
Tunable Surfaces and Films from Thioester 
Containing Microparticles 

Alina M. Martinez, Lewis M. Cox, Amir Darabi, 
Nicholas J. Bongiardina, Christopher N. Bowman 

This document is the unedited Author’s version of a Submitted Work that was subsequently 
accepted for publication in ACS Applied Materials & Interfaces, copyright © American Chemical 
Society after peer review. To access the final edited and published work see https://
doi.org/10.1021/acsami.2c05113

Made available through Montana State University’s ScholarWorks 



 1 

Tunable Surfaces and Films from Thioester 

Containing Microparticles 

Alina M. Martinez, a Lewis M. Cox, b Amir Darabi,b Nicholas J. Bongiardina, a Christopher N. 

Bowman*a,c 

aDepartment of Materials Science and Engineering, University of Colorado Boulder, 596 UCB, 

Boulder, CO 80309, USA  

bDepartment of Mechanical Engineering, Montana State University, Culbertson Hall, 100, 

Bozeman, MT 59717, USA  

cDepartment of Chemical and Biological Engineering, University of Colorado Boulder, 596 UCB, 

Boulder, CO 80309, USA  

Abstract 

Reported here, thioester containing microparticles were designed with 40% excess thiol to 

enable thiol-thioester exchange to facilitate the formation of cohesive films from the particles. A 

thiol-Michael dispersion polymerization was used to generate thioester containing microparticles 

with a diameter of 4.0 ± 0.4 µm. The particles were then swollen with base at varying 

concentrations to activate the thiol-thioester exchange and subsequently compressed between two 

glass slides. Resultant films were characterized over time with profilometry and atomic force 

microscopy (AFM) to infer particle coalescence at different catalyst loadings and times. Tensile 
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tests were performed confirming the structural integrity of the particle-based films. Furthermore, 

microparticles were welded to a non-dynamic network demonstrating feasibility in potential 

applications to generate materials containing differing mechanical properties.  Being able to 

control the functionality of particles and thus mechanical properties of the resultant films, is also 

important for applications in coatings, adhesives and 3D printing where spatial patterning or 

selective material property control is needed. 

Introduction 

Selective control over material composition is important in a multitude of applications 

including 3D printing,1 biological applications,2 and composites.3 The precision and selectivity 

with which materials can be deposited is a significant challenge in controlling compositional 

properties. An example of selective deposition is direct-write 3D printing, which is capable of 

depositing materials with micron-scale resolution.4 Investigating chemistries for the writing ink in 

these processes is important to understanding and controlling resultant network hetero- or 

homogeneity. Often, interfaces between materials of same or varying composition result in 

failure.5,6,7 Polymeric interfacial welding is a physical or chemical process, achieved between two 

polymers of the same or differing chemistries. Physical interfacial welding is a result of polymer 

chain entanglements,8 while chemical welding includes surface reactions or covalent bond 

rearrangements.9 Self-healing at these interfaces often restores the integrity or capability of the 

chemistry(ies) chosen. Distinctly, the latex coalescence process can be thought about as a physical 

interfacial welding process, with increased polymer chain entanglements resulting in linear 

polymeric films.10 Particle coalescence of linear polymers has been studied with the resulting 

materials demonstrating homogenous properties.11,12,13 Although, the non-crosslinked 

characteristics of these materials make them degradable. Instances of coalesced crosslinked 
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particles have been demonstrated but have difficulty reaching a homogenous network structure. 

One processing method includes vulcanization of rubber particles.14,15 

Covalent adaptable networks (CANs) have been at the forefront of chemistries used to 

address issues of homogeneity, intermolecular network exchange, self-healing, and 

reprocessability. As typically demonstrated in bulk films, interfacial welding is widely used as a 

demonstration for CAN capabilities.16,17 A variety of dynamic covalent chemistries (DCCs) have 

been demonstrated to promote self-healing or be capable of interfacial welding including Diels-

