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Abstract

Thiol-yne photopolymerization in miniemulsion is demonstrated as a simple, rapid, and one-pot 

synthetic approach to polythioether nanoparticles with tuneable particle size and clickable 

functionality. The strategy is also useful in the synthesis of composite polymer-inorganic 

nanoparticles.

Graphical abstract

Thiol-yne photopolymerization in miniemulsion is demonstrated as a rapid one-pot synthetic 

approach to polythioether nanoparticles with tuneable particle size and clickable functionality.

Engineered polymer nanoparticles – with sizes ranging from 20-500 nm – are playing an 

increasingly important role in the advancement of emerging technologies for industrial, 

agricultural, pharmaceutical, and biological sectors. Exemplary applications of engineered 

nanoparticles in these areas include improved agricultural production and crop protection,1 
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delivery of advanced therapeutics, and bioimaging/biosensing platforms.2 Emulsion-based 

processes – such as miniemulsion polymerizations – provide well-studied synthetic routes to 

polymer nanomaterials. Miniemulsions polymerizations are characterized as aqueous 

dispersions of small, narrowly distributed monomer droplets stabilized against Ostwald 

ripening and collisional degradation by addition of an appropriate surfactant and 

costabilizer.3 Monomer droplets ranging in size from 50-500 nm are achieved by application 

of high shear mixing – typically either ultrasonic processing or high-pressure 

homogenization – and subsequently serve as discrete nanoreactors for the formation of 

polymer nanoparticles.4 Recent miniemulsion literature has focused on “click” polyaddition 

reactions – such as copper-free or copper-catalysed azide-alkyne 1,3-dipolar cycloaddition 

(CuAAC)5, 6 and thiol-mediated chemistries (i.e. thiol-ene7-13 and thiol-Michael14) – as 

robust synthetic routes to nanoparticles. Recently, we reported the synthesis of crosslinked 

polythioether nanoparticles with sub-100 nm diameters via thiol-ene photopolymerization in 

miniemulsion.11 Additionally, we demonstrated the preparation of nanoparticles with thiol 

and alkene functional surfaces by exploiting the thiol-ene step polyaddition mechanism 

under non-stoichiometric monomer feed conditions. The excess thiol and alkene moieties on 

the nanoparticle surface provided reactive handles for postpolymerization modifications via 
thiol-Michael and thiol-ene ligation reactions, respectively, to yield fluorescent 

nanoparticles. However, thiol-ene photopolymerization fails to provide direct access to 

polymer nanoparticles with one of the most commonly exploited functional groups in the 

“click” chemistry toolbox – i.e. the alkyne moiety.

Thiol-alkyne photopolymerization provides one such platform to access polymer materials 

exhibiting alkyne functionality.15-17 Thiol-alkyne proceeds via a radical-mediated step-

growth mechanism involving the addition of two thiols across the alkyne; the first addition 

yields a vinyl sulfide intermediate that subsequently reacts with a second equivalent of thiol 

to give the dithioether adduct (Scheme 1). Thiol-alkyne photopolymerization proceeds at 

room temperature, in the presence of oxygen, with rapid reaction kinetics, and yields 

inherently thiol or alkyne functional materials resulting from the step-growth process – 

particularly if carried out under non-stoichiometric monomer ratios.17 In comparison to 

thiol-ene, thiol-yne typically provides access to materials with higher crosslink densities and 

improved thermal properties.18 However, thiol-yne photopolymerization has rarely been 

exploited for functional particle-based platforms. DuPrez et al.19, 20 first applied this concept 

for synthesis of thiol or alkyne-functionalized microbeads (diameters ≈ 400 μm) via 
microfluidics using stoichiometric excess of pentaerythritol tetra(3-mercaptopropionate) 

(PETMP) or 1,7-octadiyne, and explored the microbeads as resin supports for solid phase 

synthesis. Aside from DuPrez's microbead work, we are currently unaware of any 

methodologies reported in literature that exploit thiol-yne photopolymerization for direct 

synthesis of functional polymer nanoparticles.

