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Abstract: Terpenoids are potentially sustainable replacements for petrochemical olefins. Sulfur is a
waste product produced in large quantities from fossil fuel refining. Several composites with attrac-
tive properties have recently been made from terpenoids and sulfur. This report details the extent to
which the ratio of sulfur to terpenoid and the terpenoid olefin content influences the thermal and me-
chanical properties of such terpenoid-sulfur composites. The terpenoids selected were diunsaturated
geraniol and triunsaturated farnesol that, upon their inverse vulcanization with elemental sulfur,
yield composites GerSy and FarSy, respectively (x = wt % sulfur). The wt % sulfur in the monomer
feed was varied from 30-95 for this study, providing twelve materials. Mechanical analysis of these
materials was undertaken by compressive and tensile strength techniques. Differential scanning
calorimetric analysis revealed both polymeric and orthorhombic sulfur present in the materials with
glass transition temperatures (Tg) of —37 °C to —13 °C and melt temperatures (Tm) of 119 to 104 °C.
The crystallinity of composites decreases as the weight fraction of sulfur decreases and composites
having the highest olefin content exhibit no detectable crystalline microstructures. The compressive
strength of the materials showed increasing strength for higher olefin-content materials for both
GerSy (with compressive strength of up to 32 MPa) and FarSy (with compressive strength of up
to 43 MPa). The improved strength with increasing olefin content levels off at around 80-85% of
terpenoid, after which point both tensile and compressive strength diminish.

Keywords: sustainable composite; terpenoid; sulfur; hybrid organic-inorganic composite; sulfur
cement; polymer cement

1. Introduction

Terpenoids are biologically-sourced olefins that hold great promise for supplanting
fossil fuel-derived olefins in tars and bitumen used in asphalt, in polymers, and in related
composite materials [1-9]. In previous work we demonstrated that monoalkene, diene
and triene terpenoids react with sulfur to yield durable composites having compressive
strengths that can exceed that of ordinary Portland cement (OPC) [10,11]. Sulfur is a
waste product of fossil fuel refining, and significant efforts have been made to uncover
value-added applications for it [12-18]. One avenue for sulfur valorization is to employ
it as a component of sulfur cements [19-24]. Sulfur’s reactivity with olefins is driven
by thermal formation of sulfur-centered radicals (Scheme 1). When sulfur is used as
the majority component in reactions with olefins, high sulfur-content materials (HSMs)
are formed in a process known as inverse vulcanization [12-17]. These HSMs are often
composites wherein some free sulfur is trapped within a cross-linked network of organics
linked by oligomeric or polymeric sulfur catenates [11,18,25-40]. Sulfur catenates are
generally unstable and revert back to the orthorhombic, eight-membered ring allotrope
under ambient conditions [41]. When trapped within a network solid, however, the
polymeric catenates can be stabilized, thus affording the composite with strength typical of
more traditional carbon-catenate-backbone materials.
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Scheme 1. Thermal reaction of elemental sulfur to produce radicals allows their subsequent reaction
with olefins to form cross-linked high sulfur-content materials (HSMs) by inverse vulcanization.

Our prior work on terpenoid-sulfur composites revealed that diene and triene ter-
penoids geraniol and farnesol underwent intramolecular cyclization reactions in addition
to the expected inverse vulcanization shown in Scheme 1 [10]. Microstructures for the
geraniol-sulfur composites GerSx and farnesol-sulfur composites FarSy (x = wt % S in the
monomer feed) were thus determined to be those shown in Scheme 2. Compared to simple
inverse vulcanization in which each starting material olefinic carbon is expected to form
a crosslink via C-S bond-formation, the intramolecular cyclization pathway lowers the
number of olefinic carbons in the starting material that end up in C-S in the product. The
lower crosslink density in composites formed using cyclization-prone terpenoids resulted
in their lower mechanical strength compared to other olefin-sulfur composites in which
there is no evidence for such cyclization.
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Scheme 2. Reaction of terpenoids such as geraniol and farnesol with sulfur leads to HSMs GerSy
and FarSy comprising several microstructures resulting from a combination of inverse vulcanization

and intramolecular cyclization reactions.

