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Abstract 

 
Inverse vulcanization is a method by which sulfur is combined with comonomer molecules to develop stable 

materials termed organically modified chalcogenide (ORMOCHALC) polymers.  Although various comonomers 

have been used in the fabrication of ORMOCHALC polymers in prior studies, this study was performed to de-

termine the effect of using molecular isomers, as comonomers in separate reactions, on the optical properties 

of ORMOCHALC polymers.  For the study, meta-divinylbenzene (m-DVB) and para-divinylbenzene (p-DVB) were 

separately combined with sulfur in equivalent atomic percentage amounts to form poly(S-r-m-DVB) and poly(S-

r-p-DVB), respectively. The use of these isomers resulted in polymers with notable differences in their optical 

properties, including the polymer color, optical transmission and refractive index. The impact of comonomer 

selection on the optical character of ORMOCHALC polymers is investigated and the results detailed. 

 

Introduction 
In recent years, the development of sulfur-based polymers using the inverse vulcanization processing method has 

opened several possibilities for polymer use in various applications.1-2  This includes use as battery cathode ma-

terials,3-5 dye-sensitized solar cells,6-7 or as infrared-transmitting optical lenses and materials.8-12  Variations of the 

inverse vulcanization process have also been employed in order to fabricate sulfur-based polymers at milder tem-

peratures than in the initial reports.13-15  A significant portion of the research has focused on using different 

comonomers to combine with the sulfur-rich backbone. These comonomers are commonly polyvinyl and they are 

often synthetic, but they can also be naturally occurring and/or renewable.16-21  Using different comonomers often 

leads to polymers with vastly different properties, and therefore portends different uses for those polymers.   

 

A number of reports involving inverse vulcanization have been published in which sulfur is combined with divi-

nylbenzene (DVB) as the comonomer, to produce poly(S-r-DVB).15, 22-25  Many of these reports focus on developing 
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sulfur-based polymers for use as cathode materials in rechargeable lithium-sulfur batteries, with DVB participat-

ing in some portion of the polymer synthesis.22-23, 26  Yet some reports focus on other aspects of poly(S-r-DVB).24-

25, 27  Despite the common use of DVB as a comonomer in inverse vulcanization reactions, rarely is the isomeric 

composition of the DVB discussed in relationship to the resulting materials properties.  This is the case even 

though the DVB utilized in such studies is usually an 80% mixture of DVB isomers, with other side molecules ac-

counting for the remaining 20%.  Nevertheless, many of the reports utilize DVB “as is,” without further purification 

or isomer isolation.   

 

To date, there have been no inverse vulcanization reports of the different properties that arise from using DVB 

comonomer solutions containing > 90% of a single DVB isomer (e.g. meta-DVB) versus using another solution 

containing > 90% of a different DVB isomer (e.g. para-DVB). To further understand the effect of comonomer dif-

ferences on the resulting optical properties of ORMOCHALC polymers, herein we compare ORMOCHALCs synthe-

sized with similar comonomers, including DVB comonomer isomers.   

 

Materials and Methods 

Sulfur was purchased from All-Chemie Ltd. and purified to 99.999% purity as previously described.9  The 80% DVB 

(mixed-DVB) and 90% para-DVB (p-DVB) were purchased from Sigma Aldrich.  The 98% meta-DVB (m-DVB) was 

purchased from Combi-Blocks.  The 97% 1,3-diisopropenyl benzene (DIB) was purchased from TCI America.  All 

non-sulfur comonomers were used as received.   

 

Polymer Fabrication:  ORMOCHALC polymers were synthesized as previously described.10  In general, 0.0095 mol 

(30 wt%) of the comonomer (i.e. DIB, m-DVB, p-DVB or mixed-DVB) was added to molten sulfur at ~135 °C, and 

stirred for ~8 min in a non-stick container.  The non-stick container was then placed in a preheated furnace, and 

the product cured at ~175 °C for 1 hr.  Finally, the non-stick container was removed from the furnace to allow the 

ORMOCHALC polymer to cool and be extracted in freestanding form.  Polymer specimen thicknesses ranged be-

tween 1.0 and 1.7 mm, and specific thicknesses for each polymer specimen are explicitly stated in Table 1.  Note:  

It is important that all reactions be carried out in ventilated conditions (e.g. in a fume hood). 