Alder,18,19 addition-fragmentation chain-transfer,20,21 and transesterification.22,23 With this 

understanding, CANs have also become an attractive means to control resultant material properties 

to address interfacial complexities in addition to polymer welding, for the applications listed in the 

first paragraph. Some of these DCCs include dynamic disulfide and transesterification based 

epoxies for 3D printing,24,25  thiol-thioester exchange for hydrogels,26 and addition-fragmentation 

chain-transfer functionalized nanoparticles.27 Some reports have demonstrated successful 

annealing of CAN-particles into a coalesced film. Huang et al. utilized boronic ester exchange as 

a DCC in polymer microparticles coated with carbon nanotubes to create a cohesive network 

structure with embedded functionality.28 Another report by Lu and coworkers utilized the 

transesterification reaction to study the coalescence of vitrimer particles of different sizes, 

concluding particles of smaller dimension result in materials with higher mechanical properties.29 

By incorporating CANs, networks are able to realize homogenous properties. CANs also 

enable re-processability or recyclability depending on the chemistry and conditions. Integrating 

CANs into particles to induce coalescence, provides a novel avenue to achieve homogeneity in 

resulting crosslinked structures. Utilizing CAN-particles as writing inks would offer advantages 

such as selective deposition, which results in better structural integrity during deposition compared 
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to liquid resins. Here, interfacial coalescence of CAN-microparticles containing a thioester 

network capable of thiol-thioester exchange is demonstrated.  The network contains free thiols, 

which exchange with the thioester backbone via a based-catalyzed mechanism. By activating the 

DCC within the CAN, particles are transformed into robust polymer films with comparable 

mechanical integrity to polymer films made directly from monomers. The mechanism for 

coalescence is driven by inter-particle bond exchange. By selectively varying the catalyst loading 

and processing time, control over the particle coalescence to a film is achieved and evaluated with 

UV-visible spectroscopy (UV-vis), optical microscopy, profilometry, atomic force microscopy 

(AFM), and tensile testing. Furthermore, we demonstrate the ability to create a cohesive polymer 

film with selectively deposited particles resulting in spatially controlled mechanical properties. 

Results and Discussion 

Here, amorphous crosslinked CAN-microparticles are designed and synthesized, achieving 

selectively controllable bond exchange to activate particle coalescence resulting in crosslinked 

film formation. The particles include catalyst activated thiol-thioester exchange, with excess thiols 

designed into the network. To generate crosslinked particles capable of thiol-thioester exchange, 

a thiol-Michael dispersion polymerization was performed in MeOH utilizing a tetrafunctional thiol 

(PETMP) and a thioester diacrylate monomer (TEDA) at a 1.4 to 2 monomer molar ratio, leaving 

a 40% excess of thiol (Figure 1a). Polyvinylpyrrolidone (PVP) was added at 50 wt% with respect 

to monomers to stabilize microparticle formation. A base, Triethylamine (TEA) was used to 

catalyze the polymerization at 10 wt% with respect to monomers. TEA also catalyzes the thiol-

thioester exchange, therefore after the polymerization it was subsequently removed to maintain 

stable microparticles for storage and later use. Microparticles had an average diameter (Dn) of 4.0 

± 0.4 µm with a coefficient of variance (CV) of 10% as determined by ImageJ analysis of optical 
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microscopy (Figure 1b). Particle size distribution is reported in Figure S1. Dynamic scanning 

calorimetry (DSC) was used to determine the glass transition (Tg) of the particle network to be         

-22°C (Figure S2). Fourier-transform infrared spectroscopy (FTIR) was performed on dry 

particles to confirm the presence of residual, unreacted thiol and practically complete consumption 

of the acrylates as seen in Figure S3. 

   

 

FIGURE 1. a) Monomers and reaction constituents for the thiol-Michael dispersion 
polymerization b) Optical microscopy of thioester containing microparticles. 

 

The particle casting and coalescence process is illustrated in Figure 2a, where particles are 

first cast on a substrate and then compressed with the appropriate stimuli to form a homogenous 

crosslinked network. To demonstrate coalescence, dry particles were cast on a glass slide at room 

temperature. Particles were then swollen with liquid base, N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA), as the catalyst for the thiol-thioester exchange. 

PMDETA was selected as the exchange catalyst because it is less volatile than TEA, which was 

used in the polymerization, and will therefore mitigate evaporation during the coalescence process. 