The preliminary work on terpenoid-sulfur composites described above employed a
90:10 sulfur-to-terpenoid monomer feed ratio. For the current work, it was of interest to
evaluate the extent to which terpenoid-sulfur composite mechanical and thermal properties
could be tuned by adjusting the comonomer feed ratio. Previous studies on other HSMs
suggest that the tensile and compressive strength profiles, crystallinity and thermal proper-
ties are all significantly impacted by at times small changes in the olefin content. Herein
were studied terpenoid sulfur composites employing diolefin terpenoid geraniol (GerSy)
and triolefin terpenoid farnesol (FarSx), where the wt % sulfur was varied from 50-95%.
The influence of comonomer ratio on tensile strength, compressive strength, morphological
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changes and thermal stability of the composites were evaluated. This is the first report in
which the influence of olefin content on either the mechanical or morphological properties
of terpenoid-sulfur cement composites has been evaluated, and as such provides guidance
for the design of such materials for future applications.

2. Materials and Methods
2.1. General Considerations

Thermogravimetric analysis (TGA) was recorded on a Mettler Toledo TGA 2 STAR®
System over the range of 25 to 800 °C with a heating rate of 5 °C min™! under a flow of
Nz (20 mL min™!). Differential Scanning Calorimetry (DSC) data were acquired using a
Mettler Toledo DSC 3 STAR® System over the range of —60 to 140 °C, with a heating rate of
5°C min~! under a flow of N, (200 mL min™'). Each DSC measurement was carried out
over three heat-cool cycles to screen out thermal history. The data reported were taken
from the third cycle of the experiment.

Compressive measurements were acquired on cylinders (Figure 1) using a Mark-10
ES30 Manual Test Stand equipped with a Mark 10 M3-200 Force Gauge by a modified
ASTM C39 standard. Terpenoid-sulfur composite materials were aged for 4 d prior to
compressive strength testing. The 4 d aging period was selected after assessing material
properties over shorter and longer times for one set of samples and the properties were
levelled off after 4 d. Longer-term stability is not known for these materials (Figure S2,
Supplementary Materials).

(TT RSN

Figure 1. (a) Representative photos of compressive cylinders and (b) of tensile strength dog-bone-
shaped test samples of terpenoid-sulfur composites.

Tensile measurements were taken on dog bone-shaped samples (Figure 1) with a
Mark-10 ES30 Manual Test Stand equipped with a Mark 10 Force Gauge (Model M3-2
or Model M3-200). The tensile specimens were clamped down with a Mark 10 wedge
grip (Model G1061-1). Tensile specimens were cut or moulded into dog bone shapes with
dimensions as depicted in Figure S3 of the Supplementary Materials. Samples of I-BPAg
were approximately 1.2 mm in thickness, while R-BPAg) samples were approximately
2.5 mm in thickness. The actual thicknesses were individually measured at positions
on each sample using callipers and average values were used for calculations. The data
reported are an average of runs on five different samples.

2.2. Chemical Precursor Sources

Terpenoids (Alfa Aesar (Ward Hill, MA, USA) or Sigma-Aldrich (St. Louis, MO, USA))
and elemental sulfur (99.5%, Alfa Aesar) were used without further purification.

2.3. General Synthesis of Terpenoid-Sulfur Composites

CAUTION: Heating elemental sulfur with organics can result in the formation of H,S
gas. HS is toxic, foul-smelling, and corrosive. Elemental sulfur was weighed directly into
a 250mL Erlenmeyer flask. The vessel was placed in a thermostat-controlled oil bath set to
180 °C. After about 2-3 min, the sulfur had visibly melted and become a dark orange colour.
The requisite terpenoid was added to the flask and the reaction media was vigorously
stirred with an overhead mechanical stirrer equipped with a stainless-steel stir rod and
vane for 35 min, over which time the colour changed to brown/black. After cooling to
room temperature, the materials were rigid brown to black solids that were all readily
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remeltable and could be shaped into compressive test cylinders or tensile test dog bones by
simply pouring into silicone moulds.

