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Abstract

Poly(methyl methacrylate) (PMMA) is an important commodity polymer having

a wide range of applications. Currently, only about 10% of PMMA is recycled.

Herein, a simple two-stage process for the chemical upcycling of PMMA is dis-

cussed. In this method PMMA is modified by transesterification with a bio-

derived, olefin-bearing terpenoid, geraniol. In the second stage, olefin-

derivatized PMMA is reacted with sulfur to form a network composite by an

inverse vulcanization mechanism. Inverse vulcanization of PGMA with elemen-

tal sulfur (90 wt.%) yielded the durable composite PGMA-S. This composite was

characterized by NMR spectrometry, IR spectroscopy, elemental analysis, ther-

mogravimetric analysis, and differential scanning calorimetry. Composite water

uptake, compressional strength analysis, flexural strength analysis, tensile

strength analysis, and thermal recyclability are presented with comparison to

current commercial structural materials. PGMA-S exhibits a similar compres-

sive strength (17.5 MPa) to that of Portland cement. PGMA-S demonstrates an

impressive flexural strength of 4.76 MPa which exceeds the flexural strength

(>3 MPa) of many commercial ordinary Portland cements. This study provides

a way to upcycle waste PMMA through combination with a naturally-occurring

olefin and industrial waste sulfur to yield composites having mechanical proper-

ties competitive with ecologically detrimental legacy building materials.
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1 | INTRODUCTION

Poly(methyl methacrylate) (PMMA) is characterized by
excellent transparency, high impact resistance, and ease
of processing. Its unique physical and chemical proper-
ties have led to its widespread utilization in various appli-
cations. PMMA's impact resistance and outstanding

transparency, which is comparable to that of glass, makes
it particularly well-suited for lenses, prisms, light guides,
and windshields. Furthermore, the biocompatibility and
dimensional stability of PMMA have also led to its wide-
spread use in contact lenses, dental restorations and
orthopedic implants.1 The low density of PMMA
(1.18 g cm�3) compared to that of alternative materials
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like optical glass (with a density of 2.5 g cm�3) makes it
an attractive alternative material for use in automotive
components, given that reduced vehicle weight improves
fuel efficiency and, consequently, reduces net carbon
emissions. Despite the potential for improving sustain-
ability in this regard, post-consumer PMMA is a persis-
tent environmental pollutant.2–6

Currently PMMA is produced at 3.9 million metric
tons per year, and only 10% of generated polymeric prod-
ucts is recycled.7,8 The majority of waste PMMA is incin-
erated or ends up in landfills. The routes currently used
to recycle PMMA can be broadly divided into two catego-
ries: mechanical recycling and chemical recycling. Chem-
ical recycling can be undertaken by several common
processes such as gasification, thermal cracking, catalytic
cracking and solvolysis.9 Despite the lower operating
temperatures of some of the other processes, the thermal
cracking of the waste PMMA in the absence of oxygen
remains the most exploited process of PMMA depolymer-
ization and recovery.7

Elemental sulfur is a versatile component of plastic recy-
cling/upcycling in a processes sometimes referred to as
thiocracking.10–12 Because elemental sulfur itself is a signifi-
cantly underutilized by-product of fossil fuel refining, its use
in materials also contributes positively to sustainability.13–15

At STP, elemental sulfur exists as α-sulfur, a crystalline
allotrope of orthorhombic cyclo-S8. When cyclo-S8 is heated
above 159�C, cyclo-S8 undergoes homolytic ring opening
and self-polymerization to give polymeric sulfur diradicals
of the form •S Sn S• (Scheme 1).16 These sulfur-centered
radicals can react with a range of organic species to facili-
tate the modification or disintegration of plastics. One
such mechanism is inverse vulcanization, an S C bond-
forming reaction wherein sulfur-centered radicals add pri-
marily to C C π-bonds (Scheme 1).17,18 This process has
been used to prepare a wide range of green composites
derived from used cooking oil and greases,19,20 biomass
waste,21–26 and other bio-olefins.27–32