In the presence of free thiols, the base deprotonates the free thiol to generate a thiolate anion that 

is then able to add into the thioester carbonyl (Figure 2b). This reaction then enables bond 

exchange where the bond to another sulfide is broken, regenerating the thiolate anion, and the 
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reaction persists so long as the base catalyst is present. This behavior results in inter-particle bond 

exchange when two or more particles are in direct contact, inducing coalescence into a 

homogenous polymer film. The particles were compressed between two pieces of glass via 

clamping with binder clips, maintained at ambient conditions, and monitored over time, resulting 

in free standing polymer films with a thickness of about 150 microns after 24 hours (Figure 2c).   

 

 

FIGURE 2. a) Schematic of the particle deposition and coalescence process b) Mechanism for the 
thiol-thioester exchange. c) Images from the actual particle casting and coalescence process over 
time.  

 

Optical Characterization – The concentration of PMDETA was 5, 10, or 20 wt% relative 

to the particle weight to control the timescale of bond exchange and coalescence. Optical 

microscopy was performed to observe the coalescence process over time at the three catalyst 

loadings seen in Figure 3. Time points include the initial particles just after swelling with base, 1 

hour, 6 hours, and 24 hours after swelling. Distinct particle boundaries were observed, although 

there were various indiscernible regions where swollen particles in contact with each other and the 

glass could not be resolved. Visually, there was a reduction of visible particle boundaries over time 
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with the coalescence of the individual particles. A control was run for 24 hours without the addition 

of base, to confirm a lack of particle coalescence (Figure S5).  

 

FIGURE 3. Optical microscopy of the particle coalescence process over time at varying 
concentrations of PMDETA: 5, 10, and 20 wt% loading. Imaged immediately after swelling, 1 
hour, 6 hours, and 24 hours after swelling displaying particle coalescence through the bulk of the 
film over time. A red arrow has been placed in the same position for each catalyst loading as a 
reference to monitor particle coalescence.  

 

In samples containing base, optical transparency improves over time due to coalescence, which 

was not only observed in optical microscopy, but quite apparently by eye as well (Figure 4a, S4). 

This increase in transparency was confirmed by UV-vis (Figure 4b). Transmission was reported 

at a wavelength of 600 nm. Complete UV-vis spectra are available in Figure S6. Over time, 

transmission increased until about 3 days. There was very little increase in transmission from 3 

days to 7 days, indicating the coalescence process had reached near completion, optically, by the 
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third day. Particle coalescence at the 10 and 20 wt% catalyst loadings showed similar behavior, 

but the 5 wt% loading was slower and did not achieve the same final transmission value as the 10 

and 20 wt% loadings by the seventh day. UV-vis was run for the control that did not contain base, 

with no change to the spectrum from the initial time point to 24 hours, confirming a lack of particle 

coalescence without the presence of the exchange catalyst (Figure S7). These optical 

characterization techniques measured the behavior through the thickness of the material, with 

surface measurements presented later. It is important to note that particle deposition was not 

precisely controlled during casting and swelling. Non-uniform stress fields potentially arose during 

compression and some variability was expected in results. The overarching conclusion is that 

addition of base does induce particle coalescence.  

 

FIGURE 4. a) Images of film undergoing particle coalescence over time at 20 wt% PMDETA 
loading b) UV-vis for particle coalescence over time at 5, 10, and 20 wt% PMDETA loadings 
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reported at 600 nm. c) Profilometry for the 20 wt% PMDETA loading at time increments of 10, 
20, 30 min, and 1 hour. 

To confirm control of the time scale of bond exchange and coalescence via modulation of 

the catalyst concentration, stress relaxation experiments were performed on bulk polymer films 

made from monomers as an analog to particle bond exchange. Bulk films were polymerized neat 

utilizing the same monomer stoichiometry used for the particle formulation of 1.4:2 PETMP to 

