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Abstract: Elemental sulfur has shown to be a promising alternative 

feedstock for development of novel polymeric materials with high sul-

fur content. However, the utilization of inverse vulcanized polymers is 

restricted by the limitation of functional comonomers suitable for an 

inverse vulcanization. Control over properties and structure of inverse 

vulcanized polymers still poses a challenge to current research due to 

the dynamic nature of sulfur-sulfur bonds and high temperature of in-

verse vulcanization reactions. In here, we report for the first time the 

inverse vulcanization of norbornenyl pentafluorophenyl ester (NB-

PFPE), allowing for post-modification of inverse vulcanized polymers 

via amidation of reactive PFP esters to yield high sulfur content poly-

mers under mild conditions. Amidation of the precursor material with 

three functional primary amines (α-amino-ω-methoxy polyethylene 

glycol, aminopropyl trimethoxy silane, allylamine) was investigated. 

The resulting materials were applicable as sulfur containing poly(eth-

ylene glycol) nanoparticles in aqueous environment. Cross-linked 

mercury adsorbents, sulfur surface coatings, and high-sulfur content 

networks with predictable thermal properties were achievable using 

aminopropyl trimethoxy silane and allylamine for post-polymerization 

modification, respectively. With the broad range of different amines 

available and applicable for post-polymerization modification, the ver-

satility of poly(sulfur-random-NB-PFPE) as a platform precursor poly-

mer for novel specialized sulfur containing materials was showcased. 

Introduction 

Desulfuration of natural gas and oil is a key step to produce the 

fossil fuels that drive our modern globalized civilization. Combined 

with the Claus process, industrial desulfuration of natural gas and 

oil has led to a global annual production of elemental sulfur of 

around 70 million tons in recent years.[1] However, the industrial 

demand of elemental sulfur is mainly limited to the fabrication of 

sulfuric acid,[2] vulcanized rubber,[3] fertilizers,[4] and niche appli-

cations, which leads to a phenomenon described as the ‘excess 

sulfur problem’.[5] The concept of inverse vulcanization was intro-

duced in 2013 by Chung et al., which enabled the use of ele-
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mental sulfur as feedstock for polymeric materials.[6] Inverse vul-

canization is typically conducted by heating a mixture of elemental 

sulfur and one or more suitable unsaturated comonomers (so-

called cross-linkers) to 130 – 185 °C in the presence or absence 

of a catalyst. Exposed to heat, the covalent bonds of cyclic ele-

mental sulfur cleave homolytically, resulting in the formation of 

radical polymeric sulfur chains which can be stabilized by incor-

poration of unsaturated cross-linkers, such as diisopropenyl ben-

zene,[7] dicyclopentadiene,[8] or unsaturated vegetable oils.[9,10] 

Materials with up to 90 wt% sulfur are achievable via inverse vul-

canization and have been employed in a variety of applications 

such as heavy metal adsorption,[8,9,11,12,13] infrared optics,[14,15] an-

tibacterial surfaces,[16]  thermal insulators,[17] flame retardants,[18] 

fertilizers,[19] healable materials,[20] and lithium-sulfur battery cath-

ode materials.[21] Due to the relatively high temperatures neces-

sary for inverse vulcanization polymerizations, the range of appli-

cable unsaturated monomers (subsequently simply termed mon-

omers) is limited to compounds with boiling points above the tar-

get reaction temperature, though some notable exceptions of in-

verse vulcanization in the vapor-phase have been reported.[15,22] 

In recent years, various concepts were introduced to increase the 

range of monomers suitable for inverse vulcanization, most prom-

inently: Catalytic inverse vulcanization and photoinduced inverse 

vulcanization. Catalytic inverse vulcanization relies on the appli-

cation of additives that lower the required temperature for efficient 

polymerization, while also decreasing the formation of hazardous 

side products.[23] Photoinduced inverse vulcanization exploits the 

cleavability of S-S bonds under UV irradiation, allowing the incor-

poration of volatile monomers in high sulfur-content materials.[24] 

In addition, the group of Pyun has demonstrated the use of sul-

fenyl chlorides as feedstock towards polysulfide containing mate-

rials using considerably lower temperatures than traditional in-

verse vulcanization.[25] Importantly, high control over the formation 

of polysulfides based on norbornene derivatives was reported by 

Pople et al. using an electrochemical ring-opening polymerization 

approach at ambient temperature. This method proved applicable 

for water soluble polysulfides with the ability for post-polymeriza-

tion modification (PPM).[26] Due to the dynamic nature of polysul-

fides, modification of high sulfur content materials via dynamic co-

valent polymerization (DCP) has also proven to be a useful 

method to tune material properties towards desired applica-

tions.[27,28] However, as a consequence of the typically harsh re-

action conditions of inverse vulcanization reactions, the amount 

of functional groups able to survive the polymerization conditions 

is limited. One method to create functional inverse vulcanized pol-

ymers, or tune their properties towards a desired application, is 

the post-polymerization modification of reactive precursors. Early 

examples of PPM on inversed vulcanized polymers include nucle-

ophilic substitution of pendant chain leaving groups,[29] photo-

chemical cross-linking,[30] dynamic covalent polymerization,[28] 

Friedel-Crafts cross-linking,[31] and silane polycondensation.[32,33] 

However, despite the progress made in opening the field of in-

verse vulcanization and controlling material properties, the devel-

opment of a fundamental synthetic platform from which further 

material specialization can be achieved remains challenging.  