More recently, we devised a process to upcycle post-
consumer poly(ethylene terephthalate) (PET, Scheme 2)11

via a transesterification/inverse vulcanization mechanism.
In this process, PET underwent transesterification with

geraniol, an olefin-bearing, plant-derived terpenoid, fol-
lowed by inverse vulcanization of the olefins to give a com-
posite with high compressive strength that exceeds that of
ordinary Portland cement (OPC). OPC production contrib-
utes �8% of all anthropogenic CO2,

33 so finding alternatives
such as geopolymer cements34,35 or sulfur cements36–42 will
be important to achieve a sustainable economy.

Upcycling/recycling of waste plastic via the thiocrack-
ing strategy is attractive among potential routes because
(1) it utilizes abundant sulfur by-product from fossil fuel
refining, (2) produces materials whose mechanical struc-
ture is endowed with S S bond networks, making them
thermally recyclable, and (3) thiocracking takes place at
lower temperatures than some routes to plastic recycling
such as pyrolysis or thermal cracking, thus lowering the
energy footprint.

SCHEME 1 General scheme for S C bond-forming reactions

by inverse vulcanization mechanisms.

SCHEME 2 Upcycling of PET via transesterification/inverse

vulcanization to give composite SPG having compressional and

flexural strength exceeding those of ordinary Portland cement.
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Given that tandem transesterification/inverse vulca-
nization could be achieved with ester functional groups
in the PET backbone, we reasoned it would be similarly
successful with pendant ester functional groups such as
those found in PMMA. Herein we report a two-stage
chemical recycling route to upcycle PMMA (Scheme 3).
This process involves partial transesterification to substi-
tute PMMA methyl with geranyl units, giving PGMA.
The olefin-bearing geranyl sidechains in PGMA were
then vulcanized by reaction of 10 wt.% PGMA with
90 wt.% elemental sulfur to yield a durable composite
material (PGMA-S).

2 | RESULTS AND DISCUSSION

2.1 | Transesterification of PMMA with
geraniol

The goal of this study was to upcycle PMMA via inverse
vulcanization with sulfur. This goal requires olefin units
to be installed on PMMA to participate in crosslinking
via S C bond-forming reactions via inverse vulcanization
as shown in Scheme 1. To improve the sustainability of
the chemistry, a plant-derived olefin-bearing terpenoid,
geraniol, was selected for this purpose. The first step was
transesterification of PMMA with geraniol to replace
some of the methyl sidechains with geranyl groups
(Scheme 3). The direct reaction of geraniol with PMMA
was sluggish due to the steric hindrance to bringing the
methyl ester and geraniol starting materials together for
productive reaction in the geraniol versus methanol sub-
stitution equilibrium. Successful transesterification was,
however, readily accomplished by adapting a procedure
reported by Hawker's group for transesterification of
PMMA with benzyl alcohol.43 In this procedure, geraniol
was deprotonated using lithium diisopropylamide
(LDA) prior to its addition to PMMA. The resulting
crude poly(geranyl methacrylate-ran-methyl methacrylate)
(PGMA, Scheme 3) was isolated as a sticky solid by precip-
itation into an acidic water/methanol mixture. The pure
material was obtained in 52% yield as a tan solid after

Soxhlet extraction with methanol and drying in a vacuum
oven at 60�C overnight.

PGMA was analyzed by 1H nuclear magnetic reso-
nance (NMR) spectrometry (Figure 1, full spectrum pro-
vided as Figure S1 in the SI). By comparing integration
values for the geraniol-derived methylene proton signals
(highlighted in green in Figure 1) to that of the methyl
ester proton signal (highlighted in blue in Figure 1), the
percent of methyl esters converted to geranyl esters was
calculated to be 33%, corresponding to an olefin content
of 14.2 mmol g�1. The substitution of geranyl moieties
for 33% of the methyl groups leads to a 1.4-fold increase
in the average molecular weight per repeat unit in PGMA
(140 g/mol) versus in the PMMA starting material
(100 g/mol). GPC analysis of the PMMA starting
material (Mn = 7700, Mw = 12,800, Ð = 1.7) and PGMA
(Mn = 11,700, Mw = 17,900, Ð = 1.5) revealed a number
average molecular weight ratio of 1.5, the same within
statistical error as the 1.4 ratio predicted from analysis of
1H NMR data. The somewhat narrower dispersity
of PGMA (Ð = 1.5) versus that of PMMA (Ð = 1.7) is
attributable to purification of PGMA by precipitation,
which removed some lower molecular weight fractions.

