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Abstract   

Photo-mediated additive manufacturing from liquid resins (vat photopolymerization) is a rapidly 

growing field that will enable a new generation of electronic devices, sensors, and soft robotics. 

Radical-based polymerization remains the standard for photo-curing resins during the printing 

process due to its fast polymerization kinetics and the range of available photoinitiators. 

Comparatively, there are fewer examples of non-radical chemical reactions for vat 

photopolymerization, despite the potential for expanding the range of functional materials and 

devices. Herein, we demonstrate ionic liquid resins for vat photopolymerization that utilize photo-

base generators (PBGs) to catalyze thiol-Michael additions as the network forming reaction. The 

ionic liquid increased the rate of curing, while also introducing ionic conductivity to the printed 

structures. Among the PBGs explored, 2-(2-nitrophenyl)-propyloxycarbonyl tetramethylguanidine 

(NPPOC-TMG) was the most effective for the vat photopolymerization process wherein 250 μm 

features were successfully printed. Lastly, we compared the mechanical properties of the PBG 

catalyzed thiol-Michael network versus the radical polymerized network. Interestingly, the thiol-

Michael network had an overall improvement in ductility compared to the radical initiated resin, 

since step-growth methodologies afford more defined networks than chain growth. These ionic 

liquid resins for thiol-Michael additions expand the chemistries available for vat 

photopolymerization and present opportunities for fabricating devices such as sensors. 
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1. Introduction

Additive manufacturing, or 3D printing, is a rapidly growing field that will enable the 

fabrication of devices, sensors, and soft robots for industries such as aerospace and medicine.1 In 

photo-mediated additive manufacturing from liquid resins (vat photopolymerization), 

polymerizable layers of resin are cured in a sequential manner to produce a 3D construct. While 

advances in printing technologies have vastly improved the resolution and speed of vat 

photopolymerization,2–4 the chemical reactions for network formation have primarily focused on 

free-radical polymerization of acrylates and methacrylates.5 Photo-generated radicals can also be 

used in thiol-ene reactions to create polymer networks via step-growth polymerization.6–8 

Alternate chemistries for network formation will be pivotal as the field moves towards 

multiwavelength printing, allowing the incorporation of diverse functionalities into additive 

manufacturing.9,10

Photobase generators (PBG) can expand the chemical reactions available for vat 

photopolymerization to enable recyclability, degradability, and compatibility with radical-

sensitive additives.11–14 PBGs are molecules that release organic bases upon light irradiation. Base-

catalyzed thiol-click chemistry is a viable strategy for vat photopolymerization because the 

reactions are rapid, selective, and achieve high degree of conversion.15–19 For example, Lopez de 

Pariza and coworkers demonstrated the first example of a base-catalyzed resin for digital light 

processing (DLP) 3D printing using a photolabile guanidinium salt and thiol-isocyanate addition 

as the network forming reaction.20 The resulting poly(thiourethane) was self-healing and 

recyclable due to the thiol-isocyanate dynamic bonds. More recently, the Page group has expanded 

the use of PBGs in vat photopolymerization of thiol-isocyanate resins by synthesizing a series of 

new PBGs for vat photopolymerization21.  The Page group also developed a dual-curing resin for 
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a thiol-acrylate resin using a PBG in combination with a photoradical generator to allow for the 

printing of constructs with a wide range of moduli depending on the mechanism of curing.22 PBGs 

have also been shown to polymerize a thiol-acrylate resin in a two-photon polymerization system. 

The authors observed that this approach resulted in materials with a more homogenous network 

relative to the uncontrolled morphology of chain-growth polymerized networks.23 There have been 

significant strides on the incorporation of PBGs into photosensitive resins increasing the resin 

diversity for vat photopolymerization.