In this work, we present the inverse vulcanization of activated nor-

bornenyl esters, a straightforward strategy to synthesize high sul-

fur content materials that can be utilized as a platform for further 

specialization. We hypothesized that by combining the amidation 

of norbornenyl pentafluorophenyl ester with inverse vulcanization, 

a versatile, high sulfur content polymer would be achievable which 

can then easily be modified toward desired materials applica-

tions.[34] The utility of the presented method is demonstrated by 

modifying the inverse vulcanized precursor polymer poly(sulfur-

random-norbornenyl-pentafluorophenyl-ester), abbreviated 

poly(S-r-NB-PFPE), with three different functional primary 

amines: α-amino-ω-methoxy poly(ethylene glycol) (Amino-

mPEG), aminopropyl trimethoxy silane (APTMS), and allylamine 

(AA) (refer to Scheme 1). On the one hand, modification with 

Amino-mPEG and APTMS allows the transformation of the pre-

cursor polymer into materials applicable for i.e., surface coatings 

and particle formation. On the other hand, the amidation of poly(S-

r-NB-PFPE) allows for the introduction of reactive groups that 

would normally not survive the harsh conditions of an inverse vul-

canization, demonstrated by the use of allylamine. The synthetic 

routes described herein emphasize the versatility and potential of 

the material platform presented in this work. 

 

 

 

 
Scheme 1. Reaction scheme of the inverse vulcanization of norbornenyl-pen-
tafluorophenyl-ester (PFPE) with elemental sulfur. Subsequent amidation of the 
reactive PFP-ester allows the sulfur precursor polymer to be used in a wide 
range of applications. 

Results and Discussion 

Inverse vulcanization  

Norbornenyl pentafluorophenyl ester was synthesized according 

to literature and the successful preparation was confirmed by nu-

clear magnetic resonance (NMR) and infrared (IR) spectroscopy 

(refer to SI, Figures S1 – S3).[35] The norbornenyl compound was 

chosen as active ester over the analogous acrylate derivative for 

two reasons: First, acrylates have been found to be unreactive in 

inverse vulcanization without catalysts compared to non-polar 

molecules.[23] Secondly, norbornenes have been reported before 
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to undergo inverse vulcanization effectively.[32] Poly(sulfur-ran-

dom-norbornenyl pentafluorophenyl ester) (poly(S-r-NB-PFPE)) 

was synthesized by reacting equal masses of elemental sulfur 

and norbornenyl pentafluorophenyl ester at 150 – 170 °C for dif-

ferent times to evaluate the best reaction parameters (refer to Fig. 

1A). Full conversion of norbornenyl C=C double bonds was con-

firmed via 1H- and 13C-NMR spectroscopy after a reaction time of 

4 h at 150 °C. The respective 1H-NMR spectrum of poly(S-r-NB-

PFPE) showed no resonances in the range between 6.5 and 6 

ppm referring to the norbornenyl C=C double bond while reso-

nances of aromatic C=C double bonds were confirmed via 13C-

NMR spectroscopy in the range of 137 to 143 ppm (refer to SI, 

Fig. S4 and S5). However, differential scanning calorimetry (DSC) 

measurements showed full conversion of elemental sulfur only af-

ter 3 days of reaction time as indicated by the absence of a melt-

ing peak in the region of 110 - 120 °C, which is attributed to the 

melting of residual elemental sulfur (Tm = 112 °C) (refer to Fig. 

1B). Additionally, the Tg of poly(S-r-NB-PFPE) was found to in-

crease with longer reaction times from -2 °C after reacting for 4 

hours to 32 °C after a reaction time of 3 days. The increase in Tg 

with the reaction time indicated the progression of sulfur conver-

sion, as the material became more stable due to higher molecular 

weight with increasing amounts of incorporated sulfur. Further-

more, increasing the reaction temperature to 160 and 170 °C, re-

spectively, did not prove to accelerate the conversion of elemental 

sulfur. Regardless of the temperature, 3 days of reaction time 

were neces sary to reach full sulfur conversion (refer to SI, Fig. 

S6). The influence of reaction temperature and time was further 

evaluated in regard to molecular weight and the stability of the 

active PFP ester in the polymer. The behavior of the molecular 

weight of poly(S-r-NB-PFPE) with increasing reaction time and 

temperature was investigated utilizing size exclusion chromatog-

raphy (SEC). The SEC traces showed the formation of oligomers 

after 4 hours. Interestingly, the molecular weight distribution was 

found to be similar for all polymers, regardless of the reaction tem-

perature indicating a controlled formation of an oligomeric species 

(refer to Fig. 1C). After 24 hours, the molecular weight distribu-

tions of the reaction mixtures synthesized at 150, 160, and 170 °C 

showed a slight broadening. Finally, after 3 days the influence of 

the reaction temperature became more pronounced, especially 

for the reaction mixture at 170 °C, showing a broad molecular 

weight distribution with significant higher molecular weight com-

pared to reaction at lower temperature. This can be explained by 

the occurrence of additional cross-linking taking place via substi-

tution of aromatic PFP rings (refer to SI, Fig. S7 and Table S1).[36] 

