant phosphines yielded salt-free phosphonium sulfobetaines pendant 

to the polymer backbone.  This post-polymerization functionalization strategy enabled consistency 

of polymer backbone composition and molecular weight distribution, enabling direct comparison 

between the uncharged, ionomer, and polyzwitterion polymers. 
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Scheme 8.1. Alkylation strategy for synthesizing phosphonium-based ionomers and 
polyzwitterions from polyDPPS repeat units. 

 

Extent of reaction is often a concern for post-polymerization functionalization reactions, and 

previous investigations demonstrated the slow kinetics of nucleophilic attack by aryl-substituted 

phosphines in the small-molecule state.32   Therefore, analysis of alkylation reactions of polyDPPS 

homopolymers probed the maximum achievable conversion for this reaction. 31P-NMR 

spectroscopy of reaction aliquots monitored phosphine conversion over time for both 

bromopropane and 1,3-propanesultone alkylations. Surprisingly, conversion of the phosphine 

repeat units proved quantitative for both ionic and zwitterionic alkylations within the detection 

limit of 31P-NMR spectroscopy, as illustrated in Figure 8.1.  However, as expected for the hindered 

phosphine nucleophiles, the reaction exhibited extremely slow rates, with typical reaction times of 

1-2 weeks.  Apparent plateaus of phosphine conversion with respect to time occurred periodically, 

likely due to the loss of alkylation reagents (e.g. sultone hydrolysis). However, additional reagent 
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injections continued the reaction until complete disappearance of the phosphine peak (-6.8 ppm), 

with a formation of a phosphonium peak at 22.5 ppm, in deuterated DMSO.   

 

 

Figure 8.1. 31P NMR spectroscopy confirms quantitative post-polymerization alkylation of 
polyDPPS homopolymers to yield both the ionomers and polyzwitterions. DMSO-d6 

 

 While synthesis of polyDPPS homopolymers confirmed the possibility of quantitative 

conversion of polymeric triarylphosphines, both the neutral and the alkylated polymers produced 

extremely brittle films.  This precluded them as candidates for probing structure-property 

relationships, particularly the effects of these charged functionalities on (thermo)mechanical 

properties.  Illustrated in Scheme 8.2, copolymerization of DPPS with the low glass transition 

temperature (Tg) monomer, di(ethylene glycol) methyl ether methacrylate (DEGMEMA), 

decreased brittleness and yielded a series of copolymers with varied concentrations of phosphine 

functionality: 5, 10, and 31 mol% (7, 15, 41 wt% DPPS). Division of each poly(DPPS-co-

DEGMEMA) copolymer into subsamples for alkylation provided consistency in molecular weight, 
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dispersity, and backbone composition between the neutral, ionic, and zwitterionic polymers at each 

composition.   

 

Scheme 8.2. Free radical copolymerization of DPPS and DEGMEMA yields phosphine-
containing random copolymers. Subsequent alkylation with alkyl halide or sultone reagents 
generates phosphonium ionomers and polyzwitterions, respectively. 

 

Alkylation of the copolymers proceeded similarly to the homopolymer, exhibiting slow 

reaction kinetics yet near-quantitative phosphine conversion for all samples within 1-2 weeks, 

evident by a shift from the phosphine peak (-6.8 ppm) to the phosphonium peak (23.3 ppm), shown 

in Figure 8.2.  Small degrees of oxidation (evidenced by the small peak at 24.9 ppm) appeared for 

the lower mol% phosphine samples, likely due to the introduction of low amounts of oxygen 

during the long reaction time.  The resultant polymer array enabled systematic investigation into 

the effects of both ionic/zwitterionic structures and their molar concentrations on polymer 

properties.   
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Figure 8.2. 31P NMR spectroscopy confirms alkylation of poly(DPPS-co-DEGMEMA) 
copolymers to yield both ion and zwitterion functionalities. DMF-d7 

 

All copolymers exhibited single Tg�¶�V, observed via differential scanning calorimetry (DSC). 

The Tg of the uncharged poly(DPPS-co-DEGMEMA) copolymers increased with DPPS 

incorporation and closely aligned with the prediction by the Fox equation, suggesting random 

copolymerization of  DEGMEMA (homopolymer Tg = -40 °C)34 and DPPS (homopolymer Tg = 

118 °C), shown in Figure 8.3.  Recent work by Bocharova et al. and investigations by Matsurra et 

al. and Eisenberg et al. observed increases in polymer Tg with increasing ion content due to the 

restriction of cooperative backbone segmental motion by electrostatic interactions between 

ionomer chains.35�±38  Phosphonium ionomers exhibited similar behavior, exhibiting increased Tg�¶�V��

compared to the uncharged polyphosphine precursor polymer at each molar concentration in the 

polymer.  Zwitterions provide larger dipoles than contact ion pairs due to the charge separation 

imposed by the covalent attachment between each ion.39�±43 Previous work elucidates the head-to-

tail antiparallel alignment of zwitterionic dipoles, although energetically less favorable,44 to 
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provide strong physical interactions.45,46 This stronger physical crosslinking in phosphonium 

zwitterions is expected to cause greater Tg increases than observed for the corresponding ionomer 

copolymers as shown in Figure 8.3.  Furthermore, the degree of Tg enhancement increased with 

molar concentration in the copolymer, highlighting the role of these functionalities in directing 

thermal properties. These observations align with similar investigations of ammonium-based 

ionomers and polyzwitterions.23 

 

Figure 8.3. Effect of DPPS incorporation and alkylation state on glass transition temperature 
(Tg), as measured by differential scanning calorimetry (DSC). 

 

In addition to increasing Tg, ionic interactions provide physical crosslinking between chains, 

which should manifest as reinforcement of thermomechanical properties.  To probe this structure-

property relationship, dynamic mechanical analysis (DMA) measured the tensile storage modulus 

���(�¶���� �D�Q�G��loss tangent (�W�D�Q���/) of copolymer films with 10 mol% of the phosphine, phosphonium 

ion, and phosphonium sulfobetaine zwitterion functionalities (Figure 8.4). The neutral phosphine 

copolymer exhibited flow at temperatures above Tg due to the lack of physical crosslinking other 
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than entanglements.  Physical reinforcement via the incorporation of ionic and zwitterionic 

interactions reinforced the �W�H�Q�V�L�O�H�� �V�W�R�U�D�J�H�� �P�R�G�X�O�X�V�� ���(�¶������ �\�L�H�O�G�L�Q�J�� �D�� �S�O�D�W�H�D�X�� �(�¶�� �W�R�� �W�H�P�S�H�U�D�W�X�U�H�V��

above Tg.  In agreement with the Tg trends observed previously, the stronger physical crosslinking 

�Z�L�W�K�L�Q�� �W�K�H�� �S�R�O�\�]�Z�L�W�W�H�U�L�R�Q�� �V�D�P�S�O�H�� �\�L�H�O�G�H�G�� �J�U�H�D�W�H�U�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W�� �R�I�� �W�K�H�� �(�¶�� �S�O�D�W�H�D�X�� �W�R�� �K�L�J�K�H�U��

temperatures than the ionomer at the same molar concentration in the polymer.  