The Fourier–transform infrared (FTIR) spectrum of
PGMA (Figure 2) provided additional evidence for gera-
niol substitution. The FT–IR spectrum of geraniol has a
distinctive broad O H stretch in the range of
3300–3400 cm�1, whereas the spectrum for PGMA
showed no sign of a band attributable to an O H stretch.
The spectrum of PGMA also provided evidence for olefin
incorporation by the appearance of an alkene C H bend-
ing peaks at 840 cm�1 and a C C stretching peak at
1670 cm�1. PGMA also retained characteristic features
for ester functionalities in the form of the C O stretch at
1724 cm�1 and C O stretch at 1145 cm�1.

2.2 | Inverse vulcanization of PGMA to
give PGMA-S

The second step in the proposed PMMA upcycling pro-
cess was crosslinking olefin units in PGMA via inverse

SCHEME 3 Synthetic

routes to PGMA and PGMA-S.
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vulcanization. PGMA (10 wt.%) and 90 wt.% sulfur were
thus reacted in a sealed pressure reactor under nitrogen.
This reaction produced a homogeneous black liquid that
became a glassy black solid (PGMA-S) when cooled to
room temperature. Polymeric sulfur with no added
organic material is very dark red in color above 159�C
and becomes near black at higher temperatures even
under inert atmosphere as the polymeric chains break
into a mixture of oligomers.16 A mixture of oligosulfur
crosslinking chains is similarly proposed as contributing
to the dark color in the current material. The material
was readily remeltable at 180�C and could be poured into
silicone molds to give different shapes such as cylinders,
rectangular prisms and dog bones to test compressive

strength, flexural strength, and tensile strength, respec-
tively (Figure 3). The thermal reversibility of dynamic
S S covalent bond formation makes this polymer ther-
mally recyclable,44 and no difference was observed in
mechanical properties (vide infra) regardless of the
number of melt/cast cycles (up to at least six cycles).
Sulfur–sulfur bonds in oligosulfur crosslinking chains
are less stable than those in S8 rings, and so their
homolytic cleavage occurs at temperatures of 159�C or
below.16

High sulfur-content materials (HSMs) like PGMA-S
are generally composites in which the sulfur is present in
different forms. Toluene was used to extract sulfur spe-
cies physically entrapped in but not covalently-bound to
organic species within PGMA-S. The entrapped sulfur
species, comprising 79 wt.% of the sample, are thought to
be a mixture of species collectively known as “dark sul-
fur.”45,46 Although the chemical identities of the individ-
ual species comprising dark sulfur are not fully
understood, they are made almost entirely of sulfur
atoms. In the current case, elemental microanalysis con-
firmed that the toluene soluble fractions of PGMA-S are
>98% sulfur. Following the extraction of dark sulfur, the
remaining sulfur can be presumed to exist predominantly

FIGURE 1 Inset of the 1H

NMR spectrum of PGMA

highlighting resonances used to

determine the percent

functionalization.

FIGURE 2 Fourier–transform infrared spectroscopy (FT–IR)
traces for PGMA (blue trace) compared to those of PMMA (orange

trace) and geraniol (black trace).