TEDA. To mirror the particle polymerization process, the reaction was catalyzed with TEA and 

allowed to react overnight. TEA was evaporated from the films and the films were subsequently 

swollen with indicated amounts of the exchange catalyst, PMDETA. DSC confirmed that the 

network of the bulk film was representative of the particle network, with the Tg of the bulk film 

measured to be -21°C, recalling that the Tg of the particles was -22°C (Figure S2). Stress relaxation 

was performed on rectangular films that were strained to 5% in tension at ambient conditions. The 

results in Figure S8 conclude that increasing the content of the base increased the rate at which 

stress relaxation occurred, consistent with previous investigations of thiol-thioester exchange 

studies done by Worrell et al.30 A control was run at ambient conditions after the initial evaporation 

step that was done to remove the TEA, and no PMDETA was swollen into the film. No stress 

relaxation was observed as displayed by the flat line in Figure S8. This experiment was performed 

to confirm stress relaxation did not occur in this formulation without the presence of base. This 

also confirmed the step to evaporate base from the films was successful and residual TEA was not 

responsible for any stress relaxation. The 20 wt% base concentration was chosen as the 

representative system to perform further characterization experiments due to its rapid relaxation 

behavior determined by the bulk film stress relaxation tests, although in optical microscopy and 

UV-vis, particle coalescence at the 10 and 20 wt% catalyst loadings, as mentioned prior, had 

comparatively similar behavior.   
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Surface Characterization – Profilometry was performed to measure changes in the 

surface topography of the particle coalescence over time at the glass-particle interface (Figure 4c). 

Samples were prepared in the same manner as the optical experiments, utilizing 20 wt% PMDETA. 

To perform surface scans, the clamped sample was opened, and the top piece of glass removed. 

The base was then evaporated at 70°C for 6 minutes before scanning, ensuring the liquid base did 

not confound probe measurements.  The sample was scanned, PMDETA was re-added to the 

sample, and it was re-sealed between the glass slides until the next scanning time point. The same 

sample was tested at 10, 20, and 30 minute time points, following the procedure listed above to 

mitigate the impact of uneven particle deposition between samples on early stages of relaxation. 

For the 1 hour time point, a new sample was used. This was done because opening and closing of 

the sample has the capacity to decorate the surface of the particles with contaminates and disturb 

the coalescence behavior, so a pristine sample was used for the longest time point where initial 

particle deposition will have less impact on results. The 1 hour sample was processed and scanned 

in the same manner as the preceding samples. Profilometry showed the reduction of surface 

features measured over time on the order of millimeters to microns. At 1 hour, films reached a 

relatively flat surface, although in optical microscopy particle coalescence was occurring up until 

24 hours, and in the UV-vis, transmission continued to change through the bulk of the material for 

up to about 3 days (Figure 4c, S6). These results indicate that stresses at the particle and glass 

interface are potentially higher than through the bulk, resulting in faster relaxation time scales at 

these interfaces.31 It is possible that some exchange between particles occurs during the 

evaporation step while catalyst is still present at elevated temperatures, despite the lack of 

compressive stresses.30 To determine whether this step was accelerating relaxation behavior 

substantially, control UV-vis experiments were performed on a sample that was clamped between 
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glass and heated to 70°C for 6 min to replicate the temperature and duration of heating for the 

profilometry experiments. No substantial change was seen in the spectrum after heating for 30 

minutes (Figure S9a). The same control sample was allowed to coalesce for another 30 minutes 

and then heated to 100°C for 10 minutes. There was a slight increase of transmission, but it was 

also observed that the base was being removed from the film (Figure S9b), indicating that 

processing at too high of temperatures results in depletion of the base, which ultimately results in 

retardation of bond exchange and particle coalescence once a significant amount of the catalyst is 

removed. These controls confirm that the heating steps taken to remove base for profilometry 

measurements are not substantially enhancing stress relaxation or confounding measurements. 

Overall, profilometry data confirmed that particle surface features reduced to flat surfaces on a 

shorter time scale than coalescence through the bulk of the material. It also confirms the main 

phenomenon of this study that particles are coalescing into films.  

AFM was performed at the surface of the particle coalescence process at the glass-particle 

interface to quantify the homogeneity of the network modulus. Optical characterization gave 

qualitative information about particle coalescence and quantitative light transmission information 

through the film thickness. Profilometry measured surface topography and was able to scan shorter 

time points during the coalescence process than AFM, due to the confounding impacts of large 

topographic features on AFM measurements at early stages of coalescence. AFM fast force 

mapping was used to measure surface modulus changes over time, which provided insight into 

changes to the crosslink density between particles. Samples were prepared and measured in the 

same manner used for profilometry at 20 wt% PMDETA, with detailed explanation on AFM 

scanning methods reported in the experimental section. AFM confirmed that surface topography 