 

 

Figure 8.4. DMA confirms increased reinforcement by ionic and zwitterionic functionalities 
�H�Y�L�G�H�Q�F�H�G�� �E�\�� �D�Q�� �H�[�W�H�Q�V�L�R�Q�� �R�I�� �W�K�H�� �W�H�Q�V�L�O�H�� �V�W�R�U�D�J�H�� �P�R�G�X�O�X�V�� ���(�¶���� �U�X�E�E�H�U�\�� �S�O�D�W�H�D�X��(solid lines) to 
higher temperatures.  �/�R�V�V���W�D�Q�J�H�Q�W�����W�D�Q���/�����O�L�Q�H�V���U�H�S�U�H�V�H�Q�W�H�G���D�V���G�D�V�K�H�G���O�L�Q�H�V�� 

 

Tensile analysis, shown in Figure 8.5, provides further evidence for the unique capability of 

zwitterions to reinforce polymers and offers insight into the mechanical behavior of polyzwitterion 

materials. As expected, the low-Tg, uncrosslinked neutral copolymer (10 mol% phosphine) 

exhibited very low maximum stresses (<0.2 MPa) upon elongation and plastically deformed to 

high strains without breakage.  While the presence of ionic physical crosslinking in the 

phosphonium ionomer (10 mol% ion) increased stress upon deformation, plastic deformation still 
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occurred due to the breakage and reforming of ionic associations (i.�H���� �³�L�R�Q�� �K�R�S�S�L�Q�J�´��.37  Stress 

appeared to increase at higher strains, possibly indicating additional ionic aggregation facilitated 

by alignment and sliding of polymer chains. The polyzwitterion polymer exhibited dramatically 

increased stress upon elongation with an ultimate strength above 1 MPa due to the stronger 

physical crosslinking between chains.  The polyzwitterion sample also exhibited significant strain-

hardening upon deformation to high strains.  Middleton et al. correlated strain-hardening of 

ionomers to deformation-induced morphological changes in ionic aggregates.47  Similar 

morphological changes may explain the strain-hardening observed for these polymers, which 

warrants further study. 

 

Figure 8.5. Tensile analysis of 10 mol% DPPS samples demonstrates significant mechanical 
reinforcement by the zwitterionic functionalities. 

 

Small-angle (SAXS) and wide-angle (WAXS) X-ray scattering measurements were done to 

confirm the presence of ionic aggregation in both the phosphonium ionomer and phosphonium 

sulfobetaine polyzwitterion (Figure 8.6).  In particular, strong electrostatic interactions in solvent-
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free charged polymers such as the ionomer and the polyzwitterion are expected to cause formation 

of ionic domains, whose sizes are estimated to be of the order of the Bjerrum length (in vacuum) 

times the square of the dipole moment.48  These domains manifest as broad peaks in the SAXS for 

the ionomer and polyzwitterion states (Figure 8.6).  However, in-depth analysis of these peaks 

proved challenging presumably due to poor contrast.  Synthesis of similar copolymers with the 

alkyl monomer, n-butyl methacrylate (nBMA), appeared provide improved contrast, with well-

defined peaks suitable for fitting with the Kinning-Thomas model (Table 8.1). Alkylation with 

bromopropane generated a direct analog to the DEGMEMA-based phosphonium ionomer.  

Alkylation of poly(DPPS-co-nBMA) with bromopropane sulfonate explored a less hazardous, 

sultone-free route to zwitterion formation. It is important to note that unlike sultone ring-opening, 

alkylation with bromopropane sulfonate does not necessarily preclude the presence of sodium and 

bromide counterions for the sulfonate and phosphonium, respectively.  However, Romanov and 

coworkers report the synthesis of small molecule phosphonium carboxybetaines which utilized 

aqueous conditions to remove sodium bromide salts after alkylation.33  Therefore polyzwitterions 

synthesized through this approach required aqueous washing via liquid-liquid extraction of the 

reaction solution.  

The excess scattering centered around 1.40 nm-1 for the ionic and zwitterionic species of the 

poly(DPPS-co-DEGMEMA) series implies the presence of  some weak, disordered phase 

separation to yield ionic domains. However, prominent ionic domain peaks appeared for the 

alkylated polymers in the poly(DPPS-co-nBMA) series. For both copolymer series, the amount of 

phase separation appears to increase with increasing intermolecular interactions, from phosphine 

to ionic to zwitterion. SAXS scattering profiles were fit using a liquid-like hard sphere model 

according to Kinning and Thomas49 (Table 8.1), following a formulation for the SAXS modeling 
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interference terms (structure factors) defined by Winey et al.50 These fits provided quantitative 

insight concerning the size and spacing of the ionic domains. The liquid-like hard sphere model 

describes collections of aggregates with respect to three principle spatial parameters: the radius of 

the spherical aggregate (R1), the radius of closest approach (Rca), and the sample polymer volume 

per ionic aggregate (Vp). The Kinning-Thomas model fits for the SAXS curves of the ionic and 

zwitterionic poly(DPPS-co-nBMA) species are shown in Table 8.1. The zwitterionic species 

tended to have a higher R1, than the ionic series.  This result therefore indicates a greater volume 

fraction occupied by domains of larger radii present for the zwitterionic series compared to the 

ionic series. We should point out that although the Kinning-Thomas model is useful for extracting 

quantitative information about sizes and distribution of domains appearing in the SAXS, the model 

does not provide a molecular description for the existence of the domains. Therefore, it cannot be 

used to explain enhanced scattering observed at lower wavevectors.  Macromolecular models48 

considering effects of electrostatics need to be considered to interpret additional features seen in 

the SAXS and WAXS. Detailed analysis of the scattering data using molecular models will be 

presented in a future work. Based on our preliminary analysis and other related works from the 

literature,51,52 peaks seen in the WAXS can be assigned to the two types of side-chains in these 

copolymers (see the Figures S8.8 and S8.9 showing the location of these peaks for the DEGMEMA 

based copolymers).  
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Figure 8.6. Combined SAXS/WAXS confirms the presence of ionic domains for the alkylated 
states of poly(DPPS-co-DEGMEMA) (left) and poly(DPPS-co-nBMA) (right).  Line overlays in 
the right plot show Kinning-Thomas model fitting.  All curves are vertically shifted for clarity. 

 

Table 8.1. Kinning-Thomas Fitting Parameters for poly(DPPS-co-nBMA) Copolymer Series 

 

Experimental results related to thermomechanical properties and scattering imply stronger 

attractive intra- and inter-molecular interactions in the polyzwitterions than the ionomers and the 

neutral polymers. The molecular origin of such interactions is expected to be the zwitterions acting 

as stronger electric dipoles than the contact ion-pairs present in the ionomers. In order to verify 

such an expectation, we have used broadband dielectric spectroscopy (BDS) to estimate the static 

dielectric constants (�0s) of the polyphosphine, phosphonium ionomer, and polyzwitterion (10 



232 
 

mol%).  These values, shown in Figure 8.7, correlate to the concentration and dipole moment (µ) 

of dipoles present in the polymer via the Onsager-Kirkwood formula (Equation 1).53�±55  

�:���Þ�?�5�;�:�6���Þ�>�5�;

���Þ

L��

�8���	�Ç �Á�. �Ú�¼

��
��        (8.1)  

Where �� is inverse of the Boltzmann constant times temperature, N is the number of dipoles in the 

system of volume �
 . gK is the Kirkwood g-factor which describes orientation correlations of the 

dipoles. Due to the presence of polar groups in the DEGMEMA and uncharged DPPS monomers, 

the polyphosphine exhibits dielectric constants on the order of 7 at the experimental temperatures, 

which are relatively high in comparison to other neutral polymers (e.g., �0��� �������� for polystyrene56). 