 

Optical Imaging:  A digital camera was used to image the polymer specimens in the visible wavelength range.  

Short-wavelength infrared (SWIR) images were taken using a FJW Industries FIND-R-SCOPE SWIR imager that had 

an upper wavelength limit of 1.3 µm.  Mid-wavelength infrared (MWIR) images of polymer specimens were taken 

using a SOFRADIR-EC Model IRE-640BB camera with a lens operating in the 3 – 5 µm wavelength region.  Long-

wavelength infrared (LWIR) images of polymers were taken using a FLIR T600 Camera in the wavelength range of 

7.5 – 14 µm.   

 

Spectroscopic Analysis:  UV-visible-NIR transmission data was obtained using an Agilent Technologies Cary 7000 

Universal Measurement Spectrophotometer.  Longer wavelength data was obtained using a Thermo Scientific Ni-

colet iS50R FT-IR Spectrometer.  The data for the individual comonomers was taken by separately placing a drop 

of comonomer between two potassium bromide (KBr) disks and loading the sandwiched sample into the FT-IR.  

Similarly, FT-IR data for sulfur was taken by heating sulfur between KBr disks until it was a molten thin film, and 

then loading the sandwiched sample into the FT-IR.  Spectroscopic measurements were conducted in dry N2(g) 

atmosphere and background corrected for the environment. Raman data was obtained using a Thermo Scien-

tific Nicolet iS50 Raman fitting on the Nicolet iS50R FT-IR Spectrometer.   
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Refractive Index Determination:  Refractive index values were determined using a Metricon 2010/M Prism Cou-

pler refractometer, with laser sources at 636.3, 983.6 and 1548.4 nm.  The Metricon 2010/M Prism Coupler re-

fractometer utilized a standard Rutile prism whose index was calibrated at each respective wavelength using a 

reference “Hi-Index” (Schott N-LaF3) glass.  The recorded index values were averaged over five instrument scans.  

The refractive indices for all of the ORMOCHALC polymers at the various interrogated wavelengths are given in 

Table 2. 

 

Differential Scanning Calorimetry Analysis (DSC):  DSC was performed on a TA Instruments Q200. The refer-

ence/control material used for this analysis was an empty Tzero alodined DSC cup, and nitrogen gas was flowed 

at 50 ml/min over the sealed cups.  The temperature was ramped from -40 to 125 °C at a rate of 5 °C/minute. The 

glass transition temperatures (Tg) are given in Table S1.   

 

Thermogravimetric Analysis (TGA):  TGA was performed on a TA Instruments 2960 SDT.  The samples were heated 

from 25 to 500 °C at 10 °C/minute under a nitrogen gas purge.  The degradation temperature values given in Table 

S1 represent the temperature at which 95 mass % and 90 mass % of the sample remained, respectively.   

 

Density Measurements:  Density was calculated for five samples using the Archimedes method. A Micromeritics 

AccuPyc II 1345 gas pycnometer was used to measure the volume of each sample. An aluminum cylinder approx-

imately 1.75” diameter by 2” tall (~79 cm3) was used to reduce the internal volume of the standard 100 cm3 

measurement chamber for each sample measurement. The instrument empty volume was calibrated immedi-

ately before measurements were made. The density of a silica glass plate was used as the control.  Measured 

densities are given in Table S2. 

 

Results and Discussion 

Figure 1.  (a) Molecular structures for S8 and the four comonomers that were reacted with S8 in separate reactions to pro-

duce ORMOCHALC polymers for this study.  (b) Synthetic scheme for ORMOCHALC polymers.  *The given structure for IV is 

used to indicate that the solution is primarily a mixture of m-DVB and p-DVB isomers. 
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Table 1.  Thicknesses of ORMOCHALC polymer specimens used for UV-vis and FTIR analyses. 