Vat photopolymerization of ionic liquids enables the printing of functional materials which 

are ionically conductive with diverse applications as sensors, solid polymer electrolytes, and shape 

morphing constructs.24–29 Ionic liquids (IL) are room temperature salts and they stand out as a 

desirable alternative to conventional solvents due to their negligible vapor pressure, good thermal 

stability, and ionic conductivity.30 Moreover, the broad design space of ILs can be leveraged to 

better dissolve additives, tune the viscosity of a resin, or serve as a reactive diluent. Introducing 

PBGs into an ionic liquid resin could broaden the applicability of these vat photopolymerization 

catalysts.
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Figure 1. Base-catalyzed thiol-Michael DLP printing (a) reaction mechanism for photolysis of PBG and 
thiol-Michael reaction, (b) cartoon of DLP printer and chemical structures of resin components.

 Herein, we demonstrate ionic liquid resins for vat photopolymerization that utilize photo-base 

generators (PBGs) to catalyze thiol-Michael additions as the network forming reaction. The resin 

was composed of poly(ethylene glycol)diacrylate (PEGDA), trimethylolpropane tris(3-

mercaptopropionate) (TMPTMP), 1-ethyl-3-butylimidazole bistriflimide ([EBIM] TFSI), and 2-

(2-nitrophenyl)-propyloxycarbonyl tetramethylguanidine (NPPOC-TMG) as the photobase 

generator (Figure 1b). The ionic liquid was necessary to formulate a fast curing resin with 

appropriate viscosity (below 10 Pa·s)31 and shown to be printable on a commercially available 

printer. The optimal resin composition, characterized by low viscosity and rapid photo-induced 

gelation, was determined using rheology. Additionally, we compared the performance of PBG 

versus a photoradical generator in the formation of polymer networks. 

Results and Discussion

In this study we utilized PBGs to create a resin that is photocurable via a base-catalyzed pathway 

with PEGDA and TMPTMP as the monomers and ionic liquid to formulate a DLP printable 

ionogel (Figure 1). The network forming reaction that we expect is a thiol-Michael addition (Figure 
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1a), making this a step-growth polymerization mechanism. Ionic liquids were chosen for the ability 

to tune the solvents properties and provide ionic conductivity.30 

To prepare the photocurable resin, the Michael acceptor monomer, PEGDA, and PBG were 

dissolved in ionic liquid, and the trithiol monomer (TMPTMP) was added immediately before 

conducting the experiment. A stoichiometric balance between the thiol [SH] and acrylate [C=C] 

functional groups was targeted with each resin preparation due to the step growth nature of the 

polymerization. Four imidazolium ionic liquids, 1-butyl-3-vinyl imidazolium [BVIM] TFSI, 1-

butyl-3-methyl imidazolium [BMIM] TFSI, [BVIM] tetrafluoroborate (BF4), and [EBIM] TFSI; 

and two photobase generators, 1,8-diazabicyclo(5.4.0)undec-7-ene 

tetraphenylborate (DBU·HBPh4) and NPPOC-TMG were tested. Synthetic procedures and 

characterization data of the ILs and PBGs can be found in the SI (Figures S1-5). Photocuring 

experiments were performed on a rheometer equipped with 365 nm light at an intensity of 20 

mW·cm-2. Photocuring of resins formulated with DBU·HBPh4 were used to select the best ionic 

liquid by comparing the relative gel points. We found that [EBIM] TFSI resulted in a gel point of 

37 s with [BVIM] TFSI following at 67 s (Figure S6a), so [EBIM] TFSI was selected for further 

experiments. The faster gel point for [EBIM] TFSI was due to better solubility of the PBG in this 

ionic liquid. We found that a minimum of 25 wt% IL was necessary to dissolve the PBG with 

[EBIM] TFSI giving the clearest solution. We then compared the PBGs using [EBIM] TFSI and 

found that NPPOC-TMG resulted in slightly faster gelation (30 s) (Figure S6b) without requiring 

isopropylthioxanthone (ITX) which would homopolymerize the acrylates (green trace in Figure 

S6b). For comparison, NPPOC-TMG was also dissolved in neat monomers without the ionic 

liquid; however, photocuring of the resin was much slower and required 80 s to reach gel point 

(Figure S6c). Solvent polarity has been shown to influence thiol-Michael reaction kinetics, which 
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could lead to the observed difference in curing rates.32 Based on the photocuring experiments the 

optimal ionic liquid and PBG were [EBIM] TFSI and NPPOC-TMG, respectively. 

