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A B S T R A C T   

The preparation of sulfur containing polymers from inexpensive, commodity sulfur base chemicals is an 
emerging field of polymer chemistry as a route to consume elemental sulfur generated from fossil fuel refining. 
Recently a new process, termed, sulfenyl chloride inverse vulcanization has been developed that exploits the high 
reactivity and miscibility of sulfur monochloride, (S2Cl2) with a broad range of allylic monomers to prepare 
soluble, high molar mass linear polymers, segmented block copolymers and crosslinked thermosets with greater 
synthetic precision than achieved using classical inverse vulcanization with elemental sulfur. However, the ring- 
opening of episulfonium intermediates from this polymerization can proceed via Markovnikov, anti- 
Markovnikov, or alternative pathways resulting in complex regioisomeric microstructures, particularly when 
used with allylic ester monomers. Hence, to accelerate structural characterization of this new class of poly
halodisulfides prepared by the sulfenyl chloride inverse vulcanization process, we report on a detailed structural 
characterization to quantify the molar composition of regioisomeric units in these materials using NMR spec
troscopy, focusing on sulfenyl chloride additions to allylic benzoate substrates. We report on a general meth
odology using one- and two-dimensional NMR spectroscopic techniques to enable direct integration of 2D NMR 
spectroscopic cross peaks to quantify the molar composition of regioisomeric units in 1,3-diallyl isophthalate 
(DAI) polymerized with S2Cl2, along with detailed studies on model compound reactions to detail the analytical 
methodology.   

1. Introduction 

The use of wholly inorganic sulfenyl chlorides, such as, sulfur mon
ochloride (S2Cl2) as a feedstock for polymeric materials also has sig
nificant potential as a route to utilization of elemental sulfur stockpiles 
that are generated in enormous volume via petroleum refining [1]. 
Polymerization of elemental sulfur (S8) has emerged in the past decade 
as an important new area of polymer chemistry and sustainable polymer 
science [2–6]. .This new area has been driven by the discovery of the 
inverse vulcanization process by Pyun et al. [7] in 2013 using molten 
elemental sulfur for free radical polymerizations with unsaturated 
organic comonomers. While this new chemical polymerization has 
proven to be significant, the narrow scope of miscible organic monomers 
in liquid sulfur, along with the high temperatures required for this 
process, has limited the scope of new inverse vulcanized organo
polysulfides that have been developed. This has prompted the use of 
inverse vulcanized polysulfide resins to be used for further 

post-polymerization reactions via Dynamic Covalent Polymerizations, [8] 
along with the use of organic accelerators [9,10], or transition metal 
complex based catalysts [11,12] for inverse vulcanization. The use of 
other commodity chemicals derived from elemental sulfur (e.g., sulfur 
base chemicals) have also been explored as monomers for polymer 
synthesis as an alternative approach to sulfur utilization, which include 
sulfur commodity chemicals, such as, carbon disulfide (CS2) and sulfenyl 
chlorides. The synthesis and polymerization of well-defined, soluble 
chalcogenide rich monomers has been demonstrated by Pople et al. on 
the synthesis and electrochemical polymerization of cyclic trisulfides 
derived from S8. [13]. 

Wholly inorganic families of chalcogenide halides, which include 
sulfur dichloride (SCl2) and sulfur monochloride (S2Cl2) have been 
widely used and readily add to unsaturated olefinic molecules [14,15]. 
S2Cl2 has numerous chemical advantages for synthetic chemistry vs S8, 
namely, the excellent miscibility with conventional organic media and 
organic comonomers in stark contrast to liquid elemental sulfur. S2Cl2 has 
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a long history of use in crosslinking/vulcanization of natural rubber, 
styrene-butadiene rubber, and butyl rubber, where sulfenyl chlorides 
are significantly more reactive than elemental/insoluble sulfur and must 
be done at room temperature (RT) to form crosslinked rubber, which is 
referred to as “cold vulcanization.” [16,17] There have been only a 
handful of scientific publications on the use of sulfur monochloride as a 
comonomer for making polymers, which include copolymerizations 
with olefinic compounds. However, these early reports from the 1960’s 
by Schmid, Meyer and Lautenschlager, primarily afforded oligomers 
from cyclic olefinic compounds [18–23]. Copolymerization of S2Cl2 with 
diamine and bis-anilino compounds has recently been revised as a new 
step-growth polymerization process to prepare poly(amino sulfides). 
However, due to the reduced bond strength of S–N bonds, these poly
aminosulfides have primarily been targeted for degradable scaffolds for 
drug delivery [24,25]. The propensity of these inorganic, or organo
sulfenyl chloride groups to undergo intramolecular cyclization reactions 
to electrophilic moieties (e.g., arenes) has been widely exploited for the 
synthesis of heterocyclic small molecules [14,15], but is problematic for 
linear, or network step-growth polymerization reactions, as cyclization 
side-reactions limit monomer conversion and lead to oligomeric 
products. 