Comonomer ORMOCHALC Thickness (mm) 

I poly(S-r-DIB) 1.65 

II poly(S-r-m-DVB) 1.00  

III poly(S-r-p-DVB) 1.10  

IV poly(S-r-mixed-DVB) 1.69  

 

The synthesis of the ORMOCHALC polymers was carried out via inverse vulcanization (Figure 1).  The only reagents 

involved in the syntheses were sulfur and one of I, II, III or IV.  The IV used in this study was 80% DVB containing 

four compounds with manufacturer given values of 55% m-DVB, 25% p-DVB, 18.6% ethylvinylbenzene, and 0.03% 

diethylbenzene.  Therefore, to evaluate the significance of using one isomer in favor of another, both II and III 

were separately combined with sulfur to produce unique ORMOCHALC polymers using inverse vulcanization.  

Data for the ORMOCHALC polymer fabricated using I is included herein because its structure is similar to that of 

II (Figure 1), and because it is considered the benchmark comonomer for polymers synthesized via inverse vul-

canization.3  Data for the ORMOCHALC polymer fabricated using IV is included because of its use in prior works, 

and because it contains both the meta- and para- isomers of DVB.  The resulting ORMOCHALC polymer specimens 

did vary in thickness (Table 1), but all of the data reported herein comes from polymers that were at least 1.0 mm 

in thickness. 

 

 
Figure 2.  Images taken in the visible wavelength range, SWIR wavelength range, MWIR wavelength range and LWIR wave-

length range for ORMOCHALC polymers made using comonomers I – IV. Text is visible through the polymers in visible and 

SWIR rows, human fingers are visible through the polymers in the MWIR row, and a hot soldering iron is visible through three 

of the polymers in the LWIR row. 

 

The combination of sulfur with I resulted in poly(S-r-DIB), and yielded a polymer that was transparent red in ap-

pearance (Figure 2).  Both I and II feature benzene rings substituted at the 1- and 3- positions, with I substituted 

with isopropenyl groups, and II substituted with vinyl groups.  Even though comonomer II is structurally similar 

to comonomer I, which yielded a transparent red ORMOCHALC polymer when combined with sulfur, the 

ORMOCHALC formed using II (poly(S-r-m-DVB)) was transparent yellow in appearance.  In addition, despite the 
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fact that II is a structural isomer of III, using III in the inverse vulcanization process yielded a transparent orange 

ORMOCHALC polymer, designated poly(S-r-p-DVB).  When comonomer II was used instead of III, this difference 

was not only in the color, but also in the clarity, with poly(S-r-m-DVB) being qualitatively hazy, and poly(S-r-p-

DVB) showing no visible haziness.  The combination of sulfur with IV yielded a transparent yellow polymer, and is 

designated poly(S-r-mixed-DVB) herein.  Poly(S-r-mixed-DVB) had qualities similar to both poly(S-r-m-DVB) and 

poly(S-r-p-DVB).  For example, poly(S-r-mixed-DVB) had the yellow color of poly(S-r-m-DVB), but a transparency 

and qualitative clarity more similar to that of poly(S-r-p-DVB).  The colors and transparencies for all ORMOCHALC 

polymer specimens were reproducible and consistent throughout multiple samples made for each type. 

 

Because II bears structural similarities to both I and III, the drastic difference in optical appearance observed 

amongst those three resulting ORMOCHALCs was not expected.  It can be concluded that the difference between 

the polymers resulting from I and II was the presence of the methyl groups in comonomer I.  Similarly, it can be 

concluded that the difference between the polymers resulting from II and III was the location of the isomeric vinyl 

substituents.  Since comonomer IV contains a combination of m-DVB and p-DVB, which are found in II and III, 

respectively, it is not surprising that the resulting ORMOCHALC polymer exhibited notable qualities similar to both 

of the ORMOCHALC polymers that II and III produced when combined with sulfur.   