It was found that upon elevating the reaction temperature from 

150 to 160 °C and 170 °C, the formation of pentafluorophenol as 

the by-product increased, which was detected by 19F-NMR spec-

troscopy (refer to Fig. 1D). We hypothesized that aromatic side 

reactions were due to the nucleophilic character of radical S· spe-

cies that were formed during inverse vulcanization at high tem-

peratures. Thus, the reaction temperature for the preparation of 

poly(S-r-NB-PFPE) should ideally not exceed 150 °C to prevent 

damaging the PFP moieties via nucleophilic substitution or radical 

abstraction of aromatic fluorine atoms and to avoid thermal de-

composition of NB-PFPE.[37] Noteworthy, the formation of nor-

bornene derived polysulfides was recently studied in a work by 

Pople et al. who demonstrated the tendency of norbornenes to 

form cyclic trisulfides that undergo electrochemical[26] as well as 

anionic polymerization.[38] These norbornene derived polysulfides 

were shown to be depolymerizable under high temperature, open-

ing a potential pathway towards recyclability of high sulfur content 

materials based on norbornene building blocks.[26] We therefore 

hypothesize that the reaction is taking place via a cyclic interme-

diate which further reacts under ring-opening to form poly(S-r-NB-

PFPE). It can be concluded that norbornenyl pentafluorophenyl 

ester can withstand reaction conditions of an inverse vulcaniza-

tion in a controlled manner at elevated temperatures while main-

taining its unique reactive functionality. However, temperatures 

higher than 150°C need to be avoided to prevent additional cross-

linking due to the reactive aromatic fluorinated esters and depol-

ymerization. This developed synthesis strategy thus opens the 

pathway to a sustainable and versatile material platform through 

simple PPM via the active ester of the novel, highly sulfur-contain-

ing precursor polymer. Polymers bearing activated PFP ester 

moieties are known to quantitatively undergo amidation reactions 

with primary or secondary amines under mild conditions, which 

allows to introduce new functionalities to the sulfur polymers or 

tune their properties.[39] However, it is known that in the presence 

of amines, polysulfides are prone to nucleophilic activation that 

promotes dynamic S-S bond cleavage.[40] In order to confirm that 

norbornene-derived polysulfides are not destroyed in the pres-

ence of primary amines, a control experiment was conducted by 

exposing literature-known poly(sulfur-random-dicyclopentadiene) 

(poly(S-r-DCPD)) to benzyl amine.[8,41,42]  No decrease in molecu-

lar weight or a significant change in Tg was observed, indicating 

that no amine-induced cleavage of polysulfides took place under 

the chosen conditions (detailed experimental procedure can be 

found in the SI, refer to Fig. S10). Given the stability of nor-

bornene-derived polysulfides, we have selected three commer-

cially available primary amines featuring different functional 

groups to demonstrate the versatility of poly(S-r-NB-PFPE) as a 

platform material for various applications via selective amidation 

of the active ester. 

 

Figure 1. A) General reaction scheme of the inverse vulcanization of NB-
PFPE giving poly(S-r-NB-PFPE). B) DSC thermograms of poly(S-r-NB-PFPE) 
after 4 h, 24 h, and 3 d of reaction time, respectively. After 3 d, no more melting 
of residual crystalline sulfur was detected in the highlighted temperature 
range. C) SEC traces of poly(S-r-NB-PFPE) after 4 h (light gray), 24 h (gray), 
and 3 d of reaction time. Low molecular weight species decreased in intensity 
over time; calibration: polystyrene. D) 19F-NMR spectra of poly(S-r-NB-PFPE) 
after 3 d of reaction time at 150 °C (bottom), 160 °C (middle), and 170 °C (top). 
The presence of pentafluorophenol was found by characteristic resonances in 
the highlighted area. 
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Amino-mPEG 

 

 Due to the hydrophobic nature of polysulfides on the one hand, 

and the hydrophilic character of polyethylene glycol (PEG) on the 

other hand, we hypothesized that PEGylation of the poly(S-r-NB-

PFPE) precursor can be utilized to trigger phase separation of the 

resulting material in aqueous media (refer to Fig. 2A). However, 

the high polarity of PEG complicates the direct inverse vulcaniza-

tion of PEGylated monomers with elemental sulfur and requires 

the use of a catalyst in terpolymer systems.[43,44] To circumvent 

this issue and create a PEG-containing polysulfide material, PPM 

of poly(S-r-NB-PFPE) with Amino-mPEG was conducted. Substi-

tution of the active PFP esters of poly(S-r-NB-PFPE) with 1.2 eq 

Amino-mPEG was carried out in solution, followed by precipitation 

(refer to SI). 19F-NMR spectroscopy of the resulting material 

showed no residual resonances in the range from -152.5 to -162.5 

ppm, indicating the complete conversion of aromatic PFP-ester 

groups (refer to SI, Fig. S11) while the respective 1H- and 13C-

NMR spectra showed strong resonances in the region of 3 – 4 

ppm and 71 – 73 ppm, respectively, which was attributed to the 

presence of PEG backbone protons (refer to SI, Fig. S12 and 

S13).[45] No sulfuration of ester groups toward thioesters or thi-

ones was found in the 13C-NMR spectrum of poly(S-r-NB-Amino-

mPEG), indicating the selective amidation of active esters to be 

the favored reaction. Additionally, FT-IR spectroscopy revealed 

the full disappearance of the characteristic ester C=O vibration 

band at 1778 cm-1, while the formation of the proposed amide 

bond was confirmed by the presence of the amide C=O vibration 

band at 1665 cm-1. The IR spectrum of poly(S-r-NB-Amino-

mPEG) also showed strong characteristic C-H and C-O vibration 

bands at 2864 and 1095 cm-1, respectively (refer to SI, Fig. 

