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In this report, a new class of functional chalcogenide hybrid 

inorganic/organic polymers (CHIPs) bearing free aryl amine groups 

that are amenable to post-polymerization modifications were 

synthesized.  These functional CHIPs were synthesized via the 

inverse vulcanization of elemental sulfur with 4-vinylaniline 

without the need for functional group protection of amines.  This 

polymer is the first example of a polysulfide or CHIPs material to 

carry a useful primary amine functional group which can be 

successfully post functionalized with acid chlorides and 

isocyanates to improve the mechanical properties. 

Sustainable chemical processes from naturally occurring 

and industrial waste materials have attracted increased 

attention due to growing environmental awareness. Sulfur is 

the thirteenth most abundant element in the earth’s crust and 

is mined in its elemental form but also produced as a by-

product of petroleum refining; together, these two sources of 

sulfur account for the approximately 70 million tons of sulfur is 

produced annually.
1
 As demanding as all these applications 

combined might be, they actually consume only about 90% of 

the elemental sulfur that is generated as a by-product in other 

industrial processes, which is over 60 million tons per year.
2
 

Consequently, there is still an enormous excess of elemental 

sulfur, which is problematic and costly in terms of storage. 

However, utilizing surplus sulfur as an in expensive feed stock 

to be smartly exploited toward novel industrial applications is 

a convenient way to address the problem.
3, 4
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 In 2013, Pyun and co-workers developed a new process, 

termed, inverse vulcanization, which enabled the direct 

copolymerization of molten elemental sulfur with vinylic 

comonomers.  The inverse vulcanization process has more 

recently been extended into a wider class of organic 

comonomers, which now include styrenes,
5-8

 alkynes,
9-11

 

naturally occurring/commercial olefins,
12-14

 allylics,
15

 

oleyamine,
16

 aliphatic amines,
11, 17

 allyl ethers,
18

 maleimide,
19

 

nitriles 
20

 and benzoxazines.
21, 22

 Furthermore, a number of 

different sulfur containing polymers have recently been 

prepared that use elemental sulfur as a key starting material. 
11, 17

 The sulfur copolymers generated from this approach, 

namely poly(sulfur-random-(1,3-diisopropenyl benzene)) 

(poly(S-r-DIB)), have also generated interest as a novel class of 

polysulfides with both intriguing electrochemical and optical 

properties.
23-25

 High sulfur content materials are among a 

unique class of chalcogenide hybrid organic/inorganic 

polymers (CHIPs)
26

 that are macromolecular analogs to 

amorphous chalcogenide glasses. However, due to the poor 

miscibility of elemental sulfur, the comonomers for inverse 

vulcanization are limited to high boiling point, relatively 

nonpolar molecules which makes it challenging to carry useful 

functional groups to sulfur materials and tune the properties 

by post polymerization modification.  One notable exception 

has been our work with thiophene functional CHIPs from 

ProDOT Sty, which were used to improve the electrical 

properties of these insulating materials.
5
 

 Herein, we report on an amine functionalized CHIPs 

poly(sulfur-random-vinylaniline) (poly(S-r-VA)) synthesized via 

inverse vulcanization process with elemental sulfur and 4-

vinylaniline. Functional CHIPs from this process were prepared 

where the retention of free amine groups in the sulfur 

copolymer was confirmed by IR and NMR spectroscopy.  The 

aniline sites in Poly(S-r-VA) copolymers were further available 

for post-polymerization functionalization with a variety of acid 

Scheme 1. Inverse vulcanization of sulfur and 4-vinylaniline 

and post polymerization functionalization of poly(sulfur-

random-vinylaniline)  

Figure 1. (a) SEC analysis for poly(S-r-VA) (Mn = 1038 g/mol. 

Mw/Mn = 1.4) (b) DSC analysis of of poly (S-r-Sty) and poly(S-

r-VA) with (i) 30 wt% Sty (Tg = 0.9 °C) (ii) 30 wt% VA (Tg = 31 °C) 

and (iii) 50 wt% VA (Tg = 50 °C) 

Figure 2. (a) kinetic study of sulfur-vinylaniline copolymerization 

(b) proposed mechanism for vinylaniline-sulfur activation 
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chlorides and isocyanates (Scheme 1). 