The incorporation of phosphonium ions increased these values, either due to the enhanced 

polarizability of the ions or the introduction of phosphonium bromide ion pairs.  The 

polyzwitterion exhibited significantly higher static dielectric constants than the ionomer and 

polyphosphine, confirming the presence of stronger dipoles due to the zwitterionic functionalities.  

It is important to note that all alkylations occurred on fractions of the same polyphosphine 

precursor so that the overall concentration of phosphonium ions was the same for the ionomer and 

the polyzwitterion.  Therefore, the significant increase in �0s suggests significantly higher µ values 

for the pendant zwitterions and supports the role of zwitterionic interactions in the considerable 

increases in Tg and (thermo)mechanical reinforcement observed for the phosphonium 

polyzwitterions. 
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Figure 8.7. Static dielectric constants (�0s) calculated from BDS for poly(DPPS-co-DEGMEMA) 
random copolymers with 10 mol% neutral phosphine, phosphonium ion, and phosphonium 
sulfobetaine zwitterion functionalities. 

 

 

8.4 Conclusions 

Polymerization of a triarylphosphine monomer enabled polymeric precursors which yielded 

the first examples of phosphonium-based polyzwitterions upon sultone alkylation.  31P-NMR 

spectroscopy confirmed near-quantitative conversions of pendant phosphines for both 

homopolymers and random copolymers despite long reaction times. Systematic investigation 

between the neutral phosphine, phosphonium ionomer, and phosphonium sulfobetaine 

polyzwitterion offered insight into the thermomechanical and morphological effects imparted by 

the zwitterionic functionalities.  Enhanced static dielectric constants determined by BDS and ionic 

domains observed by SAXS supported the role of zwitterionic interactions to strongly direct and 

reinforce (thermo)mechanical properties.  This study stages a number of new research directions 
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focused on the fundamental and applied aspects related to structure and dynamics of phosphonium 

polyzwitterions.  

 

8.5 Experimental 

8.5.1 Materials 

4-(diphenylphosphino) styrene (DPPS), di(ethylene glycol) methyl ether methacrylate 

(DEGMEMA), n-butyl methacrylate (nBMA), bromopropane, and 1,3-propanesultone and were 

purchased commercially from Sigma-Aldrich and used directly without further purification.   

Azobisisobutyronitrile (AIBN) was purchased from Sigma Aldrich and recrystallized from 

methanol prior to use.  Anhydrous dimethylformamide (DMF) for alkylation reactions was 

purchased from Sigma Aldrich.  All other solvents were purchased as HPLC grade from Fisher 

Scientific and used directly.   

8.5.2 Synthesis of DPPS homopolymers and copolymers 

The following provides an example polymerization of a polyDPPS homopolymer.  In a 100-

mL round-bottomed flask, 5 g DPPS and 17 mg AIBN (0.6 mol%) were dissolved in 20 mL CHCl3.  

The reaction solution was sparged with argon for 20 min before heating via oil bath to 65 °C for 

16 h.  The reaction solution was then cooled to room temperature, concentrated via rotary 

evaporation, and precipitated from diethyl ether three times.  The polymer was then dried in vacuo 

at room temperature for 24 h.  

The following provides an example polymerization of poly(DPPS-co-DEGMEMA).  In a 100-

mL round-bottomed flask,  1 g DPPS, 9 g  DEGMEMA, and 24 mg (0.6 mol%) were dissolved in 

60 mL of chloroform. The solution was sparged with argon for 20 min while stirring before heating 
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via oil bath to 65 °C for 16 h.  The reaction was cooled to room temperature and the product 

solution was concentrated via rotovaporization and dialyzed (3.5 kDa, snakeskin) against 

chloroform to remove residual starting material.  The polymer was then precipitated from the 

dialyzed chloroform solution in methanol and dried in vacuo at room temperature for 24 h.   

Synthesis and purification of nBMA copolymers followed this same procedure. 

8.5.3 Post-polymerization alkylation of DPPS-containing polymers 

In an example alkylation, 1.25 g of polymer was dissolved in 20 mL of dimethylformamide 

(DMF) in a 50-mL round bottomed flask.  The solution was sparged with argon for 20 min before 

adding 3 equiv (with respect to phosphine repeat units) of either bromopropane or 1,3-

propanesultone via syringe.  The reactions were heated to 65 °C (bromopropane) or 90 °C 

(sultone), determined by the boiling point of the bromopropane.  It is important to note that 1,3-

propanesultone is a uniquely potent human carcinogen which demands extreme caution during 

handling.57  Conversion of the pendant triarylphosphines was monitored via 31P-NMR 

spectroscopy.  If conversion progress appeared to plateau, additional alkylation agent (3 equiv) 

was added via syringe.  In this manner, reactions were continued until full phosphine conversion 

was observed.  Upon completion, the sultone reactions were allowed to cool to room temperature 

and 1 mL of water was added to quench any residual sultone.  Water was also used through the 

process to quench all equipment that contacted sultone.  Reaction solutions were then directly 

dialyzed against methanol to remove DMF solvent and residual alkylation reagent. The dialyzed 

methanol solutions were then poured into poly(tetrafluoroethylene) (PTFE) molds dishes (6 cm 

diameter) for solvent removal and film preparation.    

Alkylation of poly(DPPS-co-nBMA) to the ionomer state proceeded as described above.  The 

polymer was dialyzed against CHCl3, and the dialysate was concentrated via rotovaporization and 
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poured into a PTFE mold for drying and film preparation.  Alkylation for zwitterions of nBMA 

copolymers utilized bromopropane sodium sulfonate in lieu of 1,3-propanesultone but otherwise 

followed the same reaction conditions.  After completion, the poly(DPPS-co-nBMA) 

polyzwitterion reaction solution was diluted in CHCl3 and the solution was washed via liquid-

liquid extraction with water three times.  The organic layer was collected, concentrated via 

rotovaporization and cast into a PTFE mold for drying and film preparation. 

8.5.4 Film preparation via solvent-casting 

Unalkylated DPPS (phosphine) based polymers were solution casted as 20 wt% solutions in 

chloroform.  Alkylated homopolymers and alkylated DEGMEMA copolymers (phosphonium ion 

and zwitterion) were casted as solutions in methanol (from dialysis or prepared 20 wt% solutions).  

In either case, the dry polymer mass for each sample was approximately 1 g.   Polymer solutions 

were poured into PTFE molds (6 cm diameter) and covered with a glass cover dish (propped with 

a paper clip to allow low air flow) on the benchtop. After 12 h, the PTFE dishes were moved the 

vacuum oven at room temperature for 12 h, then increased to 65 °C for 24 h.  After drying, the 

films were then removed from the dishes, placed onto PTFE film and stored in a desiccator.   