Ger595

This material was made according to the general procedure described above using
19.07 g of sulfur and 1.66 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 3.88%; S, 95%; H, 0.58%. Found: C, 4.94%; S, 94.21%; H, 0.35%.

Ger590

This material was made according to the general procedure described above using
18.05 g of sulfur and 2.21 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C,7.78%; S, 90%; H, 1.17%. Found: C, 7.86%; S, 89.45%; H, 0.90%.

GerSg5

This material was made according to the general procedure described above using
17.14 g of sulfur and 3.49 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 11.67%; S, 85%; H, 1.75%. Found: C, 10.98%; S, 86.72%; H, 1.25%.

GerSso

This material was made according to the general procedure described above using
16.17 g of sulfur and 4.16 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 15.56%; S, 80%; H, 2.33%. Found: C, 15.68%; S, 81.67%; H, 1.84%.

GerSyg

This material was made according to the general procedure described above using
14.17 g of sulfur and 6.19 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 23.34%; S, 70%; H, 3.5%. Found: C, 25.44%; S, 70.19%; H, 2.51%.

Far895

This material was made according to the general procedure described above using
19.07 g of sulfur and 1.17 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 4.05%; S, 95%; H, 0.58%. Found: C, 4.67%; S, 94.55%; H, 0.35%.

FaI'Sg()

This material was made according to the general procedure described above using
18.25 g of sulfur and 2.34 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 8.1%; S, 90%; H, 1.18%. Found: C, 7.59%; S, 89.44%; H, 0.89%.

FarSS5

This material was made according to the general procedure described above using
17.01 g of sulfur and 3.52 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 12.14%; S, 85%; H, 1.75%. Found: C, 17.83%; S, 78.86%; H, 2.04%.

Fal‘Sgo

This material was made according to the general procedure described above using
16.18 g of sulfur and 4.61 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 16.19%; S, 80%; H, 2.33%. Found: C, 19.68%; S, 77.04%; H, 1.76%.

Fal‘Sm

This material was made according to the general procedure described above using
14.33 g of sulfur and 7.04 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 24.28%; S, 70%; H, 3.51%. Found: C, 28.78%; S, 69.2%; H, 3.54%.

FarSw

This material was made according to the general procedure described above using
12.23 g of sulfur and 9.39 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 32.38%; S, 60%; H, 4.68%. Found: C, 36.03%; S, 57.83%; H, 4.73%.

FarS50

This material was made according to the general procedure described above using
10.25 g of sulfur and 11.47 g of geraniol. Yield: quantitative. Elemental analysis calculated:
C, 40.47%; S, 50%; H, 5.85%. Found: C, 40.46%; S, 52%; H, 5.96%.
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3. Results and Discussion
3.1. Synthesis and Thermal Properties

Preparation of terpenoid-sulfur composites was accomplished by the reaction of each
terpenoid with molten elemental sulfur at 180 °C for 35 min in the absence of any other
added solvents or reagents according to the procedure we previously reported for the
preparation of GerSgg and FarSqg [10]. Reactions of farnesol with 5, 10, 15, 20, 30, 40 and
50 wt % sulfur all produced rigid homogeneous solids FarSx (x = wt % S) ranging in color
from brown to black (Figure 1). Geraniol reacted with 5, 10, 15, 20 and 30 wt % sulfur to
produce materials GerSy similar in appearance to FarSx. When analogous reactions of
geraniol with 40 or 50 wt % S were undertaken in an effort to prepare GerSyp and GerSs,
however, some geraniol separated from the initially-isolated solids after several hours.
These materials were thus not further evaluated in this study. All of the materials listed
in Table 1 were remeltable solids that could be readily poured into silicone moulds for
shaping following reported protocols.

Table 1. Thermal properties of terpenoid-sulfur composites and comparison to elemental sulfur (orthorhombic).