To exploit the high reactivity and commercial availability of S2Cl2 
industrially, Pyun et al., developed a new process, termed, sulfenyl 
chloride inverse vulcanization (SC-IV) [1], which is an addition 
step-growth polymerization of S2Cl2 with allylic monomers which was 
successfully applied to prepare a new class of polymers (poly
halodisulfides), where a wide range of soluble, high molar mass linear 
polymers, segmented block copolymers, and glassy crosslinked ther
mosets were synthesized from this new polymerization. This method
ology enabled the application of classical molecular monomer 
architectures from step-growth polymerization (e.g., terephthalates, 
isophthalates, bis-phenols and isocyanurates) to sulfenyl chloride in
verse vulcanization processes, which was a major advance over classical 
inverse vulcanization with S8. A key mechanistic feature of SC-IV is the 
formation of episulfonium intermediates formed after electrophilic 
addition of the R-S-Cl group to the olefinic monomer groups. The elec
trophilic addition can proceed with either Markovnikov, 
anti-Markovnikov, or other mechanistic pathways which affords a 
regioisomeric mixture of polymer microstructures in the final material. 
Structural analysis of these polymer microstructures was conducted by 
solution one-dimensional (1-D) and two-dimensional (2-D) NMR spec
troscopy, in particular, quantitative 2-D Heteronuclear Single Quantum 
Coherence spectroscopy (HSQC) [1]. This analysis was particularly 
important for structure characterization of the polyhalodisulfides pre
pared by the SC-IV of S2Cl2 with 1,3-diallyl isophthalate (DAI), where 
the allyl benzoate fragments of DAI led to other regioisomeric micro
structures via intramolecular ring-opening of episulfonium 
intermediates. 

Herein, we report the solution NMR spectral assignments for poly
halodisulfides made from the sulfenyl chloride inverse vulcanization of 
S2Cl2 with 1,3-diallyl isophthalate (DAI) using both 1D and 2D NMR 
spectroscopic techniques, namely, heteronuclear single quantum 
coherence spectroscopy (HSQC). In particular, we report on the use of 
small molecule model compounds for both sulfenyl chlorides and DAI to 
enable detailed instruction on the NMR spectroscopic analytic meth
odology used to quantify the polymer microstructures observed in this 
polymerization. Due to the complexity of regioisomers formed in the SC- 
IV process with allylic monomers, this report is timely in offering 
guidance on the NMR spectroscopic characterization of soluble poly
halodisulfides made via SC-IV without the need for model compounds, 
or supporting NMR spectroscopic methods (e.g., solid state measure
ments). Although the application of 2D NMR HSQC spectroscopy data 
for quantitative analysis is not widely used, the relative integration of 
cross peaks for molar ratio quantitation is feasible as have been widely 
reported [26]. The primary objective of this report is to delineate 
methods for accelerated structural characterization of 

polyhalodisulfides prepared by SC-IV. A (1H–13C)-HSQC spectrum 
shows 1H signals separated by the chemical shift of their attached car
bons which allows for more accurate integration of specific 1H signals in 
an overlap region especially with mixtures, while the 13C chemical shift 
is used to identify different carbon groups in the polymer. It is also 
important to note the benefits of rapid HSQC spectra acquisition time, as 
all the data presented herein require only 5 min to acquire. 