8.5.5 Analysis of polymer array 

1H- (64 scans, 5 s relaxation delay) and 31P-NMR spectroscopy (64 scans, 25 s relaxation delay) 

in confirmed monomer and polymer chemical composition and phosphorous state (phosphine [-

6.8 ppm], phosphonium [23.3 ppm]), phosphine oxide[24.9 ppm], DMF-d7).  Thermogravimetric 

analysis (TGA) was performed at a ramp rate of 10 °C/min with a 20 min isotherm drying step at 

120 °C. Differential scanning calorimetry (DSC) was run at 10 °C/min heating/cooling rate in a 
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heat-cool-heat cycle and determined polymer and copolymer thermal properties.  Tensile analysis 

was performed on an Instron 5500 at room temperature at a strain rate of 5 mm/min.   

8.5.6 Broadband Dielectric Spectroscopy (BDS) 

Broadband dielectric spectroscopy measurements were carried out with a Novocontrol 

Concept 40 system, consisting of an Alpha-A impedance analyzer, a ZGS test interface, and a 

QUATRO cryosystem, in the frequency range 0.1 �± 107 Hz and temperature range 120 - -60°C. In 

each experiment, a disk-shaped sample was sandwiched between two gold-plated electrodes, and 

�D���7�H�I�O�R�Q���U�L�Q�J���V�S�D�F�H�U���R�I�����������P���L�Q���W�K�L�F�N�Q�H�V�V���Z�D�V���X�V�H�G���W�R���P�D�L�Q�W�D�L�Q���D���F�R�Q�V�W�D�Q�W���J�D�S�����7�R���U�H�P�R�Y�H���D�Q�\��

residual solvent or absorbed water, the sample was first equilibrated at 120°C for several hours 

until the dielectric spectrum no longer changed with time. To extract the static dielectric 

permittivity �ó�Ì, nonlinear least-squares analysis was employed to simultaneous fit the real, 

imaginary, and derivative dielectric spectra, using a phenomenological model of the following 

form: �ó�Û�:�ñ�; 
L
��

�Ü�"�, � 

E�Ã

�¿�"�Õ


c�5�>�:�Ü� ���Õ�;

� �Õ
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� �Õ�Ý 
E�ó�¶ 
E�#�ñ�?�á. Here, �ñ 
L �t�è�B is the angular frequency, 

�ó�¶  the value of �ó�ñ �D�W���³�L�Q�I�L�Q�L�W�H�´���I�U�H�T�X�H�Q�F�\�����¿�ó�Ý the dielectric relaxation strength, �ì�Ý the relaxation 

time, �Ù�Ý and �Ú�Ý the shape parameters, and �ê the dc conductivity. A total of two Havriliak-Negami 

terms were used in the fitting. The static permittivity �ó�Ì was calculated as �ó�Ì 
L �ó�¶ 
E�¿�ó�5 
E�¿�ó�6. 

8.5.7 X-ray scattering analysis 

Small angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) experiments 

were performed using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped with a rotating 

anode emitting X-�U�D�\���Z�L�W�K���D���Z�D�Y�H�O�H�Q�J�W�K���R�I���������������Q�P�����&�X���.�.�������7�K�H���V�D�P�S�O�H-to-detector distance 

was 1005 mm or 1600 mm for SAXS and 195 mm for WAXS, and the q-range was calibrated 

using a silver behenate standard. Two-dimensional SAXS patterns were obtained using a 2D 
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multiwire, proportional counting, gas-filled detector, with an exposure time of 2 h. Two 

dimensional WAXS diffraction patterns were obtained using an image plate with an exposure time 

of 1 h. The SAXS data were corrected for sample thickness, transmission, and background, and 

were put on an absolute scale by correction using a glassy carbon standard from the Advanced 

Photon Source (APS).58 The WAXS data were corrected for background. The SAXS/WAXS 

profiles were vertically shifted to facilitate a comparison of peak positions. All the SAXS and 

WAXS data were analyzed using the SAXSGUI software package to obtain radially integrated 

�6�$�;�6���D�Q�G���:�$�;�6���L�Q�W�H�Q�V�L�W�\���Y�H�U�V�X�V���W�K�H���V�F�D�W�W�H�U�L�Q�J���Y�H�F�W�R�U���T�����6�$�;�6�����R�U�������� ���:�$�;�6�����U�H�V�S�H�F�W�L�Y�H�O�\����

�Z�K�H�U�H���T��� �������Œ�������V�L�Q���������������L�V���R�Q�H���K�D�O�I���R�I���W�K�H���V�F�D�W�W�H�U�L�Q�J���D�Q�J�O�H���D�Q�G�������L�V���W�K�H���;-ray wavelength. 
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8.8 Supporting Information  

 

 

Figure S8.1. 1H NMR spectroscopy confirms composition of poly(DPPS-co-DEGMEMA) 
copolymers. Molar concentrations calculated via aromatic protons (green) on DPPS repeat units 
and ester protons (orange) of DEGMEMA repeat units.  128 scans, 5 s relaxation delay, DMF-d7 

 

 

Figure S8.2. 1H NMR spectroscopy of phosphonium-containing polymers confirms presence of 
alkyl sulfonate protons (purple). 128 scans, 5 s relaxation delay, DMSO-d6 
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Figure S8.3.  Examples of data fitting of BDS data to extract static dielectric constants. Open 
symbols: Experimental data. Solid blue and red curves: Havriliak-Negami terms. Solid cyan lines 
in the middle panels (�ó�¢): Contribution from dc conductivity. Dashed lines: Total fitting curves. 

 

 

 

Scheme S8.1. Synthesis and alkylation of poly(DPPS-co-nBMA) copolymers 
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Figure S8.4. 31P NMR spectroscopy confirms nearly quantitative conversion of polymeric 
phosphines to ionic and zwitterionic states for poly(DPPS-co-nBMA). 128 scans, 5 s relaxation 
delay 

 

 

Figure S8.5. Combined SAXS (unshifted) and WAXS (vertically shifted to fit SAXS) 
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Figure S8.6. SAXS of poly(DPPS-co-nBMA) with Kinning-Thomas model fitting shown. 