was relatively flat at 1 hour, with the height of surface features limited to a length scale of tens of 
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nanometers but continued to evolve over time (Figure S10). Although optical characterization 

indicated homogeneity at 3 days, a representative modulus map seen in Figure 5a still displayed 

a measurable interface between particles at this time point. Interface scans taken at five different 

locations on the film surface all exhibit modulus gradation along the interfaces, but the degree of 

modulus contrast and geometry exhibited variation (Figure SX), indicating coalescence is non-

uniform across the film surface.  After 7 days of compression, there were still sub-1 nm 

topographic features discernable at particle-particle interfaces (Figure S10), enabling interfaces to 

located for modulus mapping. However, the resulting modulus maps were unable to discern any 

heterogeneity at the interfaces (Figure 5b), so any non-uniformity in modulus is sufficiently small 

at this point as to be undetectable using force maps. Different samples were used for the 3 and 7 

day time points, as discussed prior so as not to disturb the coalescence process by opening and 

closing the same sample. The particle coalescence process predicted by Long et al. in a modeling 

study of vitrimer particle coalescence behavior, reports that interfaces between particles undergo 

regimes of elevated stress as compared to the bulk particle, and eventually result in coalescence.32 

Initially, crosslink density may be low between particles, but at sufficient lengths of time the 

increase in crosslinking across the interface resulted in modulus values near that of the bulk particle 

and ultimately resulted in a homogenous surface. It is also important to recall that coalescence at 

the glass-particle interface occurred faster than through the bulk, so the modulus through the bulk 

may not be homogenous at the same time as the surface.  
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FIGURE 5. AFM modulus map for an interface between two particles (P1 and P2) at a) 3 days 
and b) 7 days of compression.  

 

Interestingly, at 24 hours and up to about 7 to 11 days, the sample, had a visibly noticeable 

heterogenous appearance through the thickness, having an almost “stained glass” appearance 

(Figure S11). UV-vis showed relatively unchanging transmission after 3 days although the texture 

was still visible at 3 days (Figure 4, S6). It was determined by profilometry and AFM that the 

surface was relatively flat at this time point, so this phenomenon was likely occurring through the 

bulk.  

Tensile Testing – Uniaxial tensile tests were performed on dog-bone shaped films 

prepared from particles via the coalescence process. Results were compared with films formed by 

bulk polymerizations from monomer, to discern the integrity of the films generated by the particle 

coalescence process (Figure 6). Thioester particles were cast into a rectangular shape and 20 wt% 

PMDETA was added. The sample was then compressed between glass and allowed to coalesce for 

either, 3 or 7 days. At each time point, PMDETA was evaporated from the films via vacuum oven 

to halt any dynamic processes thereafter. Bulk films were also made directly from monomer, where 
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PETMP and TEDA were mixed with TEA to catalyze the polymerization and immediately cast 

and compressed between glass. The polymerization proceeded overnight and the following day the 

films were thermally treated in the same manner to remove the TEA. Therefore, all samples 

subjected to tensile testing no longer contained base. All resultant films were cut into a dog-bone 

shape. After processing, the UV-vis spectra for the 3 and 7 days samples were compared to the 

bulk monomer-films and displayed comparable transmission profiles (Figure S12). It is worth 

noting that spectra of particle-films before and after thermal processing are relatively unchanged, 

recalling Figure S6a and compared to Figure S12. As discussed, the optical characterization 

determined unchanging transmission around 3 days, with thermal treatments thereafter not 

resulting in any changes.  

  

 

FIGURE 6. Tensile tests for films prepared from monomer (blue + repeats), particles after 3 days 
(red, dashed + repeats), particles after 7 days (black, long dash + repeats).  

 

After 3 days of coalescence time, the modulus and toughness reported in Table 1 are 5 ± 1 MPa 

and 19 ± 7 MJ/m3 respectively, with the modulus being the same as the monomer-film, but with a 

lower toughness. Modulus and toughness for the monomer-film were measured to be 5 ± 1 MPa 

and 30 ± 10 MJ/m3. After 7 days of coalescence, the particle-films appeared to have comparable 
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mechanical properties to that of the films made from monomer with the modulus and toughness of 

the particle-films being 6 ± 1 MPa and 37 ± 8 MJ/ m3 respectively. The mechanical properties are 

comparable and within error, concluding that the films made from particles do not result in 

compromised integrity after 7 days of coalescence time compared to their counterpart made 

directly from monomer. From this analysis it is determined that films made from thioester 

containing microparticles achieve comparable mechanical properties relative to films directly 

polymerized from monomer. Particle-films potentially have the advantage of annealing out defects 

over longer processing times than the bulk monomer-films. 