S14).[46] SEC elugrams of poly(S-r-NB-Amino-mPEG) showed an 

increase of molecular weight from Mn ≈ 770 g mol-1  to 3200 

g mol-1  after the amidation. Although the molecular weights are 

subject to error as they were measured relative to polystyrene 

standards,[6] the comparison between the elugrams of poly(S-r-

NB-PFPE) and poly(S-r-NB-Amino-mPEG) showed a 4.2-fold in-

crease in Mn, which was consistent with the calculated increase 

(4.1-fold) for complete PFP-ester conversion with the chosen Mn 

= 750 g mol-1 Amino-mPEG. Additionally, precipitation proved to 

effectively remove low molecular species from the product, which 

resulted in a decrease of Ð from 2.11 to 1.60 (refer to SI, Fig. S15). 

Thermal properties of poly(S-r-NB-Amino-mPEG) had been char-

acterized via thermogravimetric analysis (TGA) as well as DSC. 

The thermal decomposition profile of poly(S-r-NB-Amino-mPEG)  

revealed an increase of T5% from 168 °C to 234 °C compared to 

the precursor polymer poly(S-r-NB-PFPE), which was derived 

from the substantial amount of PEG in the material and confirms 

the quantitative conversion of PFP esters (refer to SI, Fig. S16).[47] 

DSC measurements of poly(S-r-NB-Amino-mPEG) revealed an 

expected melting area of 32 – 58 °C in the first heat run, which 

shifted to lower temperatures (25 – 51 °C) in the second heat run 

and was attributed to the melting of crystalline PEG segments (re-

fer to SI, Fig. S17).[48] The shift of the melting area in the second 

heat run toward lower temperatures is believed to be caused by 

the fast formation of small crystallites during the cooling step, 

which have a smaller melting temperature, compared to fully 

grown equilibrated crystallites.[49] Due to the hydrophobic nature 

of  polysulfides and norbornenes on the one hand, and the hydro-

philic character of PEG chains on the other hand, we hypothe-

sized that agglomeration could be triggered, when bringing 

poly(S-r-NB-Amino-mPEG) in aqueous media (refer to Fig. 2A). 

We proposed a micelle structure with sulfur/norbornene agglom-

erates in the core and PEG chains closer to the surface, acting 

like a sort of corona. Samples were prepared by dissolving poly(S-

r-NB-Amino-mPEG) in a mixture of THF/H2O (1:1 v/v) to obtain a  

polymer concentration of 3.5 mg mL-1. Aggregate formation was 

triggered by slowly evaporating the THF in an open vial overnight, 

thereby increasing the aqueous fraction and forcing the sulfur 

segments to phase separate. Dynamic light scattering (DLS) 

measurements of the resulting suspension revealed the presence 

of aggregates with a hydrodynamic radius of 17 nm and a narrow 

dispersity (refer to SI, Fig. S18). Due to the fact that the proposed 

micelle structure is only persistent in aqueous media, cryogenic 

transmission electron microscopy (Cryo-TEM) was performed in 

order to investigate the structure of the aggregates. Fig. 2B – D 

show the Cryo-TEM micrographs of poly(S-r-NB-Amino-mPEG) 

aggregates. The formed particles were spherical in shape, with a 

mean radius of 12 nm (standard deviation (SD): 2 nm), which was 

in accordance with the size determined by DLS. Interestingly, no 

ordered structures were observed under regular, dry TEM condi-

tions (refer to SI, Fig. S19), indicating destruction of particles un-

der non-aqueous conditions, which may open a pathway toward 

controlled capture and release of substances via changing polar-

ity or dryness of the surrounding environment of poly(S-r-NB-

Amino-mPEG). Nevertheless, the presented strategy proved to 

be applicable for inducing phase separation of sulfur polymers in 

aqueous media by PPM with hydrophilic PEG chains. The 

straightforward preparation of spherical, hydrophilic nanoparticles 

derived from otherwise hydrophobic high sulfur content polymers 

via amidation of active PFP-esters with Amino-mPEG moieties, 

substantiates the applicability of poly(S-r-NB-PFPE) as a platform 

material for controlled transport of sulfur micelles in aqueous en-

vironments for future applications such as homogeneous heavy 

metal capture or drug delivery.[44,50]  

 

Aminopropyl trimethoxy silane  

 