 

As previously noted, numerous groups have reported using inverse vulcanization to synthesize polymers by com-

bining sulfur with comonomer mixtures similar to IV used in this report.  For example, Salman et al. reported the 

fabrication of “poly(S-r-DVB),” in which the DVB comonomer was a mixture of ortho-DVB, m-DVB and p-DVB.24  

The inverse vulcanization synthetic procedure carried out by Salman et al. entailed melting elemental sulfur at 

160 °C, stirring in DVB as the temperature was increased to 200 °C, and proceeding until a homogeneous solution 

formed.  Once the homogeneous solution formed, the mixture was heated at 200 °C for 10 additional minutes, 

then allowed to gradually cool to room temperature.  The polymers that resulted were reddish brown in color.  

This differs greatly from the transparent yellow ORMOCHALC obtained in the current report when molten sulfur 

was combined with IV.  The difference in color may be attributed to the different combination of DVB isomers in 

the solution used by Salman et al. in comparison to the combination in the current report.  Differences in curing 

times may also be a factor in the observed color differences.  Moreover, the samples fabricated in the current 

study were made without ever heating the reaction to, or curing the product at temperatures greater than 175°C.  

Jenkins and co-workers recently noted that procedural differences can play a major role in the properties exhib-

ited by polymers made via inverse vulcanization.28  Therefore, an alternative explanation for the difference in the 

polymer colors between the current report and reports from other groups may be due to procedural differences 

in the polymer synthesis; specifically the timescales and temperatures at which the reactions were carried out.  

 

It is unclear what the contributions of diethylbenzene and ethylvinylbenzene were to the properties of poly(S-r-

mixed-DVB) in the current report.  With a concentration of 0.03% within the mixed-DVB solution, the contribution 

of diethylbenzene on the materials properties of poly(S-r-mixed-DVB) was likely minor.  However, with ethylvi-

nylbenzene accounting for nearly 20% of the mixed-DVB solution (IV), it is possible that its presence within the 

inverse vulcanization reaction had a non-trivial effect on the materials properties of poly(S-r-mixed-DVB).   
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Figure 3.  UV-vis-near IR comparison plot of ORMOCHALC polymer specimens. Symbols I, II, III and IV indicate the comonomer 

used in making the ORMOCHALC polymer. The samples measured had different thicknesses (Table 1) and data was not cor-

rected to account for Fresnel reflections and scattering from a non-polished surface. 

 

The spectral analysis given in Figure 3 agrees with what is qualitatively visible in Figure 2.  All of the ORMOCHALC 

polymers have characteristic absorbances between 1650-1800 nm, with smaller absorbances at 1150-1200 nm 

(Figure 3).  The two ORMOCHALC polymers that appear yellow (poly(S-r-m-DVB) and poly(S-r-mixed-DVB)) had 

notable transmission beginning at ~475 nm.  Transmission for the orange poly(S-r-p-DVB) also began at ~475 nm, 

but exhibited a shoulder at ~575nm.  The red poly(S-r-DIB) transmittance increases sharply at ~600nm (Figure 3).  

The maximum transmittance observed came from poly(S-r-mixed-DVB), with values around 70% from the near 

infrared through the SWIR region.  The measured transmission for poly(S-r-m-DVB) was remarkably less than that 

of the other ORMOCHALCs (Figure 3) for nearly all wavelengths in the visible through near infrared. This coincides 

with the visible hazy nature of the polymer specimen (Figure 2) suggesting that the overall low-transmission of 

this sample is primarily due to optical scattering. This is further supported by the monotonic increase in transmis-

sion with respect to wavelength in the infrared (Figure 4).  Overall, the absorbances that arose in all of the poly-

mers were consistent with those seen in prior reports.8  Of particular note here is the reasonably high transmission 

(> 55%) in most of the region that spans the visible to the SWIR for all of the ORMOCHALCs except for poly(S-r-m-

DVB) despite all of these specimens being >1 mm thick (Table 1) and despite signal losses due to surface reflec-

tions not being accounted for.  Polishing the sample surface to eliminate extrinsic optical scattering suggests op-

tics made from these materials can be utilized in a broad array of applications. 
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Figure 4.  FTIR comparison plot of ORMOCHALC polymers from the near-IR to LWIR wavelengths. The samples measured had 

different thicknesses and data was not corrected to account for Fresnel reflections. 