 A graphical summary of the results from the particle coalescence study is visualized 

below in Scheme 1. 

 

SCHEME 1. Summary of the particle coalescence process and observations. 

Demonstrations – After understanding the coalescence process, a second network was 

developed without the thioester backbone yet still contained excess thiol. While this network is 

not dynamically active on its own, it can participate in surface bond exchange with the particle 
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network through the availability of the excess thiols. The second network was designed with a 1:2 

monomer molar ratio of 2,4,6-triallyloxy-1,3,5-triazine (TAT) and hexane dithiol (HDT), 

achieving a network that contains 33% excess of thiols with a Tg of -55°C (Figure S13). A thiol-

ene polymerization was done to form the network by mixing in photoinitiator Irgacure-819 at 1 

wt% to monomers and irradiating the resin with short wavelength visible light. The secondary 

network and thioester containing microparticles were coupled via interfacial thiol-thioester 

exchange (Figure 7). Particles were cast overlapping a rectangular film comprised of the 

secondary network (2nd Net.) and PMDETA was added at 20 wt% with respect to particles, to 

induce bond exchange with the film.  

 

 

FIGURE 7. SEM for particles welding to the secondary network (2nd Net.) at a) 1 hour, showing 
a visible interface between the films, and b) 7 days, with a nearly indiscernible interface between 
films. The film made from the secondary network is positioned in the top of each photo and the 
film made from particles is on the bottom. To the right is an image of the joined polymer films at 
the corresponding weld times with the secondary network to the top of the image, and the particle 
film towards the bottom.  
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Scanning electron microscopy (SEM) was performed on the sample after 1 hour and 7 days of 

compression to confirm welding between particles and the film. At 1 hour, there are noticeable 

voids between the secondary network and the particle layer (Figure 7a). At 7 days the two 

interfaces were almost indiscernible, although at higher magnification there was still a faintly 

visible interface (Figure 7b). Welding to this secondary network demonstrates the compatibility 

of these CANs particles with networks of differing chemistries.  

 Another demonstration was performed to exhibit the spatial control of particle deposition. 

The thioester particles were selectively deposited along two rectangular strips of the secondary 

network (Figure 8). PMDETA was added to the particles, the materials were then compressed 

between glass, and allowed to coalesce for 3 days.  

FIGURE 8. Images of particles being welded to the secondary network in a complex geometry. 
The particles are initially cast, compressed with base added, and allowed to coalesce and weld over 
time, resulting in a free-standing polymer film. 

 

After the particles were allowed to coalesce and weld, a free-standing polymer “part” is achieved. 

There is noticeable deformation to the part due to shrinkage stress, which could be alleviated if the 

secondary network was also dynamic, enabling stress relaxation through the entirety of both 

networks and welding sites. Moving forward with this technology, different sets of “writing inks” 



 18 

or microparticles designed with DCCs and varying mechanical properties could be selectively 

deposited and coalesced together to control resultant mechanical properties in the final material.  

In conclusion, thioester containing microparticles were synthesized via a thiol-Michael 

dispersion method. This yielded particles capable of inter-particle dynamic covalent bond 

exchange. The particles designed with an excess of thiol were compressed after the addition of a 

base catalyst, which resulted in coalescence into homogenous polymer films. Optical and surface 

analyses measured and confirmed the particle coalescence into homogenous polymer films. 

Uniaxial tensile tests were performed to compare films made from monomer to films made from 

particles, with the results concluding that there is no compromise to the network integrity after 

particle coalescence. Mechanical properties of the particle-films are comparable to monomer-

films. Furthermore, welding of the particles to a secondary non-dynamic network that also 

contained excess thiols, demonstrated the ability for this technology to be utilized for selective 

particle deposition to result in spatial control of material properties in a resulting polymer film. 