Figure 2. A) Schematic preparation of poly(S-r-NB-Amino-mPEG) by amidation 
of poly(S-r-NB-PFPE) followed by particle formation. In an aqueous environ-
ment, poly(S-r-NB-Amino-mPEG) is able to form spherical particles with hydro-
phobic cores and hydrophilic shells. B – D) Cryo-TEM micrographs of poly(S-r-
NB-Amino-mPEG) particles with different magnifications. In aqueous environ-
ments, nanometer scale particles were observed (mean radius: 12 ± 2 nm). The 
sharp line seen in B) and C) is the edge of a grid hole of the sample holder. The 
particles mainly accumulate on the edge of the ice film. 
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Trialkoxysilanes are an important class of chemicals used for 

functionalization of glass, metals, silica, or even sand and orga-

nosilanes play a vital role as coupling agents for surface coat-

ings,[51] magnetic materials,[52] cross-linkers,[53] as well as adsorp-

tion materials.[54] To make the field of silane chemistry available 

to our precursor polymer, amidation of poly(S-r-NB-PFPE) with 

aminopropyl trimethoxy silane (APTMS) was carried out using 

equal masses of both substances, yielding poly(S-r-NB-APTMS) 

(Refer to Fig. 3A). However, due to the rapid polycondensation of 

methoxy silanes, the obtained polymer was kept in dry solution 

until further use. Based on our previous study, the applicability of 

poly(S-r-NB-APTMS) for the synthesis of sulfur-containing silica 

particles as mercury adsorbent was investigated.[13] For this, 

poly(S-r-NB-APTMS) in THF was added to a mixture of aqueous 

ammonia in ethanol at ambient temperature (refer to SI). A pre-

cipitate was observed in the reaction mixture after a few seconds, 

indicating the formation of insoluble silica particles FT-IR analysis 

of purified poly(S-r-NB-APTMS) particles proved the successful 

amidation of PFP-ester groups by disappearance of the ester 

C=O vibration band at 1779 cm-1 and the appearance of the amide 

C=O vibration band at 1640 cm-1 (refer to SI, Fig. S20). Addition-

ally, an increase in C-H vibration band intensity was observed in 

the range of 3000 – 2800 cm-1, which indicated the incorporation 

of propyl CH2-groups into the material. From the very strong and 

broad absorbance band of the asymmetric Si-O-Si stretching vi-

bration at 1090 cm-1, the formation of a cross-linked siloxane net-

work was concluded, which was in line with the expectations.[55] 

Additional TGA, DSC, Brunauer-Emmett-Teller (BET) data is pro-

vided in the SI (Fig. 21 – S23) to support the findings. Scanning 

electron microscopy (SEM) of poly(S-r-NB-APTMS) particles re-

vealed spherical particles with an average diameter of 810 nm 

(SD: 215 nm) (refer to Fig. 3B and the SI, Fig. S24). The high 

standard deviation was caused by the broad molecular weight dis-

tribution of the precursor material, resulting in particles of higher 

size distribution. However, elemental analysis (EA) revealed a fi-

nal sulfur content of poly(S-r-NB-APTMS) particles of 37 wt%, 

which was twice the amount compared to the particles of the in-

verse vulcanization of trimethoxyvinylsilane reported in an earlier 

work.[13] One of the major applications of polymers derived from 

inverse vulcanization is their use as heavy metal adsorbents. 

Most notably, the affinity of polysulfides towards environmentally 

hazardous mercury ions is an extensive field of research in mate-

rials science.[56] Applicability of poly(S-r-NB-APTMS) particles as 

mercury adsorbent was evaluated in aqueous solutions of Hg2+ at 

different concentrations. Four solutions of HgCl2 in 50 mL deion-

ized (DI) water were prepared with initial Hg2+ concentrations of 1, 

10, 100, and 1000 ppm, respectively. 100 mg poly(S-r-NB-

APTMS) particles were added to each solution under vigorous 

stirring. After 24 h at ambient temperature, the particles were fil-

tered off and the remaining Hg2+ concentrations were determined 

via cold vapor atomic absorption spectroscopy (CV-AAS). It was 

found that for initial concentrations of 1 – 100 ppm Hg2+, over 99 % 

of mercury could be removed from aqueous solutions. At an initial 

Hg2+ concentration of 1000 ppm, 40.8 % of mercury could still be 

removed, which represents a remarkable improvement compared 

to our earlier study (refer to Fig. 3C and 3D). The improved ad-

sorption of Hg2+ was attributed to the increased amount of sulfur 

incorporated in the particles as well as the presence of coordinat-

ing amide groups.[13,57] Furthermore, distribution coefficients and 

uptake capacities of poly(S-r-NB-APTMS) particles were deter-

mined and can be found in the SI (Fig. S25 and Table S2).  

 

As reported previously, inverse vulcanized polymers carrying hy-

drolyzable silane groups can be utilized to produce sulfur coatings 

by dip or spin coating,[12] in which poly(S-r-NB-APTMS) was ap-

plied as coating material on silicon surfaces to validate the silane 

coupling chemistry. Consequently, the amidation solution of 

poly(S-r-NB-PFPE) with APTMS was directly employed for spin 

coating on silicon wafers (parameters can be found in the SI). Sur-

faces with one, two, and three coating cycles were prepared, and 

surfaces were cleaned with ethanol after each cycle. The thick-

nesses of poly(S-r-NB-APTMS) coatings were determined by el-

lipsometry. Notably, the film thicknesses increased with increas-

ing number of spin-coating cycles from 317, over 410, to 422 nm 

after one, two, and three coating cycles, respectively (refer to Ta-

ble 1). However, the resulting coating thicknesses did not in-

crease linearly with the number of coating cycles which is likely 

caused by the dissolution of deposited material upon subsequent 

layer addition. 