 

In agreement with what is qualitatively depicted in Figure 2, the FTIR comparison given in Figure 4 revealed that 

each of the ORMOCHALC polymers possessed functionally useful transmission in both the SWIR and MWIR wave-

length regions (Figure 4).  The transmission values for poly(S-r-DIB) and poly(S-r-p-DVB) were both less than 

poly(S-r-mixed-DVB) from 2-3 µm, but substantially larger than the transmission values for poly(S-r-m-DVB) in the 

same range.  It is worth noting that together, Figure 3 and Figure 4 show poly(S-r-mixed-DVB) had the greatest 

transmission of all of the polymers reported for most of the range from ~475 nm until ~5 µm, despite having the 

greatest thickness (Table 1). 

 

While the visible and IR transmission curves reported for each of the four polymer types in this study were all less 

than 60%, these measurements do not account for optical signal losses due to Fresnel reflections (which are on 

the order of 7-9% per face) and sub-optimal surface quality (i.e. the samples were not polished to optical quality). 

Nevertheless, all four polymers transmit from the visible through the MWIR, and the DVB based polymers demon-

strated transmission in the LWIR range significant enough to permit thermal imaging as shown in Figure 2. 

 
As seen in Figure 2, and confirmed in Figure 4, there were differences in transmission in the LWIR when I was 

used as a comonomer with sulfur, versus when II, III or IV were used.  Using I as a comonomer with sulfur in the 

inverse vulcanization process resulted in a polymer that did not transmit in the LWIR, which is a result that is 

consistent with our prior report10 and a subsequent report by Kleine, et al.29  Surprisingly, when separately com-

bined with sulfur via inverse vulcanization, comonomers II, III, and IV all produced ORMOCHALC polymers that 

were LWIR-transmitting, as seen in Figure 2 and Figure 4.  This is a rare report of bulk polymers transmitting in 

the LWIR at thicknesses of 1 mm or greater.10, 29  In the 1st report of bulk polymer LWIR transmission, it was hy-

pothesized that the polymer transmitted in the LWIR due to the presence of a metal in the organometallic comon-

omer tetravinyltin.10  The results in the present report, along with the results from the report by Kleine, et al.,29 

demonstrate that a metal is not necessary for LWIR transmission in bulk polymers.  With DIB being so similar in 

structure to DVB, it is not exactly clear why poly(S-r-DIB) is opaque in the LWIR, while the DVB-containing 

ORMOCHALC polymers are transmissive.  However, it seems apparent that the two terminal methyl groups from 
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the isopropenyl groups in DIB play some role in the lack of LWIR transmission for poly(S-r-DIB).  It must be noted 

that poly(S-r-DIB) is opaque in the LWIR despite the fact that both of its comonomers (sulfur and DIB) show sig-

nificant transmission in the LWIR, and despite the fact that DIB has fewer absorptions from 7.5-14 µm than the 

DVB comonomers which produce LWIR transmitting polymers when combined with sulfur (Figure S2).  In addition 

to the transmission noted from 7.5-14 µm, extended FTIR analysis indicated all of the ORMOCHALC polymers 

fabricated for this study possess transmission upwards of 20% in the range from 15-20 µm (Figure S1).   

 

There is tremendous value in developing polymers that transmit in the LWIR.30   This includes the ability to visu-

alize objects in complete darkness via high-resolution thermal imaging.29, 31-32  Advantages also include the fact 

that polymers, like the ORMOCHALC polymers detailed herein, can be fabricated with cheap and abundant re-

sources, and they tend not to be as qualitatively brittle as common IR-transmitting materials such as germanium 

and chalcogenide glasses.   

 

Table 2.  Refractive index values for ORMOCHALC polymers at various wavelengths. 