2. Results & discussion 

The addition of organosulfenyl chlorides (RS-Cl) to terminal olefins 
is characterized by the formation of an episulfonium ring, followed by 
Markovnikov or anti-Markovnikov addition of the chloride ion to either 
carbon of the episulfonium ring resulting in regio- and stereoisomeric 
mixtures (Scheme 1) [1,14,15]. Nevertheless, this facile electrophilic 
addition to terminal olefins is highly efficient and does not form small 
molecule byproducts, enabling both solution and bulk reaction condi
tions to be applied. 

Poly(S2-DAI-Cl2) is a polyhalodisulfide synthesized by the sulfenyl 
chloride inverse vulcanization of DAI and S2Cl2 which proceeds through 
the episulfonium intermediates presented in Scheme 1. Hence the 
microstructure of this polymer affords regioisomers, which we previ
ously characterized by quantitative 2D HSQC NMR spectroscopy. Since 
future design improvements of polymer properties requires more precise 
structure-property correlations, we delved deeper into structural char
acterization of these polymers where we conducted rigorous 1D and 2D 
NMR spectroscopic studies on small molecule model compounds to
wards characterization of poly(S2-DAI-Cl2) (Scheme 2a-c). In this study, 
we analyzed the product mixture obtained from the monofunctional 
analogue of DAI (allyl benzoate) and a monofunctional sulfenyl chloride 
(phenyl sulfenyl chloride, Ph-SCl), along with S2Cl2 as the difunctional 
sulfenyl chloride, to garner insight to the microstructure of poly(S2-DAI- 
Cl2) (Scheme 2a, 2b). SC-IV of DAI and S2Cl2 was observed to form both 
Markovnikov, anti-Markovnikov, and a third regioisomeric microstruc
ture (dihydrodioxolium), hence, the model reaction of allyl benzoate 
with S2Cl2 was significant to confirm if the dihydrodioxolium regioiso
meric pathway was also observed and characteristic of R-S-Cl addition to 
allylic ester substrates. 

The proposed mechanism leading to the formation of Markovnikov, 
anti-Markovnikov, and regioisomeric dihydrodioxolium products 
(Scheme 2b), or regioisomeric polymer microstructures (Scheme 2c) is 
shown in Fig. 1. The Markovnikov isomeric fragment (pathway I; Fig. 1) 
is formed by attack of the chloride anion to the hindered carbon of the 
episulfonium forming methine –CH–Cl and methylene –CH2S- frag
ments, while the anti-Markovnikov addition (pathway II, Fig. 1) affords 
methylene –CH2Cl and methine –CH–S- fragments. Furthermore, addi
tion of the neighboring carbonyl oxygen atom to the less hindered car
bon of episulfonium intermediate afforded a six-membered 
dihydrodioxolium cyclic intermediate which after chloride anion attack 
affords a methylene –CH2Cl and methine –CH–S- fragments (pathway 
III, Fig. 1) identical to the fragments formed from anti-Markovnikov 
pathway II, rendering these pathways II and III as indistinguishable 
from structural analysis only. Finally, addition of the neighboring 
carbonyl oxygen atom to the more hindered carbon of episulfonium 
intermediate afforded a five-membered dihydrodioxolium cyclic inter
mediate which after chloride anion attack (pathway IV, Fig. 1) affords a 
new regioisomer of both methylene –CH2Cl and methylene –CH2-S- 
fragments. 

The structural analysis of these possible products was further 
complicated by the use of difunctional sulfenyl chlorides, such as S2Cl2, 
affording multiple dimeric products yielding six distinct regioisomeric 
products from the Markovnikov, anti-Markovnikov, or dihy
drodioxolium pathways (Fig. 2). Since each possible regioisomeric 
product consisted of two chiral centers along with diastereotopic pro
tons, the 1D 1H NMR spectrum of these product mixtures were complex 
and often overlapped, requiring the use of 2D HSQC NMR spectroscopy, 
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and grouping of different C–H nuclei into clusters in the HSQC cross 
peaks (Fig. 5) observed in further sections. 