Herein, we report thiol-yne photopolymerization in miniemulsion as a simple, rapid, and 

one-pot synthetic approach to polythioether nanoparticles with tuneable particle size, 

clickable functionality, and composite compositions. We demonstrate the synthesis of 

nanoparticles with mean particle diameters ranging from 45 nm to 200 nm through simple 

modifications to the miniemulsion formulation and processing parameters. Facile access to 

thiol or alkyne functional nanoparticles, and subsequent postpolymerization modifications of 
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these functional moieties using thiol-Michael, thiol-yne, and CuAAC click reactions are 

reported. As shown in Scheme 1, thiol-alkyne miniemulsions were prepared from 

combinations of pentaerythritol tetra(3-mercaptopropionate) with three different alkyne 

monomers, including 1-hexyne, 1,7-octadiyne, and trimethylolpropane tripropargyl ether 

(TMPTPE) to provide polythioether nanoparticles with a range of thermal properties. 

Hexadecane, Irgacure 184® (1-hydroxycyclohexyl phenyl ketone), 4-methoxyphenol, and 

butyl acetate (BA) served as the hydrophobe, photoinitiator, radical inhibitor (to suppress 

polymerization during ultrasonication),11 and organic diluent, respectively. The organic-

soluble constituents were dispersed into the aqueous continuous phase containing sodium 

dodecylsulfate (SDS) as a surfactant using ultrasonic emulsification. Exposure of these thiol-

yne miniemulsions to UV light resulted in complete conversion of the thiol and alkyne 

functional groups, as indicated by the absence of peaks at 2567 cm-1 and 3285 cm-1 in FTIR, 

respectively (Fig. S1). The size of the dispersed monomer droplets, and consequently the 

size of the polymer nanoparticles obtained following photopolymerization, depends on a 

variety of parameters including surfactant concentration, monomer weight fraction, and total 

ultrasonic energy input. These parameters were explored thoroughly in our recent thiol-ene 

miniemulsion work; here, we report thiol-yne nanoparticle synthesis under optimized 

conditions. Figure 1 shows the dependence of nanoparticle size on the monomer phase 

weight fraction in a miniemulsion formulation containing a fixed amount of surfactant (20 

mM SDS). Hexyne, octadiyne, and TMPTPE, when paired with PETMP, all exhibited a 

minimum particle size of 40 – 75 nm between 2 and 3 wt.% monomer phase – a result that 

can be attributed to an optimum surface coverage of SDS necessary to stabilize the 

equilibrium droplet size under these specific conditions. An increase in monomer phase 

loading depletes SDS coverage enabling droplet coalescence, whereas a decrease in 

monomer phase loading provides excess SDS that can facilitate Ostwald ripening via the 

diffusion of organic soluble constituents from smaller droplets, across the aqueous phase, 

into larger droplets. Both of these conditions resulted in larger nanoparticles, as shown by 

the u-shaped data in Figure 1a. Nonetheless, low polydispersity values were observed across 

the monomer loading range, from 0.260 for 2.5 wt.% to 0.467 for 5 wt.%, as illustrated by 

the DLS distribution curves in Figure 1b.

The thermal properties of the nanoparticles were analysed by differential scanning 

calorimetry (DSC). As shown in Fig. S2, hexyne-PETMP nanoparticles exhibited the lowest 

glass transition temperature (Tg) at -32.5 °C – a result attributed to a low crosslink density 

obtained from the monofunctional alkyne. As expected, increasing the functionality of the 

alkyne to difunctional or trifunctional by employing either 1,7-octadiyne or TMPTPE, 

respectively, provided nanoparticles with higher Tg. The 1,7-octadiyne based nanoparticles 

showed a Tg at 45.7 °C, while TMPTPE based nanoparticles showed a Tg at 47.3 °C (Fig. 

S2). These results are consistent with an expected increase in Tg with an increase in network 

crosslink density at higher alkyne functionality.