 

Materials and Methods 

Materials 

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and triethylamine (TEA), 

polyvinylpyrrolidone (PVP), 2,4,6-triallyloxy-1,3,5-triazine (TAT), hexane dithiol (HDT), and 

Methanol were purchased from Sigma-Aldrich. Irgacure-819 was purchased from iGM resins. 

Binder clips were purchased from Staples and used brand new.  

 



 19 

Thioester Diacrylate (TEDA) Synthesis 

Synthesis largely follows that reported and developed by Worrell et al.33  

 

Microparticle polymerization 

Microparticle polymerization was performed as follows with a monomer molar ratio of 1.4:2 

PETMP to TEDA to yield a network with excess thiol. 0.09935 g of PVP (50 wt% to monomers) 

was dissolved in 3.14 mL (2.48 g) of MeOH (8 wt% monomers to solvent). 0.0913 g (0.0713 mL) 

of PETMP was dissolved. 0.1074 g (0.100 mL) of TEDA was dissolved. The mixture was stirred, 

and TEA was then added to start the reaction at 0.01987 g (0.0274 mL at 10 wt% to monomers). 

The reaction ran for 1 hour and was then quenched with 10% excess of acetic acid for 30 minutes. 

The mixture was centrifuged at 3000 RPM for 2 minutes, pouring off the clear supernatant, and 

subsequently washed and centrifuged 3X with MeOH at 3X the volume and spun at the same 

conditions. MeOH was largely poured off, and the remaining solvent was allowed to evaporate at 

ambient conditions for two days. The dry particles were then stored in the freezer (-18°C). The 

polymerization resulted in a yield of about 90%.  

 

300 particles chosen randomly were analyzed via optical microscope images with ImageJ to 

determine average diameter (Dn) and coefficient of variance (CV). CV was calculated as CV% = 

(SD/Dn *100), where SD = standard deviation. Optical microscopy was done with a Nikon Eclipse 

Ci. 
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Bulk film polymerization from particles (particle coalescence) 

At ambient conditions, particles were cast on a glass slide. Indicated amounts of PMDETA liquid 

base were added by wt% with respect to the particles. Ex: 10 mg of particles cast, 5 wt% base – 

0.5 mg of base added, 10 wt% base – 1 mg of base added, 20 wt% base – 2 mg of base added. The 

particles were then compressed between two pieces of glass using binder clips and 100-micron 

spacers. Using 10 mg of particles repeatedly resulted in 150-micron films despite the spacer 

thickness used.  

 

Bulk film polymerization from monomer 

At a 1.4:2 PETMP to TEDA monomer molar ratio, 0.1369 g of PETMP (0.10698 mL) was mixed 

with 0.1611 g of TEDA (0.150 mL). 0.00894 g of TEA was added (0.0123 mL at 3 wt% to 

monomers) and the mixture was cast and compressed between glass slides utilizing indicated 

spacers to control thickness. The films were allowed to react overnight. To remove the TEA, the 

films were held at 70°C in a vacuum oven overnight and the following day held at 100°C for ~2 

hrs while vacuum was pulled, to remove any remaining TEA, until the mass of the film no longer 

changed (indicating TEA removal).  

 

Secondary network for welding demonstration 

1:2 monomer molar ratio of 2,4,6-triallyloxy-1,3,5-triazine (TAT) and hexane dithiol (HDT) were 

mixed with 1 wt% photoinitiator Irgacure-819 with respect to the monomers. The mixture was cast 

and compressed between glass using 100-micron spacers. The resin was irradiated with 400-500 
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nm light at 70mW/cm2 for 2 minutes. Two-piece welding demo: A piece of the secondary network 

was cut. 10 mg of particles were cast overlapping and extending beyond the secondary network. 

20 wt% PMDETA was added to the particles and the materials were clamped between glass and 

coalesced for 1 hour and a second sample for 7 days. Complex shape demo: Two strips of the 

secondary network were laid out. 30 mg of particles were split into three regions and 20 wt% of 

PMDETA was added to the particles. The materials were then clamped between glass and allowed 

to coalesce for 3 days.  

 

SEM 

SEM was performed on a Hitachi SU3500. Base was removed from films before imaging. 