The stacked 1D 1H NMR spectrum of the products for the reaction 
between allyl benzoate and Ph-S-Cl (Fig. 3a) was compared to the 1H 
NMR spectra of both S2Cl2/allyl benzoate addition product mixtures 
(Fig. 3b) and poly(S2-DAI-Cl2) (Fig. 3c). The 1H NMR spectrum of the 
product mixture of allyl benzoate and Ph-S-Cl was reasonably resolved 
and assignment of protons in the anti-Markovnikov –CH2-Cl/–CH–S- and 
Markovnikov –CH–Cl/–CH2–S- fragments/isomeric products were con
ducted by recognizing the chemical shift differences from Hx-C-S (δ ~ 
3.3–3.7) vs Hx-C-Cl (δ ~ 3.8–4.2) moieties (Fig. 3a), and 13C DEPT NMR 
spectroscopy to resolve carbon atoms with methylene vs methine pro
tons. The molar ratios of anti-Markovnikov (65%) vs Markovnikov 
(35%) isomeric products were discernible by the integration of –CH–Cl 
methine protons (Hd, δ = 4.24; Fig. 3a) and –CH2S- methylene protons 
(Ha, δ = 3.37; Fig. 3a) arising from the Markovnikov product (Scheme 
2a) vs the –CH–S- methine proton (Hb, δ = 3.6; Fig. 3a) and the –CH2-Cl 
methylene protons (Hc, δ = 3.79 Fig. 3a) of the anti-Markovnikov 

product (1 : 1.9). The methylene protons from the –OCH2- fragment 
(He, δ = 4.62; Fig. 3a) from both the Markovnikov and the anti- 
Markovnikov products from the monofunctional model reaction were 
overlapped and non-resolvable however, other peaks from both the 
Markovnikov product (Ha, δ = 3.4 and Hd δ = 3.4 4.2, Fig. 3a) and the 
anti-Markovnikov product (Hb, δ = 3.6 and Hc, δ = 3.8; Fig. 3a) were 
sufficiently resolved to allow integration of proton peaks for quantita
tion of molar ratios. The Markovnikov (35-mol%) and anti-Markovnikov 
(65-mol%) products as shown in Scheme 2a provided insights into the 
complex proton resonances observed in the 1H NMR spectra of the poly 
(S2-DAI-Cl2) made from SC-IV. However, proton peaks and fragments 
from the dihydrodioxolium pathway was not observed in the reaction of 
Ph-S-Cl and allyl benzoate as noted by the absence of downfield methine 
protons (Hf’, δ = 5.38–5.59; Fig. 3c) observed in the poly(S2-DAI-Cl2) 
presumably due to steric effects from the phenyl group on Ph-S-Cl. 

Analysis of the 1H NMR spectrum of the allyl benzoate/S2Cl2 product 
mixture exhibited nearly exact proton resonance profiles of chemical 
shifts and peak clusters as for the poly(S2-DAI-Cl2) for Ha’, Hc’, Hd’, and 

Scheme 1. General reaction scheme for addition reactions of monofunctional sulfenyl chlorides to alpha olefins.  

Scheme 2. (a) synthetic scheme for electrophilic addition of phenyl sulfenyl chloride to allyl benzoate, (b) synthetic scheme for electrophilic addition of sulfur 
monochloride to allyl benzoate as a model reaction for SC-IV of DAI and S2Cl2, (c) synthesis of poly (S2-DAI-Cl2) from SC-IV of diallyl isophthalate and sulfur 
monochloride. 
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He’ resonances (Fig. 3b, c). Notably, a distinct cluster of downfield 
proton resonances (Hf’, δ = 5.38–5.59; Fig. 3b) were now observed in the 
allyl benzoate/S2Cl2 product mixture, which tracked with dihy
drodioxolium regioisomeric products as seen for the poly(S2-DAI-Cl2) 
(Fig. 3c) and confirmed that S2Cl2 and allyl benzoate was the more 
useful model reaction for NMR structural analysis vs the allyl benzoate/ 
Ph-S-Cl reaction pair. A key distinction in the 1H NMR spectrum of the 
S2Cl2-allyl benzoate dimeric mixture is the introduction of another set of 
–CH2-Cl and –CH2-S protons from dihydrodioxolium regioisomers, 
which overlapped with these analogous set of protons from the Mar
kovnikov and anti-Markovnikov products further complicating quanti
tative interpretation of these NMR spectra. Diastereotopism in the 
methylene protons (Ha’, Hc’, and He’; Fig. 3b) resulted in overlapping 
unresolved peaks between the methine proton –CH–S- (Hb’, δ =