The resin with optimal components was characterized to meet three key criteria: (1) rapid 

curing at 385 nm, (2) stability in the dark, and (3) low viscosity for effective recoating.33 

Rheological experiments can assess these characteristics to select the best resin composition for 

vat photopolymerization by comparing the crossover point of the storage modulus over the loss 

modulus, or the gel point. Photocuring experiments showed that NPPOC-TMG could cause 

gelation of the step-growth thiol-Michael network within 30 s at 1 wt% (Figure 2a). The resin with 

2 wt% NPPOC-TMG had a gel point at 23 s, while reducing the NPPOC-TMG to 0.5 wt% in a gel 

point 42 s. In addition to fast UV curing, a photocurable resin should not exhibit a large change in 

the storage modulus until it is irradiated. Therefore, the stability of the resin in the dark was 

investigated by performing a time sweep (Figure 2b) at a constant strain amplitude (5 Pa). The 

time sweep experiments indicated that the resin is stable for 3 hours, which is the maximum 

amount of time required to print a structure using this formulation. The loss modulus must be 

greater than the storage modulus for a resin intended for DLP printing, which is indicative of a 

material with a dominant liquid-like character.33 The resin maintains this behavior throughout the 

3 hours with no crossover of the loss and storage moduli providing sufficient time to print. Lastly, 

our rheological experiments (Figure S18) showed that the IL increased the viscosity of the resin 

slightly, but remained below 1 Pa·s.
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Figure 2. Rheology of thiol-Michael resins; dashed lines are G” and solid lines are G’. Rheological 
conditions for photorheology: 1 Hz, 1% strain, Light on at 30 s. (a) UV curing experiment showing 
the effect of NPPOC-TMG concentration. (b) Dark stability of the resin (5 Pa strain amplitude, no 
light, 3 h). (c) UV curing of resins with radical inhibitor or organic acid. (d) UV curing comparing 
resins without trithiol monomer and substoichiometric thiol content.

In addition to exploring the optimal printing conditions, rheological experiments were 

performed to ensure that there was no homopolymerization of the acrylates by radical formation, 

and that the reaction proceeds via a base-catalyzed thiol-Michael mechanism. First, we added 

TEMPO as a radical inhibitor to the resin formulation as this would impede any radical mediated 

reactions occurring in the resin that could lead to acrylate homopolymerization.34 In order to show 

that generation of the base was critical for the network forming reaction, we added octanoic acid 

as a scavenger acid to the resin formulation. The octanoic acid would be preferentially 

deprotonated therefore no thiolate would form resulting in no network formation. The resins were 
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prepared with an equimolar amount of inhibitor to the NPPOC-TMG to ensure full inhibition if 

needed. The rheological experiments showed that TEMPO (green trace in Figure 2c) had no 

significant effect on the curing rate of the resin indicative that radicals are not responsible for 

network formation. In contrast, with the addition of equimolar quantity of octanoic acid (red trace 

in Figure 2c) there is no gel point and only a slight increase in the loss modulus. These results 

demonstrate that thiolate anions are required for crosslinking. Next, to further demonstrate the 

dependency on trithiol monomer, resin formulations with no thiol and substoichiometric 

concentration of thiols were investigated (Figure 2d). In the absence of trithiol monomer (blue 

trace in Figure 2d), there was no gelation even after 5 min of irradiation providing evidence for 

little to no crosslinking which suggests that little to no radical generation occurs during the PBG 

activation which correlates well with previously published studies for UV curing with NPPOC-

TMG.17 In contrast, a resin made with a substoichiometric amount of trithiol monomer (pink trace 

in Figure 2d) produced a rapid increase in the loss modulus demonstrating the requirement for the 

trithiol crosslinker to form a polymer network via a thiol-Michael mechanism. These experiments 

suggest that homopolymerization of acrylates is minimal, and that rapid network formation is 

dependent on the presence of the trithiol monomer.

