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Functional nanocarriers were synthesized using an in situ 

inverse miniemulsion polymerization employing thiol-20 

isocyanate reactions at the droplet interface to encapsulate 

hydrophilic payloads. The morphology of the nanocarriers is 

conveniently tunable by variation of reaction conditions and 

the dispersions are easily transferable to aqueous phase.  

One of the major challenges in developing nanocarriers is their 25 

design towards the ability to encapsulate hydrophilic substances. 

The encapsulation of hydrophilic compounds is highly valuable 

but at the same time also a very demanding task 1 especially when 

the final purpose of the carriers is envisaged for an aqueous 

environment (e.g. the field of drug delivery or bio-imaging to 30 

name a few).  

Of the several heterophase polymerization techniques, 

miniemulsion has taken a fortified position as a versatile 

synthesis technique, allowing for effective encapsulation of both 

hydrophobic as well as hydrophilic compounds.2, 3 It was 35 

previously shown that hydrophilic substances can be successfully 

encapsulated by using a nano-precipitation process or by 

interfacial reactions such as step growth, radical or anionic 

polymerization in inverse miniemulsion.4, 5  

The versatility of the thiol functionality to participate in different 40 

very efficient chemical reactions has seen tremendous focus 

recently for the generation of materials with interesting physical 

properties. In this regard, the thiol-ene click reaction6 has 

generated significant interest owing to its high selectivity, 

efficiency and ability to use mild reactions conditions. Thiol-ene 45 

chemistry has – among other applications – been widely 

employed to obtain networks with tunable network properties.7,8 

Lately, also particles/capsules have been reported based on this 

type of chemistry.9-11 Another thiol reaction that holds high 

potential, but has not been fully explored despite the fact that it is 50 

known since late 1950’s,12 is the thiol-isocyanate (thiol-NCO) 

conjugation; this reaction has to-date remained largely 

unexploited especially for synthesizing nanomaterials. The 

nucleophilic addition of thiols to isocyanates yields thiourethane 

linkages. In the presence of a base catalyst, this equimolar 55 

reaction is facilitated through the generation of a strong 

nucleophilic thiolate ion and an electron deficient carbonyl 

carbon at the isocyanate. This reaction proceeds on a fast time 

scale (faster than classical urethane formation), at ambient 

temperature and affords for high conversions. The reaction 60 

mechanism is given in Fig. 1. The thiourethane (-NH-CO-S-) 

functionality is a sulphur analogue of urethane (-NH-CO-O-) and 

the former’s incorporation in the polymer chain is known to 

introduce interesting mechanical and thermal properties.13, 14 

Also, the high refractive index values of polythiourethanes makes 65 

the latter highly appealing for optical and coating applications as 

compared to their polyurethane counterparts. 15, 16 Shin et al. 

made ternary networks using thiol-isocyanate-ene 

sequential/simultaneous click reactions where an amine catalyst 

was used to trigger the thiol-isocyanate reaction and ultraviolet 70 

(UV) light was used to trigger a radical thiol-ene reaction, 

resulting in a thiourethane/thiol-ene hybrid network. 17 

Matsushima et al. also used thiol-click chemistry to create thiol-

isocyanate-acrylate ternary networks.18 Previously, thiol-NCO 

chemistry was used in a modular approach for a rapid and robust 75 

fabrication of highly functional, multicomponent polymer brush 

surfaces19 and lately for developing self-healing epoxy 

thermosets.20 Recently, micro particles (40-250 µm) were 

synthesized using nucleophile-catalyzed thiol-NCO reaction in 

water employing microfluidics.21 With the recent revival of the 80 

thiol-NCO reaction towards interesting applications, the potential 

of this reaction towards designing nanomaterials with functional 

properties is highly desirable. Though polyaddition reactions 

between diisocynates and diols/diamines have been extensively 

studied for nanocarrier formation, to the best of our knowledge, 85 

isocyanate-thiol interfacial reactions have not been reported to 

date. The latter reaction offers materials with different useful 

properties as compared to classical urethanes and will hence lead 

to novel functional nanocarriers.. 