. o o AH,, (a) AH,. (b) Percent
Materials Tg/°C Tm/°C Jlg e Crystallinity (0

Sg NA 119 45 NA 100
GerSos —-38 113 33 22 27
GerSyg —37 116 25 20 23
GerSgs —-37 104 33 24 20
GerSg —11 NA NA NA 0
GeI‘S70 -13 NA NA NA 0
FarSos -38 117 36 31 12
FarSg -37 105 25 21 10
FarSgs —-4.5 112 14 12 6.7
FarSgg 4.6 108 5.5 NA 0
FarSy 5.0 111 NA NA 0
FarSg 2.7 NA NA NA 0
FarSs 8.5 NA NA NA 0

(a) Integrated heat of melting for the orthorhombic sulfur melt transition. (b) Integrated area for all cold crystallization transitions. (c) The
reduction in percent crystallinity of each samples was calculated with respect to sulfur (normalized to 100%).

Differential scanning calorimetry (DSC, Table 1) was used to analyze the thermal-
morphological properties of the materials. Some of the characteristics of HSMs often
observed in their DSC analysis include a glass transition temperature (Tg) near —37 °C
diagnostic for the presence of polymeric sulfur domains, a melting temperature (T,) near
118 °C for orthorhombic sulfur trapped but not covalently incorporated into the composite,
monoclinic—orthorhombic transition near 106 °C if trapped monoclinic sulfur is present,
and cold crystallization features between —40 and 80 °C. These features are typical for
HSMs made from a wide range of monomers [42-47].

The morphological changes in the geraniol-sulfur composites as a function of monomer
composition are clear from the DSC traces shown in Figure 2 and summarized in Table 1.
The very high sulfur loading in GerSos leads to a material that exhibits all of the general
features noted above: a glass transition indicating the presence of polymeric sulfur do-
mains observed at —38 °C, several cold crystallization peaks observed between 3 and 65°
C, the monoclinic-orthorhombic transition observed at 104 °C and the orthorhombic sulfur
melt transition observed at 113 °C. The slight melting point depression from 118 °C for
pure orthorhombic sulfur is typical. In GerSgp and GerSgs materials having additional
organic crosslinker the glass transition for polymeric sulfur is still present at —37 °C and
the cold crystallization peaks progressively coalesce to a more well-defined peak centered
at 37 °C in the thermogram for GerSgs. The sharpening of the crystallization temperature
is consistent with fewer types of crystallizable domains that would be expected in the
presence of progressively more confining cross-links. The monoclinic-to-orthorhombic
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transition observed in GerSgjs is also absent in GerSqy and GerSgs, consistent with the
smaller pockets of free volume in more crosslinked materials and the greater volume
required for the conformation of Sg rings in the monoclinic crystal morphology. A dra-
matic change in the thermal-morphological properties of the GerSx materials takes place
between 20 and 30 wt % geraniol monomer. The DSC analysis for GerSgy and GerSy
lack cold crystallization and orthorhombic sulfur melt features, indicating that in these
materials the olefin content is high enough to fully react with and covalently incorporate
the sulfur comonomer. Multiple, broad/overlapping glass transition features are observed
spanning the range from —40 to —5 °C, with midpoints at —11 and —13 °C for GerSgg and
GerSyy, respectively, followed by a broad melting transition from around 55 to 135 °C in
both GerSgy and GerSyg. The broadness of the features is similar to analogous transitions
observed in some other HSMs with high olefin content [48] and is perhaps unsurprising
given the variety of microstructural subunits contributing to the materials’ morphologies.

GerSys GerSy,

|

Heat Flow / mwW
b
9
3

Heat Flow / mW
&

-60.00 -10.00 40,00 90.00 140.00 35

Temperature / 'C .
Temperature /°C

GerSgs GerSg,

Heat Flow / mwW
Heat Flow / mW

-60.00 -10.00 40.00 90.00 140.00 -55.00 -5.00 45.00 95.00
Temperature /C Temperature /C

GerS,,

-0.3

Heat Flow / mW

-55 -5 45 95

Temperature /°C

Figure 2. DSC traces for the third heating curves for GerSy. Analogous traces for the FarSy series of
composites are provided in the Supplementary Materials (Figure S1).