We next demonstrated the printability of these resins with a commercial DLP printer (Asiga 

Freeform Max-UV) equipped with a 385 nm light source at an intensity of 20 mW·cm-2. The 

photonic parameters of the resin were obtained using a Jacobs working curve (Eq. 1):

𝐶𝑑 =  𝐷𝑝ln𝐸0 ― 𝐷𝑝ln𝐸𝑐          (1)

where Cd is the depth or thickness of the cured resin, E0 is the radiant exposure dose on the surface 

of the resin, Ec is the “critical’ energy required to reach the gel point of the resin, and Dp is the 

penetration depth of the light into the resin.35 The working curve was obtained by following two 
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methods, a typical method using a spot timer on the printer and digital calipers (Figure 3a) and a 

method which utilized a rheometer outlined by Rau et al., (Figure S8)36. From the working curve, 

the exposure time (tc) required to reach the critical energy of a specific thickness can be 

determined. We aimed to print 50 μm layers, so the working curve obtained with the rheometer 

resulted in tc = 15.4 s. To compare how the light source on the printer affects the curing an 

additional working curve was generated. The working curve obtained with the light source from 

the printer resulted in a tc = 18.4 s which was slightly longer exposure time than the prediction with 

the rheometer. As shown in Figure S9, NPPOC-TMG has a higher absorbance at 365 nm than 385 

nm causing the difference in tc values obtained from the rheometer versus the working curves. The 

rheometer is equipped with a 365 nm light source and the printer has a 385 nm light source, so we 

decided to use the working curve obtained with the printer. To ensure good interlayer adhesion, 

exposure times of 1.2 - 2 times greater than the critical exposure time is typically necessary. 

Therefore, we began printing with 22 s layer times. Printing optimization structures (Figures 3b, 

3c) the optimized exposure time was found to be 30 s per layer which provided structures with 

decent resolution. 
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Figure 3. Jacobs working curves of the PBG resin and printed objects used to investigate print 
fidelity. (a) Working curve obtained from the Asiga printer. (b) Cones of varying radii (from far-
left corner radii were 1.5, 1.25, 1.0, 0.75, 0.625, 0.5, 0.375, and 0.25 mm) on a rectangular plate, 
(c) Optimization chip with channels (areas where resin was uncured) and features (lines between 
channels that were cured) that were 1000, 500, 250 and 100 µm in width and 0.6 mm in depth. 
Scale bars are all 5 mm scale.

Next, we looked at the print fidelity of the 3D printed array of cones and the array of channels. 

The array of cones showed that the resin could resolve positive features down to 375 µm (Figure 

3b) while the optimization chip resolved features and channels down to 250 µm (Figure 3c). Closer 

inspection of the printed parts was carried out by optical profilometry using a Keyence VHX-970 

digital microscope to analyze the dimensional accuracy of the microfeatures (Figures S16 and 

S17). The images collected were then analyzed using ImageJ software to measure the width at half 

height of the channels and features of the optimization chip which were summarized in Table 1. 
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Table 1. Summary of the dimensional accuracy of the optimization chip’s channels and features 
(lines between channels)

Expected 
Channel 
Width
[μm]

Observed
Channel Width

[μm]

Ratio
Obs:Exp

Expected 
Feature 
Width
[μm]

Observed
Feature Width

[μm]

Ratio
Obs:Exp

1000 729.64 ± 37.28 0.73 500 663.24 ± 14.63 1.33
500 311.24 ± 53.91 0.62 500 610.12 ± 4.64 1.22
250 144.75 ± 29.97 0.58 250 344.22 ± 47.02 1.38
100 0 0 100 0 0