 

Ultra-violet Visible Spectroscopy (UV-vis) 

UV–vis was run on a Thermo Fisher Scientific Evolution 300. Samples were measured with a 

Xenon lamp in transmittance between 200 and 1000 nm with a scan speed of 240 nm min−1. Data 

intervals were taken at 1 nm and a bandwidth of 2 nm. A background was run and subtracted from 

the data.  

 

Profilometry 

Samples were prepared as described in (particle coalescence) section using 20 wt% PMDETA. 

Samples were then opened at each time point (10 min, 20 min, 30 min) and PMDETA was 
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evaporated at 70°C for 6 min. The samples were then scanned. Samples were reswollen with 

appropriate amounts of base and clamped again until the next time point was reached, and the same 

steps were followed to take measurements. For the 1 hour sample, this sample was allowed to sit 

unopened for 1 hour, base removed thereafter and then scanned. Scan speed 100 s. Scans run on a 

Dektak 6m profilometer. 

 

Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) analyses were performed with an Asylum Research Cypher S 

force microscopy system with an etched silicon tip (Tap300Al-G, 40 N/m spring constant, 

BudgetSensors, Sofia, Bulgaria). AFM AC air topography mode was used to scan the surface 

topography and find the interface between particles.  The selected AC scan size of 20x20 μm was 

significantly larger than the particles and allowed mapping of multiple interfaces. Resonance was 

driven using a blueDrive laser to mitigate noise in the AC scans, and topographical features 

associated with interfaces between particles were readily observable even down to the sub-1 nm 

(z-axis only) magnitudes associated with interface topographies in the 7 day sample (Figure S10). 

After interface identification, high-resolution fast force mapping (FFM) scans covering a 1x1 μm 

area were performed at 250 Hz with a peak force of 300 nN. Due to the exponential relationship 

between FFM pixel density and imaging times, the 1x1 μm FFM scan size was chosen because it 

enabled the sub-20 nm spatial resolution, necessary to map interface modulus gradations, to be 

captured at time scales (approximately 35 minutes per scan) sufficiently fast to mitigate deleterious 

impacts of thermomechanical drift in the instrument. FFM force curves were analyzed using a 

Hertzian contact mechanics model to generate a modulus map at particle interfaces with sub-20 
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nanometer spatial resolution. The surface is reported as effectively flat at 3 days, but the 

measurable surface topography at sub-1 nm served to confirm that measurements were performed 

at a particle-particle interface with the modulus map reporting homogeneity. Separate samples 

were prepared for the 3 and 7 day time points. Processing was the same as profilometry 

experiments. 

 

FTIR 

Attenuated Total Reflectance (ATR) - FTIR was done on dried particles. 32 scans with a resolution 

of 4. ATR-FTIR was run on a Thermo Fischer Scientific Nicolet iS50 FT-IR.  

 

DSC 

The samples (particles or bulk film) were initially heated to 70°C to erase thermal history, cooled 

at 5 °C/min to -70°C and the test was run from -70 to 70°C, ramped at 10°C/min, to generate the 

reported curve. DSC was run on a TA DSC 2500. 

 

DMA 

Tests were run on an TA RSA-G2. 

Stress Relaxation 
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Bulk films made from monomers (procedure listed above) were used. Indicated amounts of liquid 

base PMDETA were swollen into the films post-polymerization. 5 wt% strain was exacted on the 

films and run for 2 hours at ambient conditions. Control: Bulk films made from monomer with 

TEA evaporated out as described above were run at the same conditions. 100-micron thick films. 

Stress-Strain  

Bulk films made from monomer: Procedure as listed above, utilizing 400-micron spacers. Bulk 

films made from particles: Films were prepared as discussed above and allowed to coalesce for 3 

and 7 days. To remove PMDETA, the films were held at 70°C in a vacuum oven overnight and 

the following day at 100°C for ~2 hrs while vacuum was pulled, to remove any remaining base, 

until the mass of the film no longer changed (indicating base removal). Dog-bone dimensions for 

all samples were approximately 12.47 mm x 2.5 mm x 0.37 mm (lxwxt). Samples were strained at 

0.1 mm/s at ambient conditions and run in triplicate for each polymer film type. Young’s Modulus 

was calculated as the slope of the tensile curve (Stress/Strain). Toughness was found using the 

trapezoid rule to find the area under the tensile curve.  

 

Associated Content 
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