FIGURE 3 Photos of PGMA-S that have been shaped into

various shapes appropriate for compressive (A), flexural (B) and

tensile (C) strength analysis.
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in the crosslinking sulfur catenates represented as
“ Sx ” in Scheme 3. The average value of x, known as
the sulfur rank of a material, is often calculated for HSMs
based on covalently linked sulfur content and olefin con-
tent (14.2 mmol g�1). Recent studies on the mechanism
of inverse vulcanization complicate this analysis. From
the years 2013 to 2023, inverse vulcanization was thought
to yield predominantly products of the form InV1
(Scheme 1)17 in which both olefinic carbons in the start-
ing material participated in S C bond formation. Recent
work18 suggests that products of form InV2, wherein
only one of the olefinic carbons participates in S C
bond-forming reactions, are not only observed but may
even be the major product of inverse vulcanization reac-
tions in some cases. Sulfur ranks for previously reported
HSMs were calculated assuming products of the form
InV1. When this assumption is made for PGMA-S, its
sulfur rank is 20. This compares well to the sulfur ranks
of other materials calculated using the same assumption.
A sulfur rank of 22 was reported for GCS90, a composite
made from 90 wt.% sulfur and 10 wt.% geraniol-esterified
cellulose, for example.47 A significantly lower sulfur rank
of 5 was reported for GPS, a composite made from
90 wt.% sulfur and 10 wt.% of esterified PET.11 Sulfur
ranks can be much higher, however. Some of the highest
sulfur ranks reported for HSMs are for biomass-derived
composites like PS90, a composite of 90 wt.% sulfur/10
wt.% peanut shells, with a sulfur rank of 257. The
olefin content of the peanut shells was very low in that

case, however, so it would be expected to have more sul-
fur atoms available for crosslinking compared to
PGMA-S.22,23

To facilitate comparison to previously reported mate-
rials, the preceding comparison of sulfur ranks assumed
InV1-like microstructures in PGMA-S. Considering
recent mechanistic work, however, PGMA-S likely com-
prises a mixture of InV1- and InV2-type microstructures,
in which case the sulfur rank in PGMA-S would be
between 20 (if entirely InV1 product) and 40 (if entirely
InV2 product). The actual sulfur ranks of previously
reported HSMs made from olefins may likewise actually
fall between the reported and twice the reported value if
they were calculated using the assumption of entirely
InV1 products.

A comparison of IR spectra for PGMA and PGMA-S
(Figure 4) provides evidence for the consumption of
alkenes in PGMA and the concomitant formation of S C
bonds. Because PGMS-S is 90 wt.% sulfur, its IR spec-
trum shows only weak signals attributable to organic
units. As discussed above, however, a significant quantity
of sulfur not involved in covalent bonds to C (i.e., dark
sulfur) can be extracted from PGMA-S to leave a fraction
with a higher concentration of organic material. The IR
spectrum of the toluene-insoluble fraction (green trace in
Figure 4) more clearly showed a prominent new peak at
692 cm�1 attributable to the C S stretch as evidence of
the anticipated inverse vulcanization process.

Scanning electron microscopy (SEM) with elemental
mapping by energy dispersive X-ray analysis (EDX) was

FIGURE 4 Portion of the FT-IR spectrum of PGMA-S (red

trace) compared to that of PGMA (blue trace) and that of the

toluene-insoluble (after extraction of dark sulfur) portion of

PGMA-S (green trace).

FIGURE 5 Scanning electron microscopy (SEM, gray image)

with elemental mapping by energy dispersive X-ray analysis (EDX)

of PGMA-S. Sulfur is shown in red, carbon in yellow, and oxygen

in green.

558 WIJEYATUNGA ET AL.

 26424169, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20230609 by C

lem
son U

niversity, W
iley O

nline Library on [02/02/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



also used to assess the surface morphology of PGMA-S
(Figure 5). Most of the surface of PGMA-S had a rela-
tively uniform distribution of the elements carbon, oxy-
gen and sulfur. Several areas (�3 μm wide on average)
could be discerned in EDX images with a lower abun-
dance of sulfur and higher concentration of carbon and
oxygen. This indicates some separation of organic-rich
from sulfur-rich domains on the micron scale despite
their uniform appearance on the macroscale.