 

Overall, the channels were smaller than expected due to overcuring, resulting in the features (lines 

between channels) being larger than expected. Nevertheless, the resin was capable of curing 

features and channels lines down to 250 μm resolution with the channels being on average 64% 

smaller and the features 130% larger. The resin was unable to reliably print features or channels 

at 100 μm. These conditions were used to print more complex shapes (Figure S15) with good 

resolution. The Asiga UV MAX X printer has a pixel resolution of 43 μm which was smaller than 

the resolution achieved in the prints. The limitation caused by the chemistry was attributed to (i) 

the low light absorption of NPPOC-TMG at 385 nm requiring long exposure times, and (ii) the 

high optical transparency of the resin that led to deep light penetration and overcuring. The print 

fidelity could be improved in the future by modification of the photobase generator or with the 

inclusion of a photoabsorber.37 3D-printing parameters including exposure time, light intensity, 

layer height, and lift and retract speed can also be optimized to improve feature resolution and 

print reproducibility.38

Next, we compared the mechanical properties of radical-mediated networks against base-

catalyzed networks. Thiol-acrylate systems that use radical initiators can react via a combination 

of step-growth (to afford thiol-ene adducts) and chain-growth polymerizations (to afford 
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polyacrylates).18,39–41 In contrast, base-catalyzed reactions between thiols and acrylates produced 

a network derived only from step-growth polymerization. Thus, we formulated a resin with 

phenylbis(2,4,6-trimethylbenzoyl) phosphineoxide (BAPO) as a radical initiator in exchange for 

the PBG. The resins were compared by casting dogbones for tensile experiments which were cured 

using a 385 nm light source with an intensity of 20 mW·cm-2. The BAPO initiated resin resulted 

in ionogels (Figure 4a) with an average Young’s modulus of 1466.5 ± 191.9 kPa and average strain 

at break of 29.655% ± 8.135. While the NPPOC-TMG initiated ionogels had an average Young’s 

modulus of 616.13 ± 57.49 kPa and average strain at break of 76.185 ± 17.909 % (Table S1). 

Overall, the radical-initiated samples had higher tensile moduli and exhibited failure at smaller 

strains. In comparison, the printed dogbones had comparable mechanical properties to the casted 

dogbones when radically initiated (Figure 4b), while the base-catalyzed resin printed dogbones 

had slightly improved mechanical properties (Figure 4c). 

The difference in mechanical properties between the radically-initiated resin and base-

catalyzed resin is attributed to the difference in the mechanism of network formation. Radical 

polymerizations of thiol-acrylate systems are known to afford inhomogeneous networks in which 

the cross-links are unevenly distributed.42 In contrast, the base-catalyzed resin is formed via a step-

growth mechanism where the distance between cross-links is determined by the polymer chains' 

length theoretically leading to a more homogenous network. Thermomechanical experiments 

could provide insight into the network topologies, however, the PBG materials were too soft to be 

analyzed. Differential scanning calorimetry did provide the glass transition temperature (Figure 

S10) which was around -55 °C for both networks. Interestingly, our gel fraction experiments 

(Table S2-4) determined that the degree of conversion for the radical and base-catalyzed reactions 

afforded similar extents of polymerization, but FTIR of the pucks show the presence of residual 
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thiols in the radically cured gel (Figure S12). The differences between the two polymer networks 

could arise from the network topology and crosslinking density.43

Rheological analysis of the cured ionogels provided additional information on the 

crosslinking density of the material. Amplitude sweeps were used to identify the linear viscoelastic 

region (LVR) of each ionogel. The experiments showed that the radical initiated sample yielded 

at 2.5% strain and the PBG cured sample yielded at 16% strain (Figure S7) confirming that the 

radical samples are less ductile. Frequency sweeps in the LVR of the ionogels showed that the 

plateau modulus of the radical resin was higher than that of the PBG resin. As shown in Equation 