3.40–3.65, Fig. 3b) of the anti-Markovnikov product and the methylene 

protons –CH2-S- (Ha’,δ = 3.05–3.40, Fig. 3b) of the Markovnikov and 
dihydrodioxolium product. Poor resolution of overlapped resonances 
was also problematic for methine –CH–Cl protons (Hd’, δ = 4.36–4.55, 
Fig. 3b) of the Markovnikov product and the methylene –CH2-O- protons 
(He’, δ = 4.53–4.70 ppm) of the Markovnikov and anti-Markovnikov 
products (Fig. 3b). 

These poor resolution of key proton resonances in the 1H NMR 
spectrum of the allyl benzoate-S2Cl2 model reaction impeded unam
biguous proton assignments and quantification of the regioisomeric 
products from the electrophilic addition reaction. Hence, alternative 
NMR spectroscopic methods were required to complete the analysis of 
the allyl benzoate-S2Cl2 product mixture and poly(S2-DAI-Cl2), namely 
2D NMR spectroscopic experiments such as Heteronuclear Single 
Quantum Coherence (HSQC), homonuclear Coherence Spectroscopy 
(COSY), and Heteronuclear Multiple Bond Correlation Spectroscopy 

Fig. 1. Proposed mechanistic pathways for the formation of products resulting from sulfur monochloride addition to allyl benzoate model compound.  

Fig. 2. Structures of all six regioisomers from allyl benzoate-S2Cl2 model compound showing the component microstructure fragments for each regioisomeric dimer.  
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(HMBC) were carried out to further elucidate the microstructure of the 
allyl benzoate- S2Cl2 model compound, as discussed below. 

Enhanced spectral resolution was obtained following the superim
position of the 1H spectrum (Fig. 3b) with the 13C spectrum (SeeSI 
Figure S6) as achieved by contour plots of 2D HSQC NMR spectroscopy 
of the allyl benzoate-S2Cl2 product mixture, facilitating the unequivocal 
assignment of overlapped 1H peaks (Fig. 4a). Initial observations of the 
2D HSQC NMR spectroscopy oblique plots (Fig. 5) unveiled the presence 

of cross peaks in clusters where the methine –CHS–, -CHCl, and –CHO– 
cross peaks were resolved as positive phased peaks (in yellow, Fig. 5a) 
and methylene –CH2S-, –CH2Cl and –CH2O- cross peaks as negative 
phased peaks (in blue, Fig. 5a) as commonly observed in 1D 13C-DEPT 
NMR spectroscopy. The 2D HSQC NMR oblique plots delineate the full 
(Fig. 5a) and split (Fig. 5b and c) representation of cross peak clusters 
depending on their phase, followed by grouping of these cross peaks into 
fragments based on chemical shift contingent on the electronegativity of 

Fig. 3. 1H NMR spectrum of model compound made from (a) allyl benzoate and phenyl sulfenyl chloride, (b) allyl benzoate and S2Cl2, (c) compared to the polymer 
from diallyl isophthalate and S2Cl2. 