In this work, for the first time the miniemulsion technique has 90 
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been used for in situ thiol-NCO reactions at the droplet interface 

for the design of nanocarriers containing thiourethane linkages 

(Fig. 1). For encapsulation of a hydrophilic payload using inverse 

miniemulsion, a 1 M KCl solution was used as a model 

substance. Nanocarriers were formulated at room temperature 5 

using 1,8-diazabicycloundec-7-ene (DBU) as a base catalyst and 

employing different stoichiometric ratios of 1,4-butanedithiol 

(BDT) and toluene diisocyanate (TDI) as the respective bi-

functional monomers.  In order to impart potential post-surface 

grafting possibilities to the nanocarriers, pentaerythritol tetra-3-10 

mercaptopropionate (PETMP), a multifunctional crosslinker 

monomer was also used in the reaction formulations. The detailed 

synthesis procedure is presented in the ESI†. Briefly, 

cyclohexane was used as the continuous phase and the dispersed 

phase employed consists of thiol monomer(s), DMSO, and KCl 15 

solution.  After pre-emulsification followed by sonication, stable 

nanodroplets of the dispersed phase were obtained. Subsequently, 

an additive phase containing the catalyst and the TDI monomer in 

cyclohexane was slowly introduced in to the continuous phase 

and then the reaction mixture was left for stirring. 20 

 
Fig. 1 Schematic representation of a base catalyzed interfacial 

polymerization reaction between diisocyanate and (tetra-) dithiol 

monomers in an inverse miniemulsion.  

As the reaction conditions have significant effect on the 25 

nanocarrier morphology, the influence of the different reaction 

parameters - amount of monomers, presence of crosslinker and 

catalyst- on the resulting morphology was studied systematically. 

Since, the reaction in the absence of a catalyst at room 

temperature is not feasible, the same reactions were also repeated 30 

using elevated temperature (60 °C) in order to study the effect of 

catalyst on the morphology. For all formulations used, the 

stability of the resulting dispersions was first checked optically 

for any visible phase separation and samples were then directly 

used for further characterization. The colloidal stability, the size 35 

and polydispersity index (PDI) of the samples were studied using 

dynamic light scattering (DLS). The reaction efficiency was 

studied thermogravimetically in the form of solid content of the 

obtained dispersion. Chemical analyses of the insoluble products 

was performed using high resolution solid state 13C nuclear 40 

magnetic resonance (NMR) and Fourier-transform infrared (FT-

IR) spectroscopy. As a proof-of-concept for the use of such 

nanocarriers in biomedical applications, biocompatibility studies 

were also performed. The dispersion characteristics of the 

different samples tested are presented in Table 1.   45 

Table 1 Size, PDI, and solid content for nanocarriers synthesized. 

Sample 

 

Dispersed phase 

monomer(s) 

 

Additive 

phase 

Size  

(nm)/ 

PDI 

Expt. 

solid 

content 

Theo. 

solid 

content 

1 

 

2 mmol BDT 

2 mmol 

TDI, 

DBU 

173/ 

0.04 
5.4 % 7.1 % 

2 

 

4 mmol BDT 

4 mmol 

TDI, 

DBU 

193/ 

0.12 
7.4 % 11.9 % 

 3 

4 mmol BDT, 

0.1 mmol 

PETMP 

4.2 mmol 

TDI, 

DBU 

200/ 

0.14 
11.8 % 13.7 % 

4 

4 mmol BDT, 

0.2 mmol 

PETMP 

4.4 mmol 

TDI, 

DBU 

182/ 

0.26 
11.9 % 14.3 % 

5 

 

2 mmol BDT 

 

2 mmol 

TDI 

168/ 

0.09 
5.3 % 7.2 % 

6 

 

 

4 mmol BDT 

 

4 mmol 

TDI 

188/ 

0.12 
8.0 % 12.9 % 

7 

4 mmol BDT, 

0.1 mmol 

PETMP 

 

4.2 mmol 

TDI 

221/ 

0.19 
13.1 % 13.6 % 

8 

4 mmol BDT, 

0.2 mmol  

PETMP 

 

4.4 mmol 

TDI 

202/ 

0.24 
12.8 % 14.3 % 

*Samples 1 - 4 were prepared using a catalyst at room temperature, while, 

samples 5 - 8 were obtained at 60 oC. (For details see ESI†) 

From the hydrodynamic diameters (intensity average), it can be 

seen that most of the synthesized nanocarriers have a size range 50 

between 165 - 225 nm. From the obtained values, a trend between 

the size and the amount of monomer used in the reaction can be 

observed; the size of the nanocarriers mostly increases with the 

increase in monomer amount. It can also be seen that the 

polydispersity index (PDI) is higher when crosslinkers were 55 

employed for samples prepared using both base catalyst as well 

as elevated temperature. The increased size and the PDI observed 

for the reactions performed in the presence of the crosslinker 

could be attributed to the structure of the tetrafunctional 

crosslinker, which is more bulky than the linear bi-functional 60 

monomer. The size observed here in general are comparable and 

similar to values reported for polyurethane capsules. 22  

 