 The poly(sulfur-r-4-vinylaniline) (poly(S-r-VA)) copolymer 

was synthesized by the inverse vulcanization method wherein 

sulfur was heated above its melting points (Tm = 108-120 °C) to 

130 °C followed by the addition of 4-vinylaniline to the liquid 

sulfur phase in a dropwise fashion. The reaction mixture 

vitrified rapidly to form a red, transparent glass (Fig. 1). It is 

worth noting that the evolution of hydrogen sulfide (H2S) was 

not observed under these conditions as confirmed by purging 

the reaction mixture throughout the polymerization with 

argon into Pb(Ac)2 aqueous solution, which affords lead sulfide 

precipitates in the presence of H2S. Monomer conversions of 

4-vinylaniline and S8, were determined using a combination of 
1
H NMR spectroscopy and silica gel based chromatography. 

1
H 

NMR spectroscopy of these reaction mixtures confirmed the 

complete consumption of 4-vinylaniline and size exclusion 

chromatography (SEC) analysis showed the product of this 

reaction was oligomeric in nature (Mn = 1038 g/mol, 

Mw/Mn=1.4) (Fig. 1). The residual sulfur could be removed 

from the poly(S-r-VA) copolymer via silica gel column 

chromatography with hexanes followed by THF to elute the 

polymer (61% yield for 70 wt% S feed ratio). The DSC analysis 

of these materials confirmed the formation of true copolymers 

as noted by a single glass transition temperature (Tg) for 

poly(S-r-VA) (Tg = 30-50 ⁰C for copolymers of 30-50 wt% pVA) 

which was significantly higher than poly(S-r-Sty) copolymers of 

comparable composition due to the amine group in the 

polymer backbone and the Tg increased with higher feed ratio 

of organic comonomer 4-vinylaniline (Fig. 1b). 

 The copolymerization of sulfur and 4-vinylanilne were 

observed to proceed with a dramatic increase in rate, based on 

the consumption of vinyl peaks in the 
1
H NMR spectrum, 

compared with sulfur-styrene inverse vulcanization reactions. 

We have conducted kinetic studies for a series of sulfur 

copolymerizations at 130 °C with 70 wt% sulfur feed ratios on 

a 0.5 g reaction scale. The conversion of vinyl monomers was 

determined by 
1
H NMR spectroscopy of aliquots removed from 

the reaction mixture at different time points while the sulfur 

conversion is determined gravimetrically from the residual 

sulfur isolated from flash chromatography. For the 

copolymerization of sulfur with styrene, styrene was 

consumed after 4 h while 62 % sulfur was consumed at this 

point. In contrast, the copolymerization of sulfur and 4-

viynlaniline only took 9 min to achieve full conversion of 4-

vinylaniline and comparable conversion of sulfur which 

suggested a different, more efficient polymerization 

mechanism that emerges when aryl amines are present in 

comparison to classical inverse vulcanization reactions with 

styrene or DIB. 

 The polar effects
27

 in the addition reaction of free 

radicals to carbon-carbon double bonds have been studied 

with Hammett-type linear free-energy treatments. In those 

studies, the rate constants for the addition reactions of the 

benzenethiyl radicals to styrene and α-methylstyrene have 

been determined and higher rate constants were observed 

for the reaction of benzenethiyl radicals with styrenes with 

electron donating functional groups on the aromatic rings. 

This rate enhancement could be interpreted by the polar 

nature of the transition state in the free-radical addition 

reaction and the electron donating groups, in this case -NH2, 

increase the rate of reaction by contribution of the polar 

resonance structures in the transition state (Fig. 2b). This 

mechanism also accounts for the dramatic rate enhancement 

of styrene in the presence of only 2 mol% 4-VA in which 4-VA 

promotes reaction of styrene (see Fig. 2b R=H), and explains 

why the rate enhancement for 3-VA is not as significant, owing 

to the inability of 3-VA isomer (see Fig. 2a) to contribute to the 

polar resonance structure. 

The retention of -NH2 groups after the copolymerization in 

poly(S-r-VA) copolymers was confirmed by IR and 
1
H NMR 

spectroscopy. In the IR spectroscopy, poly(S-r-VA) shows the 

primary amine N-H stretch from 3200~3500 cm
-1

 (Fig. S1). The 
1
H NMR spectrum in DMSO shows a broad peak at 5.2~5.4 

ppm and this broad peak was absent after adding 2% D2O due 

to proton exchange (Fig. S2). This is the first example of 

synthesizing a sulfur polymer carrying unique functional 

groups which can be used for post polymerization 

modification. Earlier literature reported the reaction of sulfur 

compounds activated by amine compounds
28, 29

 thus it is 

surprising to find that stable copolymers were formed via the 

reaction of sulfur and 4-vinylanilne and the possible reason 

could be that the aniline group is not as nucleophilic as 

aliphatic primary amine. The stability of the copolymer was 

tested by heating poly(S-r-VA) with elemental sulfur and in 

dichlorobenzene solution at 120 °C for 24 h and the SEC 

analysis for the product after heat treatment proved that the 

copolymer did not decompose through the reaction of sulfur 

and amine group (Fig. S3).  