The DSC analysis of farnesol-sulfur composites FarSy (Figure S1, Supplementary
Materials) showed some similar trends to those observed for GerSy, but with some no-
table differences as well. First, no cold crystallization features or Ty were observed in
the DSC analysis of FarSgs, while the monoclinic-orthorhombic transition (104 °C) and
orthorhombic sulfur melt (117 °C) features are prominent. The orthorhombic sulfur melt
peak and the glass transition for polymeric sulfur were also observed in FarSqp, which
additionally exhibited a relatively narrow cold crystallization feature centered at 49 °C.
The cold crystallization and orthorhombic melt features are also observed with progressive
broadening as olefin content increases (similar to that observed for GerSy materials) for
FarSgs and FarSgy. The T for polymeric sulfur is absent from DSC analysis of FarSx mate-
rials having >20 wt % farnesol in the monomer feed, which can be reasonably attributed to
the ever-shorter sulfur catenates with increasing olefin cross-linker content. A new Ty is
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observed attributable to the organosulfur network comprising oligosulfur catenates and
farnesol microstructures shown in Scheme 2. The Ty progressively shifts from —4.5 °C
in FarSgs to +8.5 °C in FarSsg. As the T continues to shift and the DSC curve continues
to flatten as a result of crystallization and melting peaks shrinking as farnesol content
increases from 20 to 50 wt %. Quantification of crystallinity for FarSx and comparison
to pure sulfur by integration of thermal features according to Equation (1) also reflects
the diminished contribution of crystalline orthorhombic or polymeric sulfur domains to

the structures.
AH,, — AH,,
Axc=1- * 100% 1)
‘ { AHy sy — AHe(s) }

where Ay, is change of percentage crystallinity with respect to sulfur, AH,, is melting
enthalpy of composite material, AH, is cold crystallization enthalpy of composite mate-
rial, AH,,(s) is melting enthalpy of sulfur and AH,(s) is cold crystallization enthalpy of
sulfur. A comparison of the percent crystallinity values for FarSy to the values for GerSy
analogues comprising the same wt % terpenoid in the monomer feed reveals lower percent
crystallinity for the FarSy materials, reinforcing the trend that more olefin content generally
leads to less crystalline materials in HSMs for a wide range of olefin linkers. It is also
noteworthy that the disappearance of the polymeric sulfur Ty in FarSy occurred between
10 and 15% terpenoid monomer feed, whereas this occurred between 15 and 20 wt %
terpenoid monomer feed for the GerSy materials, again attributable to greater crosslinking
afforded by triunsaturated farnesol versus the diunsaturated geraniol.

3.2. Mechanical Properties

Previous work has established that the mechanical strength (compressive, flexural or
tensile) of HSMs generally increases with increasing olefin linker content until a levelling-
off point at which the HSM becomes more brittle and thus fragments at lower strain [49]. It
was therefore of interest to determine the ratio of terpenoid to sulfur that would achieve
the maximum compressive and tensile strength for FarSy and GerSy.

The compressive strength trends (Figure 3a and Table 2) for GerSy and FarSy illustrate
first that for a given weight percent sulfur composition the farnesol-derived composites
are stronger than the corresponding geraniol-derived materials due to the differences in
crosslinking units in the two terpenoids. Both series GerSy and FarSy appear to level off
after 20 wt % terpenoid is added to the mixture, though the trend could not be evaluated
for higher percent terpenoid-composition materials because attempts to use the conditions
employed for the other materials to obtain materials with increased terpenoid content
further let to phase-separation following reaction.

i 600

i 40 | — W Ger$ MatEITIa|S . M GerS Materials

% D Fars Materials § O FarS Materials

£ 30 % 400

c 3

(3 =1

s a

“ 20 2

2 2 200

a @

g 10

£ O I

S o || 0

60 70 8 8 9 95 0 70 8 8 930 9%

wt% Sulfur wt% Sulfur

(@ (b)

Figure 3. Comparison of (a) compressive strength and (b) tensile strength as a function of terpenoid
identity and monomer feed composition.
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Table 2. Mechanical properties of terpenoid-sulfur composites.