 

 

 

Figure S8.7. WAXS analysis of DEGEMA-based (left) and nBMA-based (right) copolymer 
series. 
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Figure S8.8. Low-q peak in WAXS for DEGMEMA based copolymers. �7�K�H���O�R�Z���T���S�H�D�N���F�K�D�Q�J�H�V��
�O�L�W�W�O�H���Z�L�W�K���F�K�D�Q�J�L�Q�J���W�K�H���S�K�R�V�S�K�L�Q�H���J�U�R�X�S���W�R���L�R�Q���R�U���]�Z�L�W�W�H�U�L�R�Q���� 

 

 

Figure S8.9. High-q peak in WAXS for DEGMEMA based copolymers and can be assigned to 
van der Waals size of monomers. �9�D�Q���G�H�U���:�D�D�O�¶�V���V�S�D�F�L�Q�J���L�V���K�L�J�K�H�V�W���I�R�U���W�K�H���S�K�R�V�S�K�L�Q�H���V�H�U�L�H�V�����D�Q�G��
�O�R�Z�H�V�W���I�R�U���W�K�H���L�R�Q���V�H�U�L�H�V�����7�K�H���]�Z�L�W�W�H�U�L�R�Q���V�H�U�L�H�V���L�V���L�Q���E�H�W�Z�H�H�Q�����,�Q�F�U�H�D�V�L�Q�J���S�K�R�V�S�K�L�Q�H���F�R�S�R�O�\�P�H�U������
�G�H�F�U�H�D�V�H�V���W�K�H���Y�D�Q���G�H�U���:�D�D�O�¶�V���V�S�D�F�L�Q�J���I�R�U���W�K�H���L�R�Q���D�Q�G���]�Z�L�W�W�H�U�L�R�Q���V�H�U�L�H�V�����+�R�Z�H�Y�H�U�����L�W���L�Q�F�U�H�D�V�H�V���W�K�H��
�V�S�D�F�L�Q�J���V�O�L�J�K�W�O�\���I�R�U���W�K�H���S�K�R�V�S�K�L�Q�H���V�H�U�L�H�V�� 
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Chapter 9: Overall Conclusions 

Polymer latex colloids have afforded unique advantages to the synthesis and processing of 

polymers for over a century.  Colloidal morphology sequesters long macromolecular chains into 

discrete particles, thereby mitigating long-range chain entanglement and effectively decoupling 

the traditional relationship between molecular weight and viscosity.  By a large majority, latex 

�D�S�S�O�L�F�D�W�L�R�Q�V���F�H�Q�W�H�U���R�Q���³�W�Z�R-�G�L�P�H�Q�V�L�R�Q�D�O�´���D�S�S�O�L�F�D�W�L�R�Q�V���V�X�F�K���D�V���S�D�L�Q�W�V�����F�R�D�W�L�Q�J�V�����D�Q�G���D�G�K�H�V�L�Y�H�V�������$�V��

with many other fields, photochemistry imparts exciting new opportunities for the design and 

functionality of latex colloids and reimagines these historic materials as tunable platforms for 

nanomedicine, data security, and additive manufacturing (AM). 

Our efforts demonstrated, for the first time, the promise of latex as a low-viscosity precursor 

to yield complex, high performance polymer 3D geometries through additive manufacturing.  

Tailoring photochemistry for network formation in the continuous, aqueous phase introduced 

photocurability without disrupting colloidal stability. Spatially selective photocuring in vat 

photopolymerization (V�3���� �$�0�� �I�D�E�U�L�F�D�W�H�G�� ���'�� �³�J�U�H�H�Q�� �E�R�G�L�H�V�´�� �Z�L�W�K�� �S�U�H�F�L�V�H�� �J�H�R�P�H�W�U�L�F�� �I�H�D�W�X�U�H�V��  

These greenbodies comprised a photocrosslinked scaffold embedded with latex polymer particles 

which, upon water removal, coalesced throughout the scaffold to yield a semi-interpenetrating 

polymer network (sIPN), unveiling a new route to this material class.  The introduction of this 

strategy with styrene-butadiene rubber (SBR) latex produced elastomeric 3D printed geometries 

which achieved maximum strains above 500%. 

Successful  implementation of this approach with a methacrylic copolymer latex series 

expanded its demonstrated versatility to glassy polymers and probed the effects of polymer glass 

transition temperature (Tg) (-5 �± 120°C) on sIPN formation.  As expected, in addition to water 

removal, the photocured greenbody required annealing above the Tg of the latex particles to 



250 
 

promote coalescence and scaffold penetration. This investigation also elucidated significant 

differences in green body properties for each latex, with higher plateau shear storage moduli (�)�4
�ñ) 

exhibited for scaffold networks embedded with glassy latex particles.  This result confirms 

photoactivated latex scaffolding and coalescence-driven sIPN formation as an extremely versatile 

approach for shaping high molecular weight polymers with light. While the investigation of 3D 

printing higher Tg latexes remains for future work, the results of this study strongly imply the 

utility of this latex photoprocessing method for a significantly broader range of applications 

beyond elastomers.   

Another direction explored the modularity of this approach to 3D print multi-materials from 

hybrid colloids.  In particular, polymer-inorganic hybrid latexes afforded highly tunable precursors 

which enabled UV-assisted direct ink write (UV-DIW) AM  of polymeric nanocomposites.  Mixing 

SBR latex particles (~150 nm) and water-dispersible, carboxylated silica nanoparticles (~12 nm) 

introduced bimodal colloidal particle distributions with significant rheological tunability through 

varied silica:SBR ratios.  Increasing concentrations of the smaller silica nanoparticles (at a constant 

total solids concentration in water) increased particle-particle interactions and formed pastes which 

exhibited yield-stress rheological behavior.  The combination of this reversible, shear-induced 

liquid-solid transition (modulus crossover) with irreversible continuous-phase photocrosslinking 

established a unique processing window for UV-DIW which separated the generation of shape and 

reinforcement of green body mechanical properties into discrete, subsequent steps.  The full 

potential of this window requires further exploration; however, it may facilitate the insertion of 

devices into the part during printing to fabricate multi-component devices.  Post-process water 

removal and annealing promotes SBR particle coalescence throughout the scaffold and around the 

particles which generated an sIPN elastomeric nanocomposite. These materials exhibited 
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significantly reinforced (thermo)mechanical properties with ultimate strengths above 10 MPa and 

ultimate strains beyond 300%.  In addition to demonstrating the efficacy of this approach for 

mixtures of polymer and inorganic nanoparticles, this work also elucidated utilization of colloidal 

characteristics (e.g. particle size) as a unique tool for tuning these materials for VP or UV-DIW 

AM platforms. 

Photocurable latex provides an exciting strategy for providing preformed, high molecular 

weight polymer at low viscosities suitable for VP 3D printing; however, the molecular weight 

between crosslinks (Mc) of networks can also be built from small, low-viscosity molecules within 

the printer vat through the use of simultaneous, competitive chemistries.  The incorporation of 

dithiol molecules into traditional diacrylate photopolymers introduces linear, thiol-ene step growth 

chain extension which competes with acrylate crosslinking.  This enabled VP printing of 

hydrogenated polybutadiene diacrylate (HPBDA) photopolymers with tunable Mc and improved 

thermomechanical and tensile properties at higher dithiol concentrations. 

Thiol-ene chemistry also provided an efficient photocrosslinking chemistry to enable the first 

example of polydiene photopolymers for VP.  This click chemistry is well-established as a rapid, 

oxygen-resistant coupling reaction between a thiol functional group and an alkene.  Mixture of a 

miscible dithiol and radical photoinitiator into oligomeric SBR enabled photocuring of this 

polydiene into well-defined geometries through VP printing.  The photocrosslinked networks 

exhibited a diverse range of mechanical properties tuned by dithiol crosslinker concentration, 

which suggested potential applications as 3D printable adhesives and flexible optical materials. 