Fig. 4. (a) 2D HSQC NMR contour plot of allyl benzoate-S2Cl2 model compound showing the grouping of cross peaks in clusters and the corresponding carbon 
fragments and proton assignments, (b) methine clusters in order of increasing chemical shift and corresponding microstructure with proton highlighted. 
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the heteroatom attached to either the methylene or methine carbons. 
Grouping of cross peaks within a chemical shift range of 0.4 ppm along 
the 1H dimensions and 10 ppm range along the 13C dimension into 
clusters was done to enable assignment of C–H nuclei from the various 
Markovnikov, anti-Markovnikov and dihydrodioxolium regioisomeric 
fragments with equal consideration given to both the 1H and the 13C 
chemical shifts. Detailed carbon peak assignment following 13C-DEPT 
NMR experiments are listed in the supplementary information (See SI 
Table 1 and Fig. S6). This collective assessment of chemical shift and 
phase from both contour and oblique plots of the 2D HSQC NMR spec
troscopy of the allyl benzoate/S2Cl2 product mixture was the first step in 
assigning cross peaks into clusters for subsequent analysis of regioiso
meric product ratios as discussed below. 

The contour representation of the 2D HSQC for the allyl benzoate- 
S2Cl2 model reaction product mixture (Fig. 4) was analyzed for chemical 
shifts (in conjunction with phase assignment of –CH2- vs –CH– carbons 
from Fig. 5) and regioisomer microstructure quantification by integra
tion of unique methine cross-peaks as will be discussed below. To enable 
more convenient assignment and discussion of C–H nuclei assignment to 
different regioisomeric products, grouping of cross peaks into six 
discrete clusters was conducted for the contour plots of the 2-D HSQC 
NMR spectrum of the allyl benzoate-S2Cl2 product mixture. Cluster 1 (1H 
δ = 3.05–3.4; 13C δ = 32.51–40.38; Fig. 4a) contains cross peaks for the 
methylene protons (Ha’; Fig. 5a) and carbons attached to the sulfur atom 
(-CH2-S-) of the Markovnikov and dihydrodioxolium isomeric frag
ments. Cluster 2 (1H δ = 3.80–4.00; 13C δ = 42.97–44.98; Fig. 5a) 
contains the cross peaks of the methylene protons (Hc’; Fig. 5a) and 
carbons attached to the chlorine atom (-CH2-Cl) of the anti- 

Markovnikov and dihydrodioxolium isomeric fragments. The anti- 
Markovnikov isomeric fragment containing the methine protons (Hb’ 
Fig. 4a) and carbons attached to the sulfur atom (–CH–S-) was assigned 
to Cluster 3 (1H δ = 3.4–3.65; 13C δ(ppm) 46.37–52.75; Fig. 4a) while 
the Markovnikov isomeric fragment containing the methine protons 
(Hd’; Fig. 4a) and carbons attached to the chlorine atom (–CH–Cl) was 
assigned to Cluster 4 (1H δ = 4.36–4.55; 13C δ = 56.27–57.75; Fig. 4a). 
Cluster 5 (1H δ = 4.53–4.70; 13C δ = 63.03–66.04; Fig. 4a) contains the 
cross peaks for the methylene protons (He’; Fig. 4a) and carbons attached 
to the oxygen atom (–CH2–O-) of the anti-Markovnikov and Markovni
kov isomeric fragments, while the most downfield cluster, Cluster 6 (1H 
δ = 5.38–5.59; 13C δ = 71.29–72.54; Fig. 4a) contains the cross peaks for 
the methine protons (Hf’; Fig. 4a) and carbons attached to the oxygen 
atom (–CH–O-) representing the dihydrodioxolium isomeric fragment. A 
1H–1H 2D COSY experiment was also conducted on the allyl benzoate/ 
S2Cl2 product mixture to confirm proton correlations and interaction of 
fragments assigned to each Markovnikov, anti-Markovnikov and dihy
drodioxolium regioisomer proposed in Fig. 2 (See SI Figure S7). In the 
COSY NMR experiment of the allyl benzoate/S2Cl2 product mixtures, the 
methine protons of the –CHS–, -CHCl and –CHO– from each regioisomer 
were particularly useful to map 1H–1H correlations with the two meth
ylene protons from each regioisomeric moiety. Using these COSY NMR 
spectroscopic correlations, Cluster 3 methine protons/cross peaks 
(Hb’,1H δ = 3.4–3.65; Fig. 4b) were assigned to the anti-Markovnikov 
isomeric fragment (-CHb’-S-) due to the 1H–1H correlation with methy
lene protons (Hc’ δ = 3.80–4.00; Fig. 4a) and (He’,1H δ = 4.53–4.70; 
Fig. 4a) from Clusters 2 and 5 respectively (see SI Figure S7). Similarly, 
1H–1H COSY NMR correlation analysis for Cluster 4 protons (Hd’,δ =