 

 
Table 1. Film thicknesses and water contact angles of poly(S-r-NB-APTMS) 

coated on silicon wafers via spin-coating. Increasing the number of coating cy-
cles increased the resulting thickness of the coating but has no impact on the 
water contact angle. Spinning speed = 1500 rpm, t = 15 s, uncertainty given 
from standard deviation of 4 and 10 measurements of ellipsometry and water 
contact angle, respectively. 

Coating cycles Coating thickness 

/ nm 

Static water con-

tact angle / ° 

0 - 47.7 ± 1.8 

1 317 ± 9 86.0 ± 0.9 

2 410 ± 9 85.6 ± 0.9 

3 422 ± 4 86.8 ± 1.0 

 

Figure 3. A) Synthesis scheme of poly(S-r-NB-APTMS) (blue) by amidation of 
poly(S-r-NB-PFPE) with APTMS in THF under ambient conditions. B) SEM im-
age of spherical poly(S-r-NB-APTMS) particles. Average diameter: 810 nm (SD: 
215 nm). C) and D) Removed Hg2+ ions and uptake capacity for Hg2+ ions of 
poly(S-r-NB-APTMS) particles from aqueous solution depending on the initial 
concentration of Hg2+ ions in comparison to our previous study.[11] For each ad-
sorption test, 100 mg poly(S-r-NB-APTMS) particles in 50 mL HgCl2 (c = 1 – 
1000 ppm) solution were used, respectively. 
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Thicknesses of poly(S-r-NB-APTMS) coatings were found to be 

in the same region as previously reported spin coatings of inverse 

vulcanized polymers and can be explained by the relatively high 

polymer concentration of the spinning solution (0.1 g mL-1). Hy-

drophobicity of poly(S-r-NB-APTMS) coated silicon wafers was 

evaluated by water contact angle measurements. The static water 

contact angle was found to increase from 47.7 ± 1.8 ° of the clean 

silicon wafer to around 86 ° when coated with poly(S-r-NB-

APTMS), independent of the number of coating steps (refer to Ta-

ble 1). To confirm the presence of the amide binding motif and 

polysulfides of poly(S-r-NB-APTMS) and elucidate the homoge-

neity of the coating, time-of-flight secondary ion mass spectrom-

etry (ToF-SIMS) was performed on spin-coated silicon wafers. In 

accordance with our earlier study, S2
- and S3

-  fragments were 

found to be the predominant sulfur species, while no fragments 

larger than S4
- were detected in significant amounts (refer to Fig. 

4A).[12] It is noteworthy that due to the lower binding energy of 

larger Sn>4
- fragments, they were likely to have been further frag-

mented and therefore were detected as smaller S-, S2
-, and S3

- 

fragments during ion cluster bombardment.[58] Thus, the presence 

of polysulfide species Sn>4 cannot be ruled out. However, surface 

Sn
- fragment mapping revealed the distribution of sulfur to be ho-

mogenous for all traced fragments (refer to Fig. 4B and the SI, Fig. 

S26 and S27). Additionally, ToF-SIMS has been employed for 

depth profiling of poly(S-r-NB-APTMS) coated silicon wafers, 

which showed homogenous distribution of the associated polymer 

fragments. Presence of CNO- fragments proved the formation of 

amide bonds while SiCHO- fragments can be attributed to the 

presence of methoxy silane groups on top of the silicon wafer (re-

fer to Fig.  4C and the SI, Fig. S28). Interestingly, sulfur coated 

silicon wafers exhibited visible coloration from green, over blue, 

to purple which can be explained by thin-film interference between 

reflected light waves.[59] Digital microscopy revealed some inho-

mogeneity in the surface coatings. Spherical pores in the microm-

eter range were found on all surfaces which are believed to have 

formed by polymerization induced self-assembly of siloxanes and 

THF evaporation (refer to Fig. 4D).[12] Given the outstanding per-

formance of poly(S-r-NB-APTMS) particles for remediation of 

toxic Hg2+ ions from water and the good homogeneity of poly(S-r-

NB-APTMS) when coated on surfaces, we believe the amidation 

of poly(S-r-NB-PFPE) with amino silanes to be a promising strat-

egy towards novel high sulfur content materials derived from in-

verse vulcanization of activated esters.  

 

Allylamine 

 

Due to the harsh radical conditions of typical inverse vulcaniza-

tions (i.e., radical sulfur melt at ca. 150 °C), unsaturated com-

pounds cannot be employed in the inverse vulcanization step, 

when double or triple bonds ought to remain after the inverse vul-

canization. Therefore, PPM has to be utilized to incorporate un-

saturated moieties into inverse vulcanized polymers. Analogous 

to the synthesis of poly(S-r-Amino-mPEG) and poly(S-r-NB-

APTMS) described above, poly(S-r-NB-PFPE) was reacted with 

equal mass of allylamine (AA) at ambient temperature (refer to 

Fig. 5A). 1H- and 13C-NMR spectroscopy of poly(S-r-NB-AA) 