ORMOCHALC 636.4 nm 983.6 nm 1548.4 nm 

poly(S-r-DIB) 1.831 1.799 1.790 

poly(S-r-m-DVB) 1.855 1.825 1.815 

poly(S-r-p-DVB) 1.781 1.757 1.744 

poly(S-r-mixed-DVB) 1.924 1.888 1.875 

 

 
Figure 5.  Refractive indices of ORMOCHALC polymers at three wavelengths.  Symbols I, II, III and IV indicate the comonomer 

used in making the ORMOCHALC polymer. Lines are fits to the three discrete data points indicated in the plot.   

 

As is common with polymers synthesized via inverse vulcanization, all of the ORMOCHALCs containing DVB 

comonomers exhibited ultra-high refractive indices for polymers, with values at 636.3 nm ranging from 1.78 for 

poly(S-r-p-DVB) to 1.92 for poly(S-r-mixed-DVB) (Table 2).  The poly(S-r-p-DVB) ORMOCHALC had the lowest re-

fractive indices at all wavelengths, returning values that were not only less than that of poly(S-r-DIB), but also 

significantly less than that of poly(S-r-m-DVB) (Figure 5).  This result again highlights the significance of using one 

isomer versus another isomer as the inverse vulcanization reaction comonomer.  Perhaps the most remarkable 
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result was the fact that despite containing large percentages of both m-DVB and p-DVB, poly(S-r-mixed-DVB) ex-

hibited refractive index values substantially greater than the ORMOCHALCs fabricated using either II or III as re-

action comonomers at each wavelength interrogated (Figure 5).  This poly(S-r-mixed-DVB) refractive index result 

may be due to the presence of the ethylvinylbenzene and/or the diethylbenzene that make up ~20% of the mixed-

DVB stock solution.   

 

Conclusions 

In summary, we report the synthesis of ORMOCHALC polymers using sulfur with one of four comonomers that 

have similar structures, including the isomers m-DVB and p-DVB.  The ORMOCHALC polymers exhibited vastly 

different optical properties when compared with one another despite the comonomer similarities.  These differ-

ences included their colors, transmission ranges, and refractive indices.  Although there were notable differences 

in their optical properties, a notable commonality was the LWIR transmission for all of the bulk ORMOCHALC 

polymers that contained DVB comonomers.  LWIR has rarely been reported for bulk polymers.10, 31  This result 

demonstrates that it is possible for bulk polymers (> 1 mm thickness) to transmit in the LWIR, even in the absence 

of nanoparticles, organometallic components, or large/bulky comonomers, and it opens up further possibilities 

for the development of optical polymers with IR sensing capabilities. 

 

It is noteworthy that the greatest SWIR and MWIR transmission was observed in the poly(S-r-mixed-DVB) sample, 

which was markedly thicker (~1.7 mm) than lower-transmitting poly(S-r-m-DVB) and poly(S-r-p-DVB) (~1 mm), 

indicating that it had significantly less attenuation. It is not readily apparent whether this is due to lower intrinsic 

absorption, improved surface quality, or more favorable internal morphology with reduced scattering. Follow-on 

work will include the fabrication of samples appropriate for accurate measurement of optical properties (disper-

sion and absorption coefficient) in the visible through LWIR wavelengths. 
 

Overall, this study highlights the importance of comonomer choice when seeking to impart certain properties to 

polymers fabricated via inverse vulcanization.  It also signals a caution against drawing broad conclusions about 

the origin of a material’s properties based upon comonomer isomeric mixtures (e.g. DVB), unless the contribu-

tions of each isomer to the resulting material’s properties are more explicitly detailed.  Although this report fo-

cuses on sulfur-based polymers fabricated via inverse vulcanization, the use of comonomer isomers to develop 

polymers in other polymer reactions may result in drastically different optical properties in those systems as well. 

Furthermore, these general conclusions are likely not limited to the use of DVB in polymer fabrication, the devel-

opment of polymers or observed optical properties, but are possibly applicable in other chemical reactions.   

 

SUPPORTING INFORMATION 

Associated Content:  Extended FT-IR, Raman spectroscopy, thermal analyses and polymer densities are included.   
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