Fig. 5. (a) Oblique representation of the 2D HSQC NMR of the product mixture composition resulting from allyl benzoate and S2Cl2 showing the cross peaks in 
phases and clusters with fragment assignation for each cluster, (b) Positive phase of the 2D oblique HSQC for allyl benzoate-S2Cl2 product mixture showing the 
methine clusters and their molecular fragment, (c) and negative phase of the 2D oblique HSQC for allyl benzoate-S2Cl2 product mixture composition showing the 
methylene clusters and their molecular fragments. 
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4.36–4.55; Fig. 4b) revealed interactions with Cluster 1 methylene 
protons (Ha’, δ = 3.05–3.4; Fig. 4a) and Cluster 5 methylene protons 
(He’, δ = 4.53–4.70; Fig. 4a) which collectively constituted the frag
ments for the Markovnikov regioisomer, while 1H–1H correlation with 
Cluster 1 methylene protons (Ha’(δ = 3.05–3.4; Fig. 4a), and Cluster 2 
methylene protons (Hc’,δ = 3.80–4.00; Fig. 4a) was correlated for 
Cluster 6 methine protons (Hf’, δ = 5.38–5.59; Fig. 4b) constituting the 
dihydrodioxolium regioisomer (SI Figure S7). 

Using the same analytical methodology with 2D HSQC and COSY 
NMR spectroscopy, solution NMR spectroscopy of the poly(S2-DAI-Cl2) 
can be conducted to both assign all cross peaks and integrate the 2D 
HSQC cross peaks from critical well-resolved methine fragments from 
Markovnikov, anti-Markovnikov and dihydrodioxolium regioisomeric 
moieties to quantify the molar ratios of units in the final 
polyhalodisulfide. 

With full cross peak assignment from 2D HSQC and COSY NMR 
spectroscopy of the allyl benzoate/S2Cl2 product mixture, integration of 
discrete methine cross peaks from Clusters 3,4 & 6 in Fig. 4b yielded the 
molar ratio of each of the Markovnikov, anti-Markovnikov and dihy
drodioxolium regioisomeric units in the dimeric product mixture. For 
this analysis, the integration of Cluster 3 methine cross peaks (C-Hb’, 1H 
δ(ppm) 3.4–3.65; 13C δ(ppm) 46.37–52.75; Fig. 4b) which represents the 
cross peaks of anti-Markovnikov microstructure fragment (CHb’-S-) 
contributed to 68% of the total regioisomer composition while the 
Markovnikov microstructure fragment (CHd’-Cl) represented by Cluster 
4 cross peaks (C-Hd’, 1H δ = 4.36–4.55; 13C δ = 56.27–57.75; Fig. 4b) 
and dihydrodioxolium microstructure fragment (CHf’-O-) depicted by 
Cluster 6 cross peaks (C–Hf’, 1H δ = 5.38–5.59; 13C δ = 71.29–72.54; 
Fig. 4b) contributed 16% each to the total regioisomer composition. 

Full cross peak assignment from 2D C–H HSQC and 1H–1H COSY 
NMR spectroscopy was conducted exactly as described in Figs. 1–5 on 
the poly(S2-DAI-Cl2) to quantify the molar ratios of Markovnikov, anti- 