showed the appearance of resonances in the region of 5 – 6 ppm 

and at 115 and 136 ppm, respectively with can be attributed to 

allylic double bonds while the 19F-NMR spectrum revealed the dis-

appearance of aromatic PFP resonances (refer to the SI, Fig. S29 

– S31). Additionally, IR spectroscopy confirmed the successful re-

action by appearance of a broad amide N-H stretch vibration band 

at 3286 cm-1 as well as a band at 3076 cm-1 which was attributed 

to the allyl C-H stretch vibration (refer to the SI, Fig. S32). The 

intensity of the saturated C-H stretch vibration band at around 

2955 cm-1 was found to increase while the characteristic C=O am-

ide and C=C bond stretch vibrations at 1638 cm-1 replaced the 

ester bond vibration at 1776 cm-1. Furthermore, a C=C  bend vi-

bration could be detected at 915 cm-1, further confirming the suc-

cessful amidation of the PFP-ester with AA. The molecular weight 

of poly(S-r-NB-AA) was determined via SEC and found to be Mw 

= 1200 g mol-1 (Đ = 1.62), which resembles an estimated weight 

loss of 25 % from the poly(S-r-NB-PFPE) precursor polymer (Mw 

= 1600 g mol-1, Đ = 2.08) (refer to SI, Fig. S33). The theoretical 

expected weight loss of poly(S-r-NB-PFPE) when assuming full 

amidation of PFP esters with AA was calculated to 22 %, which 

allows us to conclude the successful synthesis of poly(S-r-NB-AA) 

from our platform material poly(S-r-NB-PFPE). To evaluate the 

applicability of poly(S-r-NB-AA) for further modification on the 

double bond, thiol-ene reaction of the allyl species with benzyl 

mercaptan was conducted using AIBN at 60 °C.[60] Unfortunately, 

the thiol-ene reaction of poly(S-r-NB-AA) with benzyl mercaptan 

yielded unsatisfactory results. Only analytical amounts were ob-

tained after precipitation and SEC analysis revealed the Mw to be 

around 600 g mol-1, which is contrary to the proposed addition of 

benzyl mercaptan (refer to SI, Fig. S34) but rather is an indication 

of a partial degradation. Even though 1H-NMR spectroscopy 

proved the incorporation of aromatic species in the polymer, we 

assume the radical mechanism of the thiol-ene reaction to destroy   

Figure 4. A) ToF-SIMS analysis of silicon wafers spin-coated with poly(S-r-NB-

APTMS), confirming the presence of polysulfide species with S2
- and S3

- being 
the predominant sulfur rank. B) S3

- fragment mapping via ToF-SIMS showing 

homogenous distribution of sulfur on the surface. Scalebar is 200 m. C) 3D 
representation of S2

-, CNO-, SiCHO-, and Si- fragment distribution determined 
via ToF-SIMS. The spin-coated poly(S-r-NB-APTMS) is clearly distinguishable 
from the silicon wafer. D) Digital microscopy images of silicon wafers coated 
with poly(S-r-NB-APTMS) with 1, 2, and 3 coating cycles, respectively. The col-

oration is caused by thin film interference. Scalebars are 10 m. 
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the polysulfur chains, leading to the decrease in molecular weight   

(refer to SI, Fig. S35). The detailed procedure and analytics of the 

thiol-ene reaction of poly(S-r-NB-AA) with benzyl mercaptan can 

be found in the SI. Due to the dynamic nature of the S-S bond in 

polysulfides, a dynamic covalent polymerization approach was 

employed to create a cross-linked sulfur network with predictable 

sulfur content from poly(S-r-NB-AA) with a second inverse vulcan-

ization step on the introduced allyl groups. Poly(S-r-NB-AA) were 

dry mixed with 20, 40, 60, 80, 100 wt% elemental sulfur, respec-

tively and heated to 150 °C under stirring for 4 h (refer to Fig. 5A). 

Weight percentages are given in relation to the total mass of 

poly(S-r-NB-AA). The resulting networked materials (poly(S-net-

NB-AA)) were found to be hardly soluble in THF, dichloromethane, 

acetone, and ethanol regardless of the amount of added sulfur 

(refer to SI, Fig. S37). The final sulfur contents of poly(S-net-NB-

AA), after subsequent cross-linking with additional 20 – 100 wt% 

sulfur, were determined via elemental analysis and the results are 

summarized in Table 2. Full elemental composition (N, C, H, S) of 

poly(S-r-NB-AA) and poly(S-net-NB-AA) can be found in the SI 

(refer to Fig. S38 and Table S3). 

 
Table 2. Elemental analysis of poly(S-r-NB-AA) and poly(S-net-NB-AA) net-
worked with additional sulfur. To 100 mg poly(S-r-NB-AA), the respective 
amounts of elemental sulfur were added, and the mixture was heated to 150 °C 
for 4 h. 

Material Added sulfur 

/ wt% 

Polymer sulfur 

content / wt% 

Crystallin-

ity / % 

poly(S-r-NB-

AA) 

- 35 ± 3.1 - 

poly(S-net-

NB-AA) 

20 47 ± 0.4 - 

poly(S-net-

NB-AA) 

40 57 ± 1.4 - 

poly(S-net-

NB-AA) 

60 67 ± 0.1 1.34 

poly(S-net-

NB-AA) 

80 72 ± 2.0 4.29 

poly(S-net-

NB-AA) 

100 76 ± 0.2 5.40 

The consumption of elemental sulfur was evaluated using DSC, 

showing a complete conversion of sulfur for samples with 20 and 

40 wt% added sulfur. Increasing the sulfur content in the feed fur-

ther, resulted in residual crystalline sulfur in the material which 

extended from 60 to 100 wt% of added sulfur (refer to Fig. 5B). 