Fig. 2 High resolution solid state 13C NMR data showing the presence of 

thiourethane for sample 4(a), 8(b), 2(c) and 6(d) (see Table 1). 65 

The experimental solid content here refers to the dispersion solid 

content containing only particulates, excluding any large 

aggregates/bulk material formed during reaction. The theoretical 

solid content refers to the calculated dispersion solid content on 

full conversion of all monomers added to the reaction. The solid 70 

contents measured are also in accordance with literature values 
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reported for polyurethane capsules.22 The solid contents are 

higher when the monomer amounts are increased. This is as 

expected as higher amounts of starting reactants lead to an 

increased product formation.The overall success of the thiol-NCO 

reaction is determined by the presence of the thiourethane groups 5 

in the product. In Fig. 2, the NMR data from selected samples is 

depicted. Aliphatic carbons are located in the range between 15-

45 ppm. The methyl group originating from the diisocyanate is 

assigned to the peak at 18 ppm. The shoulders at 26 ppm and 64 

ppm originate from the crosslinker. The peak at 70 ppm 10 

represents the alcohol and the ether functionalities of the 

surfactant; the latter is a block copolymer consisting of 

polyhydroxystearic acid and polyethylene glycol moieties.23, 24 

The peaks ranging from 140 ppm to 110 ppm originate from the 

aromatic ring of the diisocyanate used for polymerization. The 15 

small peak at 154 ppm corresponds to urea-urethane.25 The 

formation of urea can be attributed to the reaction of isocyanate 

with amine groups formed in the first place by the hydrolysis of 

the highly reactive isocyanate with ambient water. Such an 

observation has been reported in case of polyurethane 20 

nanocapsules formation before.26 Urethane formation is also 

possible due to the alcohol functionality present in the surfactant 

(see Fig. S6 in ESI†). Which of the two reactions is 

predominating as side reaction is purely based on NMR difficult 

to verify. Regardless, a well-defined intense peak at 166 ppm 25 

confirms the successful formation of thiourethane.27 FT-IR 

analysis might aid in exact structure elucidation and spectra for 

the same selected samples as in Fig 2 are presented in Fig 3.  The 

full spectral range for all samples from Table 1 (Fig S7), 

monomers (Fig. S2, S3, S4) and products from an analogue bulk 30 

reaction (Fig. S5) are presented in the ESI†.  

 
Fig. 3 Transmission FT-IR spectra showing the presence of thiourethanes 

for sample 4(a), sample 8(b), sample 2(c) and sample 6(d). 

The disappearance of the functional groups stemming from the 35 

monomers is depicted in Fig S7 in the ESI† by the disappearance 

of the characteristic isocyanate and thiol peaks (2280 cm-1 to 

2270 cm-1 and  2556 cm-1 to 2400 cm-1, respectively).19 The 

presence of the thiourethane peak at ~1680 cm -1 in Fig. 3 

indicates the successful reaction between the diisocyanate and the 40 

thiol moieties.27, 28 It can be seen that the thiourethane peaks are 

broadened due to the presence of urea at ~1640 cm-1.26,29 The 

urea is formed from the reaction between isocyanate end groups 

and water as indicated above. Since the reaction is performed 

under equimolar conditions and the signal of the diisocyanate 45 

monomers is no longer present in the FT-IR data, it can be 

assumed that the excess thiol groups present in the reaction 

medium have been oxidized to form disulphides.30 Consequently, 

the presence of urethane ~1700 cm-1 26, 28, 29 could not be 

ascertained by the FT-IR. This is likely due to only trace amounts 50 

of urethane being formed owing to the small amount of surfactant 

used (see Fig. S6 in ESI†). In addition, as the amines are more 

reactive, the consumption of isocyanates for urea formation might 

also affect the urethane formation.27 Therefore, the signal at 154 

ppm in the NMR spectrum is in all likelihood mainly due to the 55 

formation of urea rather than urethane moieties. The NMR results 

together with the FT-IR data thus clarifies the presence of 

thiourethane-urea linkages in the samples. 