Compressive Tests Tensile Tests

Materials

Strength (MPa) St('g,fl‘,’;)(b) Strength (kPa) St'(‘ll(epve'l)(b) El°“gatl(‘?,2)at Break
opc @ 17 NA 1400 NA -
GerSos 7.3 0.3 195 4 1
GerSog 9.8 0.6 330 12 3
GerSgs 15 1 750 40 5
GerSg 32 1 99 4 36
GerSyg 31 1 NA NA NA
FarSos 10 1 330 20 23
FarSqq 8 1 430 30 5
FarSgs 12 1 490 12 4
FarSg 23 1 420 9 1
FarSy 42 2 260 4 5
FarSg 38 4 50 3 36
FarSs 43 3 NA NA NA

(a) Values for residential building-grade ordinary portland cement for foundations and footings. (b) Standard deviation for the measure-

ments.

Tensile strengths were lower than that of OPC (Figure 3b and Table 2) and followed
a somewhat different trend than was observed in the compressive strengths. First, the
GerS, materials were too brittle to even be clamped into the instrument without breaking
when the sulfur content was below 80 wt %. The tensile strength of measurable GerSy
materials reflected increased tensile strength with increasing crosslinking from GerSgs
to GerSgs before the sudden drop in tensile strength between GerSgs and GerSgg. This
drop in tensile strength was accompanied by a notable increase in elongation at break
from 5% to 36%. This change in mechanical properties also mirrors the distinct change in
morphology between GerSgs and GerSgy observed from the DSC data (Figure 2) discussed
above. The brittleness reflected in the low elongation at break for materials comprising
more sulfur appears to be attributable to the crystallinity of those materials, while the
amorphous material that are above Tg at room temperature shows significantly higher
elongation at break as would be anticipated. The tensile strength data for FarSy composites
showed trends similar to those observed in the GerSyx materials. The FarSy materials
generally have higher ultimate tensile strengths but similar elongations at break when
compared to their GerSy analogues comprising the same wt % of sulfur. FarSy materials
were notably stronger at lower terpenoid loading due to higher cross-linking but the
ultimate tensile strength levels off at about the same strength and at the same amount
of sulfur (85 wt %) as the GerSy materials, suggesting a possible ultimate limit for these
classes of materials. The compressive strengths of the strongest previously-reported HSMs
was up to around 35 MPa, [25,30,49,50] so materials FarSso_7p appear to have the highest
compressive strengths of any HSMs for which data has been reported.

4. Conclusions

In conclusion, increased organic content facilitates cross-linking with elemental sulfur
in terpenoid-sulfur composites, leading to concomitantly improved mechanical properties
of the composites. The compressive strength of these composites (up to 43 MPa) is signifi-
cantly greater than that of ordinary Portland cement, while terpenoid-sulfur composite
tensile strength (up to 750 kPa) is notably lower than that of ordinary Portland cement. A
higher olefin content is found to progressively improve the strength of composites until
around 80-85% of terpenoid, after which point both tensile and compressive strength
diminish as the length of polymeric sulfur chains in the network are expected to con-
comitantly decrease. The crystallinity of composites also decreases with increasing olefin
content, such that composites having the highest olefin content no longer exhibit detectable
crystalline microstructures. The mechanical metrics make terpenoid-sulfur composites
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potential candidates for static load-bearing applications like footings and foundations
where less sustainably produced mineral cements might otherwise be employed.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jcs5100257 /s1: Figure S1. DSC traces for farnesol-sulfur composites FarSx. The traces are
given for the third heating cycle; Figure S2. Annotated photographs depicting the manner in which
terpenoid-sulfur composites were fabricates for compressive testing. Image is for a sample of GerS90.
Reproduced from C. P. Maladeniya, M. S. Karunarathna, M. K. Lauer, C. V. Lopez, T. Thiounn and
R. C. Smith, Mater. Adv., 2020, 1, 1665 under a Creative Commons Attribution-NonCommercial 3.0
Unported Licence.; Figure S3. The manner in which terpenoid-sulfur composites were fabricates
for tensile testing was analogous to that used for compressive testing (Figure S3), but using dog
bone-shaped moulds (A). Dimensions of these dog bone-shaped samples were consistent for all
materials measured (B).
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R.C.S.; funding acquisition, R.C.S. Both authors have read and agreed to the published version of the
manuscript.
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