Particle morphology was characterized using atomic force microscopy (AFM) and 

transmission electron microscopy (TEM). All samples showed particle sizes in good 

agreement with data obtained by dynamic light scattering. For the hexyne-PETMP monomer 

pair (Fig. 2a), the particles exhibited an ill-defined spherical morphology with a strong 

tendency to aggregate upon drying for analysis. We attribute this behaviour to a low 
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crosslink density resulting from the hexyne-PETMP constituents, and consequently a low Tg 

as confirmed by DSC. The low Tg of these nanoparticles conferred tackiness and led to 

agglomeration of the particles. However, both the 1,7-octadiyne-PEMTP and TMPTPE-

PETMP monomer pairs provide nanoparticles with well-defined spherical morphologies that 

are stable against aggregation upon drying, and could be re-dispersed into aqueous solution. 

The stability of these nanoparticles can be attributed to the higher glass transition 

temperature, as discussed previously.

Miniemulsion polymerization offers a versatile approach to synthesize composite inorganic-

organic nanoparticles via encapsulation of inorganic materials to endow properties such as 

magnetism, antimicrobial activity, and fluorescence.12, 21-23 However, surprisingly few 

examples have been reported that exploit the rapid nature of photopolymerization to prepare 

hybrid nanoparticles.24 Here, we demonstrate thiol-yne photopolymerization as a rapid two-

step synthetic approach to prepare silver/polythioether nanoparticles. First, hydrophobically 

modified AgNPs were prepared via sodium borohydride reduction of silver nitrate in the 

presence of dodecanethiol, which yielded 9 ± 3 nm AgNPs with a λmax = 435 nm (Fig. S3 

and S4).25 After purification, the AgNPs were dispersed in BA and combined with the thiol-

alkyne monomer formulation. The reaction mixture was then ultrasonicated in the presence 

of water and SDS, and polymerized with ultraviolet light for 20 min to yield composite Ag/

polythioether nanoparticles. This photopolymerization methodology markedly improves 

upon current thermal miniemulsion routes, which typically require 4 – 24 h reaction time to 

yield composite nanoparticles.22, 23 TEM analysis revealed well-defined core-shell particle 

morphologies with AgNPs strictly confined within the core of the polythioether 

nanoparticles (Fig. 3a). Image analysis carried out on a population of nanoparticles imaged 

at 50 keV revealed an average composite diameter of 127 ± 8 nm, an average inorganic core 

diameter of 68 ± 6 nm, and a clearly defined polythioether shell of ∼ 30 nm. Additional 

TEM images collected at 200 keV showed that the inorganic core was comprised of multiple 

individual AgNPs (Fig. 3b). It is noteworthy that relatively few “empty” polythioether 

nanoparticles (i.e. devoid of AgNPs in the core) or unencapsulated AgNPs were observed in 

the TEM images surveyed – an observation indicative of a high encapsulation efficiency that 

minimizes the need for subsequent purification protocols.

To take full advantage of the step polyaddition nature of thiol-yne photopolymerization, 

different stoichiometries of thiol (SH) and alkyne were reacted within the miniemulsions to 

prepare thiol or alkyne functionalized polymer nanoparticles. The ratio of SH to alkyne were 

adjusted from 1.5:1 and 3.2:1, and the resulting nanoparticles were analysed via FTIR (Fig. 

S1). Nanoparticles prepared from the monomer feed with excess SH (3.2:1 SH:yne) showed 

the presence of residual thiol functionality at 2567 cm-1. Conversely, nanoparticles resulting 

from the monomer feed with excess yne (1.5:1, SH:yne) showed a strong alkyne absorption 

at 3285 cm-1. The preservation of the excess thiol and alkyne functionality provided a 

convenient strategy for postpolymerization modification of the nanoparticle surface using 

various click reactions. As illustrated in Scheme 2, thiol-yne, thiol-Michael, and CuAAC 

reactions were employed to ligatea series of fluorescent dyes to the nanoparticle surface. To 

the thiol-functionalized nanoparticle (3.2:1 SH:yne), Texas Red maleimide was attached 

using a thiol Michael click reaction (Scheme 2a). Following purification by repetitive 
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centrifugation/wash steps, nanoparticles with red fluorescence were confirmed by confocal 

microscopy (λem at 615 nm, Fig. 4a).