The crystallinity of the materials was determined via DSC by cal-

culating the melting enthalpy through integration of the sulfur melt-

ing peak. Comparison of the melting enthalpy of poly(S-net-NB-

AA) with that of pure elemental sulfur allowed for an estimation of 

the crystallinity of the obtained materials (refer to SI, Table S4). 

The glass transition temperature (Tg) of poly(S-net-NB-AA) de-

creased with increasing sulfur content, which can be explained by 

lengthening of polysulfide chains.[61] TGA of poly(S-net-NB-AA) 

with different sulfur contents showed the occurrence of one major 

decomposition step in the range of 200 to 500 °C, which can be 

attributed to the decomposition of polysulfur species (refer to Fig. 

5C). Notably, networked poly(S-net-NB-AA) did not fully decom-

pose at temperatures up to 900 °C, showcasing enhanced ther-

mal stability of the presented sulfur material. Interestingly, thermal 

properties of poly(S-net-NB-AA) were found to be directly related 

to the sulfur content of the material. Both Tg and thermal stability 

seemed to decrease linearly with increasing amount of sulfur 

found in poly(S-net-NB-AA) (refer to Fig. 5D). This allows precise 

prediction and tunability of thermal material properties via efficient 

cross-linking of poly(S-r-NB-AA) with dynamic covalent polymeri-

zation utilizing elemental sulfur.  

 

Conclusion 

 

Inverse vulcanization of norbornenyl pentafluorophenyl ester (NB-

PFPE) with elemental sulfur was reported. The resulting poly(S-r-

NB-PFPE) was employed as a platform material for amidation, 

Figure 5. Synthesis and thermal analysis of cross-linked poly(S-net-NB-AA). A) The second cross-linking step was carried out by dry-mixing different amounts of 
elemental sulfur with p(S-r-NB-AA) and heating to 150 °C for 4 h. DSC thermograms (B) and TGA curves (C) of poly(S-r-NB-AA) and poly(S-net-NB-AA) with 
increasing sulfur content. Full sulfur conversion was found up to 40 wt% of added sulfur in the cross-linking step, while the Tg decreased with increasing added 
amount of sulfur. T5% also decreased with increasing sulfur content of poly(S-net-NB-AA). The inset shows the magnified area from 200 to 250 °C; dashed line: 95 
wt%. D) Tg and T5% plotted against determined sulfur content of poly(S-net-NB-AA). A linear correlation was found and approximated with a linear fit, indicating 
tunability of thermal properties of poly(S-net-NB-AA). 
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taking advantage of the active ester functionality derived from 

PFP esters. Amidation of poly(S-r-NB-PFPE) was conducted in 

solution under mild conditions with three different primary amines: 

First, α-amino-ω-methoxy poly(ethylene glycol) (Amino-mPEG), 

aminopropyl trimethoxy silane (APTMS), and allylamine (AA). 

Poly(S-r-NB-Amino-mPEG) formed spherical nanoscale particles, 

when exposed to aqueous media as confirmed by DLS and Cryo-

TEM measurements. Second, poly(S-r-NB-PFPE) was modified 

with APTMS, allowing exploitation of silane coupling chemistry. 

Surface coatings prepared by spin-coating of poly(S-r-NB-

APTMS) on silicon wafers resulted in homogenous, hydrophobic, 

and colored surfaces. Additionally, siloxane condensation of high 

sulfur-containing poly(S-r-NB-APTMS) allowed the preparation of 

spherical silica-sulfur particles as an efficient mercury adsorbent. 

For initial concentrations of 1 - 100 ppm Hg2+, over 99 % of mer-

cury could be removed from aqueous solutions by 100 mg silica-

sulfur particles. Finally, synthesis of an unsaturated inverse vul-

canized material was reported, available via amidation of poly(S-

r-NB-PFPE) with AA. Glass transition temperature and thermal 

stability of poly(S-r-NB-AA) were precisely tuned by additional 

cross-linking in a subsequent inverse vulcanization step with ele-

mental sulfur. The straightforward synthesis strategy presented in 

this work demonstrates the versatility of poly(S-r-NB-PFPE) as 

platform material toward a wide range of specialized applications, 

such as release systems, heavy metal remediation, antibacterial 

surfaces, lacquers, and high sulfur content materials with tunable 

thermal properties.  

Raw data 

Raw data sets can be found in the RADAR4Chem Repository un-
der the following digital object identifier: 10.22000/PgmZKMHOG-
VgAvTnS.[62] 
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The inverse vulcanization of norbornenyl pentafluorophenyl ester is reported, which yielded an active ester-containing platform material 

that could undergo post-polymerization modification with primary amines under mild conditions. Modification with α-amino-ω-methoxy 

polyethylene glycol, aminopropyl trimethoxy silane, and allylamine allowed preparation of nanoparticles, coated surfaces, and cross-

linked networks, respectively. 
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