Free radical polymerization and subsequent alkylation of 4-(diphenylphosphino) styrene 

(DPPS) synthesized the first ever phosphonium-based polyzwitterions.  Investigations into these 

polymers elucidated the surprisingly quantitative nature of these post-polymerization alkylations 
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to yield phosphonium-based polymers, as confirmed by 31P-NMR spectroscopy.  Alkylation via 

the ring-opening reaction of 1,3-propane sultone by pendant triarylphosphines yielded salt-free 

phosphonium sulfobetaine zwitterion functionalities along the polymer chain; alkylation with 

bromopropane provided singly charged phosphonium ionomer repeat units for comparison.  

Copolymerization of DPPS with di(ethylene glycol) methyl ether methacrylate (DEGMEMA) and 

n-butyl methacrylate (nBMA) afforded copolymer arrays with varied ionic concentrations and 

compositions.  Dynamic mechanical analysis (DMA) and tensile testing confirmed significant 

reinforcement of (thermo)mechanical properties for the polyzwitterions compared to the ionomer 

and uncharged polymers.  To provide insight into these effects, broadband dielectric spectroscopy 

(BDS) confirmed the presence of significantly larger dipoles for the polyzwitterion and small-

angle x-ray scattering (SAX) elucidated the presence of ionic domains for both the phosphonium 

polyzwitterion and ionomer.  
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Chapter 10:  Future Work  

10.1 Photocurable polymer-polymer hybrid latexes for 3D printable, 
�³scaffold-compatibilized�  ́blends 

We previously introduced a method to generate solid 3D geometries from latex precursors 

through photoactivated (scaffold) network formation in the continuous, aqueous phase.1 Further 

investigations (Chapter 5) demonstrated the efficacy of this approach to glassy polymers in 

addition to low Tg elastomers and, as a result, elucidated the necessity of annealing the photocured 

green body above the latex polymer Tg to promote coalescence and semi-interpenetrating network 

(sIPN) formation.  Another direction harnessed this approach to print hybrid colloids, which 

contained both polymer (styrene-butadiene rubber, SBR) and inorganic (silica) nanoparticles, to 

���'�� �S�U�L�Q�W�� �H�O�D�V�W�R�P�H�U�� �Q�D�Q�R�F�R�P�S�R�V�L�W�H�� �V�,�3�1�¶�V���� ��While these investigations have expanded the 

demonstrated versatility of this strategy, a fully unexplored implication involves the 

compatibilization of polymer blends.  By necessity, polymer latex partitions polymers into 

mesoscale particle dimensions to maintain colloidal stability in water.  Continuous-phase 

scaffolding immobilizes these small particles into discrete, embedded phases of similar 

dimensions.  In the simplest case, each of these particles are chemically identical and coalesce with 

each other throughout the scaffold to create an sIPN.  In the case of polymer-inorganic hybrid 

colloids, the polymer coalesces around the inorganic particles and throughout the scaffold to yield 

sIPN nanocomposites.   However, in the case of polymer-polymer hybrid colloids, these embedded 

particles may template microphase-separated domains of immiscible polymers. While polymers 

are able to coalesce throughout the scaffold, long-range phase separation may be physically 

hindered, therefore positioning the scaffold as an effective �³compatibilizer�  ́ which maintains 
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microphase separation. Figure 10.1 illustrates this concept t�R�� �\�L�H�O�G�� �³�V�F�D�I�I�R�O�G-�F�R�P�S�D�W�L�E�L�O�L�]�H�G�´��

microphase-�V�H�S�D�U�D�W�H�G���E�O�H�Q�G���V�,�3�1�¶�V�� 

Panteli et al. recently provided a comprehensive review on efforts for multiply interpenetrating 

polymer networks (e.g. triple, quadruple, quintuple networks).2  All reviewed examples included 

at least two covalently crosslinking networks, with some containing a third physically crosslinked 

network.  �7�U�L�S�O�H���Q�H�W�Z�R�U�N���V�,�3�1�¶�V���R�E�W�D�L�Q�H�G���W�K�U�R�X�J�K��photocurable polymer-polymer hybrid latexes 

would therefore provide the first example which contain only a single chemically crosslinked 

network.  This would enable new insight into the phase separation behavior of the two mobile, 

entangled polymers throughout the crosslinked network (scaffold), and it may open the door to 

tunable phase-separated morphologies for targeted mechanical properties (e.g. high-impact 

plastics, toughened elastomers, etc.).  Furthermore, their review summarized multiple efforts 

which describe the synthesis of �,�3�1�¶�V which contain a conductive network component.3�±6  This 

suggests an exciting avenue for printing polymer-polymer hybrid latexes which can easily 

incorporate a conductive latex7 in addition to an elastomeric polymer to precisely tune 

electroactive and mechanical properties. 
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Figure 10.1. Illustration of utilizing polymer-polymer hybrid latex colloids to yield microphase-
separated blend semi-interpenetrating networks (sIPN). 

10.2 Sulfonated EPDM as a model for emulsification and latex-based 3D 
printing of preformed non-emulsion polymers 

Emulsion polymerization provides a direct and well-established route to synthesize latex 

polymer colloids; however, a range of emulsification techniques bring the advantages of colloidal 

morphology to a much broader range of polymer compositions inaccessible through this method.  

Polyurethane dispersions (PUD) represent a prolific example of aqueous polymer colloids obtained 

through other techniques.  These polymers are typically synthesized in heterogeneous dispersion 

conditions in which oligomeric prepolymers are dispersed in water and chain extended to higher 

molecular weights with a diamine additive.8  Other techniques for polymer colloids emulsification 

of organic solutions of preformed polymers with water through phase inversion emulsification9 or 

direct emulsification10 techniques.  In all cases, polymers are typically functionalized with ionic 

or polar functionalities to enable dispersion of the otherwise hydrophobic backbones in water.   

Ethylene-propylene-diene-monomer (EPDM) rubber is a heavily utilized elastomer for 

multiple applications across industry and academia.  Literature demonstrates the superior 

resilience of EPDM to oxidative and UV degradation compared to other diene elastomers such as 

butadiene- and isoprene-based polymers.11  As a result, EPDM does not undergo oxidative 

crosslinking or scission mechanisms.  This represents a marked advantage over the styrene-

butadiene rubber (SBR), the polymer used to introduce our mechanism for latex coalescence-

driven IPN formation, which can oxidatively crosslink after scaffold penetration, complicating the 

determination of sIPN versus IPN.  Shown in Scheme 10.1, sulfonation of EPDM represents a 

well-known derivatization pathway for adding pendant ionic functionalities.12  Therefore, 

sulfonated EPDM (S-EPDM) provides a natural candidate to explore emulsification of preformed 
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polymers to expand latex-based photoprocessing to polymers beyond emulsion polymerization 

products. 

 

Scheme 10.1. Sulfonation of EPDM and subsequent deprotonation to yield water-dispersible 
sulfonate salt-containing polymers. 