The alkyne-functionalized nanoparticles were tagged with fluorescent dyes via two routes. 

First, 7-mercapto-4-methylcoumarin was immobilized using a photoinitiated thiol-yne 

reaction in the presence of 2,2-dimethoxy-2-phenylacetophenone to afford nanoparticles that 

fluoresce blue (λem at 385 nm), as shown by confocal microscopy in Fig. 4b. Lastly, the 

CuAAC click reaction between Alexa Fluor® 488 Azide and the alkyne-functionalized 

nanoparticles resulted in fluorescently tagged nanoparticles with green emission (λem at 385 

nm, Fig. 4c). Control experiments were also carried out under the same conditions using 

non-reactive dyes to show physisorption plays no role in immobilization of the fluorescent 

tags (Fig. 4d and S5). This two-step process of generating functional nanoparticles and 

subsequent functionalization through high efficiency reactions simplifies current multi-

synthetic processes while also expanding the library of functional groups that can react with 

these particles.

In conclusion, we have demonstrated the versatility of thiol-alkyne photopolymerization in 

miniemulsion for the preparation of polythioether nanoparticles. Simple off-stoichiometric 

monomer feed ratios provided access to functional nanoparticles that express thiol and 

alkyne moieties at the nanoparticle surface – and these moieties are readily available for 

postpolymerization modification using various click chemistries. We also demonstrated 

thiol-yne photopolymerization in miniemulsion as a means to synthesize hybrid silver/

polythioether nanoparticles with well-defined core-shell morphologies; this approach 

provides hybrid nanoparticles in a fraction of time (20 min) as compared with previously 

reported thermally-initiated routes (4-24 h). We anticipate that thiol-yne miniemulsions will 

provide facile access to a functional and hybrid nanoparticle platform with antimicrobial, 

delivery, and imaging applications.
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Figure 1. 
(a) Effect of weight fraction of the organic monomer phase on particle size. (b) Inset shows 

nanoparticle size distribution curves obtained by dynamic light scattering. (Synthetic 

conditions: 20 min, 20% amplitude ultrasonication, 10 min UV exposure).
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Figure 2. 
AFM and TEM images corresponding to (A) hexyne-PETMP, (B) 1,7-octadiyne-PETMP, 

and (C) TMPTPE-PETMP particles. All scale bars are 200 nm.
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Figure 3. 
Representative TEM micrographs of composite polythioether–silver nanoparticles collected 

at (a) 50 keV and (b) 200 keV, showing clusters of 9 nm AgNPs encapsulated within 1,7-

octadiyne-PETMP nanoparticles.
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Figure 4. 
Fluorescence microscopy of (a) thiol-functional nanoparticles postmodified with Texas Red 

maleimide using a thiol-Michael reaction, (b) alkyne-functional nanoparticles postmodified 

by photoinitiated thiol-yne with 7-mercapto-4-methylcoumarin, and (c) alkyne-functional 

nanoparticles postmodified by CuAAC with Alexa Fluor® 488 Azide. (d) shows a control 

experiment with non-reactive dyes.
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Scheme 1. 
Various multifunctional alkynes (a-c) and tetrafunctional thiol (d) used to generate 

polythioether nanoparticles via thiol-alkyne photopolymerization in miniemulsion. Thiol-

yne involves sequential addition and hydrogen abstraction steps of primary alkynes (1) and 

subsequent vinyl sulfides (2) to generate crosslinked nanoparticles.
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Scheme 2. 
(a) Thiol-functional polythioether nanoparticles prepared with excess PETMP and 

postmodified via thiol-Michael with Texas Red maleimide. (b) Alkyne-functional 

polythioether nanoparticles prepared with excess 1,7-octadiyne postmodified with 7-

mercapto-4-methylcoumarin via thiol-yne or with Alexa Fluor® 488 Azide via CuAAC.
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