The nanocarrier morphology was studied using transmission 

electron microscopy (TEM). The size and size distribution 60 

(qualitatively) observed in the TEM images (Fig 4) for all 

samples are in agreement with the size and polydispersity 

measured using DLS. As it can be seen in Fig 4a in case of base 

catalysed reactions, sample 1 (without crosslinker) gave a 

homogeneous bulk nanoparticle morphology. While sample 4 65 

(Fig 4b) (with crosslinker) clearly afforded for a core-shell 

nanocapsule morphology (for sample 3 see Fig. S8 in ESI†). The 

reaction using elevated temperatures conducted in the absence of 

the catalyst and without crosslinker (sample 6) yielded 

nanoparticles (Fig 4c).  In stark contrast to samples 3 and 4, in 70 

Fig 4d (sample 8) the addition of the crosslinker to the elevated 

temperature reaction also resulted in nanoparticles (for sample 7 

see Fig. S9 in ESI†). In case of nanocapsules the average shell 

thicknesses are 37.2±7 nm and 51±8 nm for samples 3 and 4 

respectively. With increasing amount of cross-linker the shell-75 

thickness increases and also the size distribution (see Fig. S10 in 

ESI†) becomes relatively broader reflecting the trend in DLS 

results. The successful encapsulation of KCl solution was 

confirmed by the presence of dark spots (salt crystals) within the 

capsules in the TEM images and was also confirmed by energy-80 

dispersive X-ray spectroscopy (EDX) (see Fig. S11 in ESI†).  

To test the potential of these nanocarriers for biomedical 

applications, the synthesized nanocapsules have been transferred 

from the oil phase to a water phase. The redispersed aqueous 

dispersions were colloidally stable and the hydrodynamic 85 

diameters measured using DLS were 267 nm with a PDI value 

0.186 and 297 nm with a PDI value 0.177 for samples 3 and 4 

respectively. The significant increase in size after redispersion 

can be attributed to the pronounced hydration of the hydrophilic 

part of the block copolymeric surfactant in the aqueous phase. 90 

With the TEM studies (Fig 4e and f), the capsule morphology for 

samples with different crosslinker amounts can be clearly seen 

where the shell remains intact and evidently unaffected by the 

redispersion process. With the EDX studies (see Fig. S12 in 

ESI†), the presence of salt crystals (seen as dark spots within the 95 

capsules) was ascertained. Additionally, there was no sign of 

large aggregates of the nanocarriers (broken capsule debris) in the 

overview inspection of the TEM grid. Thus, DLS measurements 

and TEM characterizations unambiguously confirm that aqueous 

dispersion of nanocapsules containing hydrophilic payload can be 100 

achieved successfully. Additionally, biocompatibility studies 

using Alamar blue assay performed on the redisperded samples 

(See Fig. S13 in ESI†) clearly indicate that the nanocarriers are 

fully biocompatible thereby making them excellent candidates for 

biomedical applications. As a proof-of-concept, doxorubicin, a 105 
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potent anticancer drug was encapsulated (see Fig. S14 in ESI†).  

 
Fig. 4 TEM images of sample 1 (a), 4 (b), 6 (c) and 8 (d) from the organic 

phase (scale bar 500 nm). Images (a) and (b) are from samples employing 

base catalyst, while images (c) and (d) are from samples prepared at 5 

elevated temperature. Images e and f  (scale bar 200 nm) are from 

samples 3 and 4 respectively after redispersion in water. 

For the first time thiourethane-based nanocarriers encapsulating 

hydrophilic substances have been synthesized via the inverse 

miniemulsion technique using an in situ thiol-NCO reaction at the 10 

droplet interface. The presence of thiourethane functionality was 

confirmed by FT-IR spectroscopy and high resolution 13C solid-

state NMR spectroscopy. Also, side reactions leading to urea 

formation was ascertained by FT-IR.  The morphology of the 

nanocarriers could be conveniently tuned by adjusting the 15 

reaction conditions as confirmed by TEM imaging. The presence 

of catalyst allows for the formation of tunable morphologies 

depending on the choice of the monomers used (i.e. with or 

without crosslinker). The tunability of morphology offers 

designing nanocarriers for the desired purpose. For instance, 20 

nanocapsule morphology (with crosslinker) for a large aqueous 

core to polymer ratio encapsulating a large payload and the bulk 

particle morphology (without crosslinker) for applications 

envisaging high polymer content. The nanocapsules were also 

conveniently transferred to an aqueous phase while keeping their 25 

shell intact and were also successfully tested for their 

biocompatibility. With the suitable choice of the monomers, 

surface functionalization using the versatile thiol and isocyanate 

groups will be feasible. The shell is currently being modified to 

impart biodegradability by varying the monomer choices and to 30 

functionalize using post-modification steps (via the 

tetrafunctional thiol moiety). The shell properties will be further 

studied for their physical properties and any possible leakage. In 

concise, we could successfully demonstrate that thiol-NCO 

reaction at the interface opens new possibilities for designing 35 

functional nanocarriers for biomedical applications.   
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