  We also for the first time demonstrated the post 

polymerization modification of sulfur copolymer via the 

reaction of amine groups to tune the mechanical properties 

(Scheme 1). For example, poly(sulfur-random-1-phenyl-3-(4-

vinylphenyl) urea) (poly(S-r-PVPU)) was synthesized with 

poly(S-r-VA) and isocyanatobenzene in THF solution at room 

Figure 3. 1H NMR for 4-vinylaniline (bottom), poly(S-r-VA) (middle) 

and poly(S-r-VPAA) (top) 

Page 3 of 7 Polymer Chemistry



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

temperature and isolated by precipitation in cold methanol.  
1
H NMR (Fig. S5) confirmed the formation of (poly(S-r-PVPU)) 

and the SEC (Fig. S6) analysis shows comparable molecular 

weight of poly(S-r-PVPU) (Mn = 1349 g/mol, Mw/Mn = 1.4) with 

poly(S-r-VA).  

      The amine group could also be functionalized by amidation 

with acid chlorides. The model amidation reaction of poly(S-r-

VA) was developed with benzoyl chloride. Poly(sulfur-random-

(4-vinyl phenyl)benzamide) (poly(S-r-VPBA)) was synthesized 

with poly(S-r-VA) and benzoyl chloride in THF at 0 °C with 

K2CO3 as the proton sponge. 
1
H NMR spectrum confirmed the 

formation of poly(S-r-VPBA) and SEC analysis (Fig. S4) shows 

comparable molecular weight of sulfur copolymer before (Mn = 

1038 g/mol, Mw/Mn = 1.4) and after amidation (Mn = 1348 

g/mol, Mw/Mn = 1.3), which suggested the sulfur backbone 

was intact during the amidation reaction.   

 Under the same reaction conditions, acryloyl chloride was 

used to synthesize a sulfur copolymer with crosslinkable acrylic 

groups. The 
1
H NMR spectrum of poly(sulfur-random-(4-

vinylphenyl) acrylamide) (poly(S-r-VPAA) is shown in Fig. 4. The 

absence of the broad peak at 5.2~5.4ppm suggested the 

consumption of -NH2 group. The broad peaks at 5.75, 6.29 and 

6.44 ppm represent the vinyl protons in the acrylic groups and 

the broad peak at 10.21 ppm corresponds to the amide 

proton. 

       The mechanical properties of this material could be 

improved by thermally crosslinking the acrylic groups. At 

above 110 °C, the S-S bonds become thermally activated and 

undergo homolytic cleavage resulting in reaction with the vinyl 

bonds in the acrylamide side chains analogous to the dynamic 

covalent polymerization (DCP) mechanism we have reported 

on previously,
30

 which precludes the homopolymerization of 

the acrylamide groups and does not result in a thermoset 

material. Thus the crosslinking reaction was conducted at a 

lower temperature to prevent the DCP process and promote 

crosslinking. When poly(S-r-PVAA) was heated to 100 °C and 

the dynamic shear properties were followed at a frequency of 

1.0 s
-1

 and a strain amplitude of 3.0 %, the moduli crossing (i.e. 

the storage modulus becomes larger than the loss) was 

observed. This indicated the crosslinking ultimately resulted in 

and formation of a gel according to ASTM Standard D4473-08 

(Fig. 4). One could also plot inverse of the complex viscosity as 

a function of time, as shown in the inset, demonstrating 

another obeservation of a gel when the viscosity tends to 

infinity. Both techniques clearly show gelation and the 

formation of sulfur polymer networds due to crosslinking. 

Conclusions 

We demonstrate the synthesis of new functional CHIPs of 

poly(sulfur-random-vinylaniline) (poly(S-r-VA)) by the inverse 

vulcanization of elemental sulfur and 4-vinylaniline.  A rapid 

rate enhancement in the copolymerization process to occur as 

a consequence of the amine groups on the styrenic 

comonomer.  Furthemore, the free aniline groups can be 

carried into the sulfur copolymer without undesirable 

nucleophilic degradation of the S-S bonds in the backbone.  

This polymer is the first example of sulfur material proved to 

carry a useful primary amine functional group which can be 

successfully post functionalized with acid chlorides, 

isocyanates to improve the mechanical properties. 
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The first example of sulfur copolymer with amine groups poly(sulfur-random-

vinylaniline) was synthesized and successfully post-functionalized to improve the 

thermomechanical properties of these materials
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