Preliminary work (Figure 10.2) demonstrated the promise of this approach to yield latex from 

preformed EPDM polymers.  Liquid EPDM (Lion Elastomers Trilene 67, 39 kDa, 3 mol% alkene) 

was purchased commercially and used directly.  In accordance with the procedure outlined by 

Makowski et al.,12 the EPDM was sulfonated by reaction with acetyl sulfate to yield . Interestingly, 

the solution developed a deep purple color during sulfonation which disappeared to yield a 

tan/orange color upon quenching with methanol.  The purified, dried polymer exhibited a deep 

orange color and highly elastic properties, in sharp contrast to the liquid, uncharged polymer 

starting material.  Neutralization, solvent emulsification, and solvent stripping generated S-EPDM 

latex colloids.  The polymer was dissolved in THF (100 mg/mL) and the polymer solution (1 mL) 

was added dropwise to stirring aqueous KOH (1 mL) to neutralize the sulfonic acids and disperse 

the polymer.  Because THF is miscible with water, the solvent quickly diffused into the continuous 

phase, leaving charged polymer particles behind.  The THF was then removed through 

rotovaporization to yield solvent-stripped aqueous S-EPDM latex colloids.  Studies across 
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different KOH concentrations suggested optimal dispersion and colloidal stability in 0.5 M KOH, 

which was provided approximately 5 equiv of base with respect to the bound acids. 

 

Figure 10.2. Images and chemical structures of EPDM sulfonation and subsequent emulsification 
to yield S-EPDM latexes. 

Future work is necessary to refine this emulsification process for S-EPDM and to select 

suitable photoactive scaffold precursors for the resultant latex.  Emulsification of preformed 

polymers remains a delicate and highly empirical process, with many examples restricted to the 

patent literature.13�±16  A thorough, fundamental structure-property-process investigation for 

emulsification of sulfonated EPDM would provide an invaluable contribution to the academic 

literature.  Furthermore, the level of synthetic control on ion concentration and counterion identity 

affords a high degree of tunability for S-EPDM polymer particles. This opens opportunities to 

utilize reactive counterions to aid scaffold formation, a concept discussed in the next section (10.3).  

Finally, investigation of these latexes for vat photopolymerization (VP) or direct ink write (DIW) 

would provide the first example of 3D printing EPDM rubber. 
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10.3 Reactive particle interfaces for particle-assisted continuous-phase 
scaffold formation in colloids 

Chapter 3 introduced the strategy of incorporating photoinitiators, monomers and crosslinkers 

to the aqueous, continuous phase of latex to introduce photocurability to these colloids.  

Photoactivated network formation in the water phase generates a crosslinked network which 

supports the particles and water in a solid �³�J�U�H�H�Q���E�R�G�\�´��shape.  This scaffold requires tuning to 

provide sufficient strength to adequately bear this burden, which is accomplished primarily with 

varied scaffold crosslinker concentrations (e.g. increased PEGDA:NVP).  However, our growing 

synthetic efforts in this emerging process afford new opportunities to tune these systems in more 

areas than solely scaffold design.  Altering the chemistry at each particle surface will  transform 

these particles from burdens on the scaffold network to integral building blocks of the green body. 

Chapter 4 details our investigations into the use of hybrid colloids to enable 3D printable 

nanocomposites.  Carboxylate functionalization enabled water-dispersible silica nanoparticles 

which readily mixed with latex polymer particles to yield these hybrid colloids.  However, more 

generally, this work also investigated an avenue to precisely tune the ionic functionality at the 

surface of colloidal particles. Because this synthetic route generates a carboxylic acid precursor, 

the counterion can be easily selected through the choice of base used for deprotonation.  Our 

studies encompassed multiple cations and ultimately centered on ammonium-based counterions 

similar to those employed by the latex polymer particles.  However, the use of polymerizable bases 

imparts reactivity at the surface of each particle.  Scheme 10.2 illustrates the use of 2-

(dimethylamino)ethyl methacrylate (DMAEMA) as a base in lieu of triethylamine (TEA).  This 

affords radically polymerizable counterions at the surface of silica particles which serve provide 
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both colloidal stability and crosslinkability.  As a result, each silica nanoparticle effectively 

becomes a multifunctional methacrylate crosslinker in the colloid. 

 

Scheme 10.2. Functionalization of silica nanoparticles with subsequent deprotonation with 
methacrylate amines to yield reactive colloidal surfaces 

To investigate their efficacy as reactive crosslinkers, methacrylate-functional silica 

nanoparticles were dispersed directly into N-vinyl pyrrolidone (NVP) with L-acyl phosphinate 

(LAP) photoinitiator (the scaffold monomer and photoinitiator used in previous investigations). 

Photorheology (Figure 10.3) demonstrated rapid photocuring with DMAEMA-functionalized 

silica nanoparticles (NP-�'�0�$�(�0�$�����W�R���\�L�H�O�G���D���S�O�D�W�H�D�X���V�K�H�D�U���V�W�R�U�D�J�H���P�R�G�X�O�X�V�����*�¶�����D�E�R�Y�H������5 Pa, 

a metric which generally suggests suitability for vat photopolymerization (VP) and direct ink write 

(DIW) 3D printing.1,17,18  In contrast, an analogous silica/NVP dispersion with TEA-functionalized 

silica nanoparticles (NP-�7�(�$�����G�L�G���Q�R�W���H�[�K�L�E�L�W���D�Q�\���L�Q�F�U�H�D�V�H���L�Q���*�¶���Z�L�W�K���8�9���H�[�S�R�V�X�U�H��  DMAEMA -

�I�X�Q�F�W�L�R�Q�D�O�L�]�H�G���V�L�O�L�F�D���S�D�U�W�L�F�O�H�V���D�O�V�R���S�U�R�Y�L�G�H�G���D�Q���L�Q�F�U�H�D�V�H�G���*�¶���S�O�D�W�H�D�X��for a 50:50 silica:SBR (wt:wt) 
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hybrid colloid formulation which utilized a NVP/PEGDA scaffold as detailed in Chapter 4.  While 

NP-DMAEMA  could not fully replace PEGDA as the scaffold crosslinker for hybrid systems 

(which contained a much lower silica concentration than the silica/NVP dispersions), these results 

demonstrate the strong potential of reactive colloidal particles to participate in scaffold generation 

and photocuring.  The transparent film generated from photocuring the silica/NVP dispersion also 

suggests that association into the scaffold may hinder aggregation of silica nanoparticles and 

enable 3D printing of well-dispersed nanocomposites through this approach. 

 

Figure 10.3. (Left) photorheology comparison of reactive (DMAEMA counterions) and 
unreactive (TEA counterions) silica nanoparticles dispersed in NVP.  (Right) comparison of the 
same nanoparticles in photocurable latex. 

10.4  Photoactive latex particle shells to assist with continuous-phase scaffold 
formation 

We have also investigated routes to introduce radical reactivity at the surface of colloidal 

polymer particles.  Badia et al. recently reported emulsion polymerization of piperonyl 

methacrylate-containing polymers.19  Scheme 10.3 shows the mechanism by which piperonyl-
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functionalized repeat units generate radicals in response to UV light.  Because these radicals are 

bound to the polymer backbone, termination by combination results in crosslinking between 

chains.  This bioderived monomer therefore enabled post-coalescence photocrosslinking to yield 

mechanically reinforced films. In our approach investigates localization of this unique 

functionality at the surface of latex particles to yield photoreactivity at the polymer-water interface 

to assist scaffold formation.  Multiple examples reviewed in Chapter 2 illustrate the efficacy of 

surface-based photochemistry on latex particles for applications such as surface-grafting of 

polymer chains20 and photo-triggered aggregation of latex particles.21,22  In our work, surface-

bound, photo-generated radicals may act as both a photoinitiator and crosslinker for continuous-

phase scaffold formation for 3D printing. 