2, the plateau storage modulus (𝐺′∞) is proportional to the crosslinking density (𝜐) 

𝐺′∞ =  𝜐𝑘𝐵𝑇          (2)

where 𝑇 is temperature and 𝑘𝐵 is the Boltzmann constant. Therefore, conducting frequency sweeps 

in the linear viscoelastic region of the material will provide us with 𝐺′∞. Frequency sweeps were 

performed on 8 mm diameter by 1 mm thick cylinders of the cured gels (Figure 4d). The results 

showed that the radical-mediated gel has a higher storage modulus, and therefore a higher degree 

of crosslinking density than the gels cured via a base-catalyzed pathway. Given that acrylates 

homopolymerize at faster rates than radical thiol-ene34 monomers, we hypothesize that the higher 

crosslinking density is a result of polyacrylate forming (Figure 4f, purple lines). This higher degree 

of crosslinking results in the material having less ductility as well. Although the PBG resin had 

less crosslinking density (Figure 4e), the small molecular weight PEG used likely still led to a 

crosslinking density that was too high to allow for the exchange of the thiol-Michael bonds 

indicative by the absence of stress relaxation in the material (Figure S13).44 The thiol-Michael 

bond exchange requires good chain mobility to allow diffusion of reactive groups and produce 

relaxation or self-healing which in a highly crosslinked network is unlikely.45
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Figure 4. Mechanical properties comparing radical and PBG resins. (a) tensile experiments 
comparing cast dogbones of radical-mediated resin to base-catalyzed resin. (b) Comparing printed 
vs cast dogbones of radical-mediated resin. (c) Comparing printed vs cast dogbones of base-
catalyzed resin. (d) Frequency sweeps comparing the gels made with radical and PBG resins. 
Schematic representations of (e) the base-catalyzed network and (f) the radical-mediated network. 
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Lastly, ionic liquids are innately ionically conductive because the salt pair is capable of self-

diffusing and have excellent thermally stability.30,46 When this salt pair is confined into a polymer 

matrix, the resulting ionogel will be stable in ambient conditions and ionically conductive while 

the polymer network provides mechanical stability. Electrical impedance spectroscopy (EIS) 

measurements are one method to determine ionic conductivity. These measurements were 

performed on printed discs and carried out on an Autolab 302N potentiostat galvanostat (Figure 

S14) and the results demonstrated that the material is ionically conductive as a printed gel with 

conductivity values ranging from 0.871 mS cm-1 to 69.7 µS cm-1 at 100 ºC to 30 ºC, respectively. 

These values are comparable to our previously published where we have used the conductivity for 

pressure sensors25,26,47 and for mechano-activation27,48. Thermal properties were collected showing 

that the gel had excellent thermal stability (Figure S11) with degradation of the polymer occurring 

at 360 °C and ionic liquid degrading at 450 °C.

Conclusions

In conclusion, we formulated a 3D printable ionogel resin using a thiol-Michael polymerization 

for network formation. The photobase generator, NPPOC-TMG, was effective in catalyzing the 

thiol-Michael step-growth polymerization allowing for the printing of micro-featured structures 

within a reasonable time on a commercial DLP printer. The ionic liquid aided in the dissolution of 

tetraphenylborate PBG, decreased the gel point of the NPPOC-TMG resin, and provided ionic 

conductivity to the printed parts. The stability and UV curing behavior of the resin along with the 

mechanical and conductive properties of the material were studied. We found that the base-

catalyzed thiol-Michael resin resulted in more ductile materials when compared to radical-

mediated resin. This study showed an alternative method to incorporate PBG into vat 

photopolymerization using ionic liquids which provide added functionality to printed structures. 
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Future studies will focus on resin optimization with photoabsorbers to improve the resolution of 

the prints and the application of these ionogel resins toward piezoionic sensors.
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