Markovnikov and dihydrodioxolium microstructures in the poly(S2-DAI- 
Cl2) (Mn = 15,960 g/mol; Mw/Mn = 1.42) prepared by SC-IV in solution 
at T = 50 ◦C, which was isothermal to the conditions for the model re
action. 2D HSQC NMR contour plots of the poly(S2-DAI-Cl2) (Fig. 6a) 
exhibited very similar spectral features as with the allyl benzoate/S2Cl2 
model reaction product mixture, with six major clusters of cross peaks as 
shown in Fig. 4. With all of the cross peak assignments for each regioi
someric fragment now able to be determined by comparison with the 2D 
NMR spectroscopic analysis for the small molecule model reactions, 
quantification of the Markovnikov, anti-Markovnikov and dihy
drodioxolium microstructure units in the polymer was conducted by 
resolved methine cross peaks from each of these episulfonium ring- 
opening pathways. The ratio of regioisomeric fragments obtained for 
the model compound closely agrees with that obtained for the polymer 
poly(S2-DAI-Cl2) synthesized at the same temperature (50 ◦C) where 
Cluster 3 methine protons (Hb’, 1H δ = 3.46–3.75; 13C δ = 46.46–52.75; 
Fig. 6b) which constituted the anti-Markovnikov fragment (-CHb’-S-) 
was the major regioisomeric microstructure (70-mol%) observed from 
this polymerization. Cluster 4 methine protons (Hd’,1H δ = 4.40–4.58; 
13C δ = 56.27–57.75; Fig. 6b) was assigned to the Markovnikov fragment 
(-CHd’-Cl) which when integrated constituted a minor regioisomeric 
microstructure (15-mol%), while Cluster 6 methine protons (Hf’, 1H δ =
5.42–5.63; 13C δ = 71.29–72.92; Fig. 6b) constituted the dihy
drodioxolium fragment (-CHf’-O-) was also found to form a minor 
regioisomeric microstructure (15-mol%). The proposed poly(S2-DAI- 
Cl2) microstructure of the polymer prepared by SC-IV at 50 ◦C is pre
sented in Fig. 7, along with the 2D HSQC NMR oblique plots showing as 
positively phased peaks the key -CHb’-S-, -CHd’-Cl, -CHf’-O- methine 
cross peaks that were essential to the structural quantification of the 
different microstructures. We also note the small temperature depen
dence of SC-IV on the microstructure composition of poly(S2-DAI-Cl2) as 
polymer prepared at slightly higher temperature (T = 70 ◦C) affords 

Fig. 6. (a) 2D HSQC of poly(S2-DAI-Cl2) showing the grouping of cross peak in clusters and the corresponding carbon fragments and proton assignments, (b) methine 
clusters in order of increasing chemical shift and corresponding microstructure with proton highlighted. 
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slight enrichment of the Markovnikov (17%) and the dihydrodioxolium 
(23%) microstructure units and a lower composition for the anti- 
Markovnikov microstructure (60%). These NMR spectroscopic meth
odology allowed for facile comparison of changes to poly(S2-DAI-Cl2) 
regioisomeric unit molar ratios as a function of SC-IV temperature, 
where significant reduction of anti-Markovnikov microstructure units 
was observed at higher reactions temperatures (T ≥ 90 ◦C, Table 1; and 
Supporting Information Figs. S12–17). 

3. Conclusion 

Comprehensive structural characterization of polyhalodisulfides 
prepared via sulfenyl chloride inverse vulcanization, specifically 
focusing on regiosiomeric units from the polymerization of 1,3-diallyl 
isophthalate and S2Cl2, is reported for the first time using 1-D and 2D 
NMR spectroscopy. 1H NMR, 13C NMR, 2D HSQC, and 2D COSY spec
troscopic analysis were carried out on the products of model compounds 

for these SC-IV polymerizations. We report on an analytical method to 
quantify the regioisomeric product ratios formed by different epis
ulfonium intermediate ring-opening pathways and demonstrate how 2D 
NMR spectroscopic technique can be used to integrate key cross peaks 
for this analysis for the first time. Furthermore, we discuss how poly(S2- 
DAI-Cl2) regioisomeric microstructures can be quantified using this 
NMR spectroscopic method. This report presents significant advance to 
accelerate structural characterization of polyhalodisulfides made by 
sulfenyl chloride inverse vulcanization of allylic esters, which will be a 
central tool in mapping structure-property effect of polyhalodisulfide 
regiochemistry on bulk thermomechanical polymer properties. 
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