 

Scheme 10.3. Photoreactions of piperonyl methacrylate repeat units to yield crosslinking and 
network formation. 

 

Figure 10.4 illustrates our efforts utilizing seeded semibatch emulsion polymerization to 

localize piperonyl methacrylate repeat units at the surface of latex polymer particles.  Batch 

emulsion polymerization of methyl methacrylate (MMA) and n-butyl acrylate (BA) yielded a 
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�³�V�H�H�G���O�D�W�H�[�´���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\���������Z�W�����V�R�O�L�G�V���D�Q�G���������Q�P���S�D�U�W�L�F�O�H���G�L�D�P�H�W�H�U�������)�H�H�G�L�Q�J���Z�L�W�K���D���³�S�U�H-

�H�P�X�O�V�L�R�Q�´���P�L�[�W�X�U�H���R�I���0�0�$�����%�$�����Z�D�W�H�U�����D�Q�G���V�X�U�I�D�F�W�D�Q�W�����'�R�Z�I�D�[�����$�������L�Q�F�U�H�D�V�H�G���W�K�H���V�L�]�H��and solids 

content to approximately 140 nm and 45 wt% solids, respectively.  A second feeding step of 

piperonyl methacrylate (PMA), MMA, water, and surfactant equipped the particles with a 

photoreactive shell and achieved a final solids content near 50 wt% and particle size of 

approximately 160 nm.  Figure 10.5 confirms close agreement of calculated particle size (Z-

average from dynamic light scattering, DLS) with the theoretical particle size (as a function of 

monomer fed at time t), based on equations described in Chapter 5.  This suggested a controlled 

growth of �H�[�L�V�W�L�Q�J�� �³�V�H�H�G�´��particles without nucleation of new particles, which is necessary for 

generating the desired core-shell particle morphology. 

 

Figure 10.4. Seeded semibatch emulsion polymerization to yield latex particles with piperonyl 
methacrylate functionalized shells. 
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Figure 10.5 Particle size evolution over semibatch emulsion polymerization.  Values are Z-
average calculations from reaction aliquots. 

 

 Future work is necessary to probe the advantages of piperonyl-functionalized latex 

particles for photoactivated scaffold formation and sIPN formation.  Photo-generated radicals at 

the surface of each particle may replace the need for an added radical photoinitated.  Furthermore, 

the resultant covalent attachment between the photocrosslinked scaffold and particles may lessen 

or entirely remove the need for an added scaffold crosslinker (PEGDA, MBAm, etc.). This would 

simplify photocurable latex formulations to the sole addition of a scaffold monomer (e.g. NVP) 

which would polymerize between reactive particle surfaces.  Furthermore, covalent bonds between 

latex particle and photopolymerized scaffold would result in a single network (rather than an 

(s)IPN) upon particle coalescence, introducing another approach to access polymer mechanical 

properties outside of (s)IPN formation.  This would also provide comparative examples to better 

understand the influence of (s)IPN structure on final properties. 
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10.5 Simultaneous chain extension and crosslinking of functional isophorones 
for 3D printable poly(thio)urethanes 

We have previously investigated the role of dithiol molecules to linearly polymerize between 

diacrylates, which enables thiol-ene chain extension that simultaneously competes with acrylate 

crosslinking to increase the molecular weight between network crosslinks (Mc) beyond the size of 

the low molecular weight precursors (Chapter 6).23,24  This afforded increased elasticity and 

mechanical performance of photocured networks while maintaining suitable precursor viscosities 

for vat photopolymerization (VP) 3D printing.  Previous examples focused on oligomeric 

precursors of well-established elastomer backbones (hydrogenated polybutadiene, polysiloxane), 

however this approach offers potential to target networks with significantly different 

(thermo)mechanical properties.  Preliminary investigations have outlined a synthetic route to 

create urethane/thiourea-containing diacrylate and dithiol derivatives from isophorone 

diisocyanate, shown in Scheme 10.4.   Use of these small molecule monomers in an analogous 

approach to our previous investigations, created tough, leathery thiourea/urethane networks with 

precisely tunable Mc.  
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Scheme 10.4. Synthesis of isophorone diacrylate (IDA) and isophorone dithiol (IDT) from 
isophorone diisocyanate.  Combinations IDA and IDT enables simultaneous step growth thiol-ene 
chain extension and acrylate crosslinking to yield novel thiourea networks with tuned Mc. 

Photorheology (Figure 10.6) demonstrates rapid photocuring for isophorone diacrylate (IDA) 

for a neat diacrylate control (no dithiol) case in addition to IDA mixtures with hexanedithiol 

(HexDT) and isophorone dithiol (IDT) chain extenders.   Although slight, both chain-extended 

mixtures (2:1 mol diacrylate:mol dithiol) exhibited lower plateau shear storage moduli (�)�4
�ñ) than 

the neat diacrylate case which suggests higher Mc.25  It is important to note that, unlike our previous 

investigations, these networks contain strong levels of physical crosslinking, provided by 

urethane/thiourea hydrogen bonding, in addition to chemical crosslinks.  These additional 

interactions complicate the fundamental relationship between �)�4
�ñ and Mc.  However, dynamic 

mechanical analysis (DMA) provides significantly greater insight into the effects of network 

structure on physical properties. DMA observes glass transition temperatures (Tg) above 100 °C 

for the photocrosslinked neat IDA.  The high crosslink density (low Mc) resultant from crosslinking 

a small molecule diacrylate strongly restricts network mobility and increases Tg, a well-established 

vitrification effect.26,27  Following with previous observations, dithiol incorporation alleviates this 

crosslink density by extending Mc through linear, step-growth, thiol-ene polymerization.  This is 

evidenced by a decreased Tg and a lower post-Tg �W�H�Q�V�L�O�H�� �V�W�R�U�D�J�H�� �P�R�G�X�O�X�V�� ���(�¶�� plateau.  It is 

interesting to note that networks with extended with IDT exhibit significantly higher Tg�¶�V�� �W�K�D�Q��

those extended with 1,6-hexanedithiol (HexDT).  This suggests a significant impact of the 

additional physical crosslinking by the thiourea groups introduced solely in the former case.  This 

preliminary work demonstrates the potential of our simultaneous chain extension and crosslinking 

strategy to produce materials beyond elastomers, shown by novel urethane/thiourea networks with 
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above-ambient Tg�¶�V�� �D�Q�G�� �W�R�X�J�K���� �O�H�D�W�K�H�U�\�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�Uties.  Further work is necessary to 

demonstrate the promise of these material in VP additive manufacturing. 

 

 

Figure 10.6. (Left) photorheology of neat IDA in comparison to IDA with dithiol (hexanedithiol, 
HexDT) and IDT dithiol chain extenders.  (Right) DMA elucidates changes in thermomechanical 
properties as thiol-ene chain extension lowers crosslink density. 
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