2.3 | Thermal and mechanical properties

Thermogravimetric analysis (TGA, blue trace in Figure 6)
revealed a multistep decomposition of PGMA. The first
decomposition step (201�C) is attributable to cleavage of
ester bonds which gives low molecular fragments. The
second (onset at 271�C) and third degradation (onset at
376�C) are attributable to chain scission of the terminal
unsaturated groups and random scission within the poly-
mer chain as are observed in unmodified PMMA.48

TGA of PGMA-S as synthesized (containing both
dark sulfur and covalently-linked Sx ) showed two dis-
tinct decomposition events (red trace in Figure 6). The
initial event, leading to mass loss via sulfur sublimation
and a Td of at 211�C, is typical of HSMs and similar to
that of cyclo-S8 itself (229�C, Table 1). A less apparent
mass loss feature attributable to degradation of the
organic polymer portion contributed by PGMA-S was
observed at 322�C.

Thermal morphological transitions of PGMA and
PGMA-S were analyzed by differential scanning calorim-
etry (DSC, Figures S2 and S3 in the SI). DSC Analysis of
PGMA by revealed a broad glass transition temperature
(Tg) centered at �11�C, but no melting temperature (Tm)
observed from �60 to 140�C.

The DSC thermogram for PGMA-S (Figure S3 in the
SI) showed an endothermic phase transition appearing at

111�C correspond to phase change from the orthorhom-
bic to the monoclinic allotrope of S8 and an endothermic
transition at 117�C attributable to the melting of mono-
clinic sulfur in sulfur-rich domains of the composite. A
glass transition temperature was not observed in the
range of �60 to 140�C for PGMA-S, but a cold crystalliza-
tion peak at 66�C was observed corresponding to partial
organization of the polymer chains.

The melting and cold crystallization enthalpies deter-
mined from the DSC analysis (Table 1) were used to cal-
culate the percent crystallinity of the PGMA-S composite
relative to crystalline orthorhombic sulfur. The percent
crystallinity of the PGMA-S was found to be 51% which
is comparatively higher than previous HSMs comprising
90 wt.% sulfur such as SunBG90 (5 wt.% animal fat/5
wt.% sunflower oil) with 21% crystallinity20 and mPES
(10 wt.% PET derivatives) with 34% crystallinity.12 A
recent study suggests that composites with lower organic
comonomer incorporation have higher crystallinities.20

One of the goals of this study was to assess the extent
to which the mechanical properties of PGMA-S could
make it competitive with traditional building materials
like ordinary Portland cement (OPC). OPC for housing
foundations have flexural strengths of >3 MPa and require
compressive strengths of ≥17 MPa (ACI specification
332.1R-06). Flexural strength tests of rectangular prisms of
PGMA-S (Figure 3B) were conducted in single cantilever
mode at room temperature (Table 2; stress–strain plot pro-
vided in Figure S4 of the SI). These tests showed that
PGMA-S had a flexural strength of 4.76 MPa, exceeding
that of OPC. The flexural strength of PGMA-S is compara-
ble to that of several other HSMs comprising 90 wt.% S,
including PS90 (10 wt % unmodified peanut shells)23 with
a flexural strength of 4.8 MPa), GCS90 (10 wt.% geraniol-
esterified cellulose)47 with a flexural strength of 4.9 MPa,
and BAS90 (10 wt.% 2,20,5,50–tetrabromobisphenol A)49

having a flexural strength of 4.7 MPa.
Mechanical test stand analysis of PGMA-S cylinders

(Figure 3A) was used to determine compressive strength
(Table 2; stress–strain plot provided in Figure S5 of the
SI). The compressive strength of PGMA-S was
17.5 MPa, similar to the minimum compressive strength
required for building foundations (17 MPa according to
American Concrete Institute Guide to Residential Con-
crete Construction code ACI 332.1R-06). The compres-
sive strength of PGMA-S lies in the middle of the
range of compressive strengths observed for other HSMs
(Table 2). Some composites having similar compressive
strengths to that of PGMA-S are mAPS95 (made from
95 wt.% sulfur and 5 wt.% allylated peanut, compressive
strength = 17.1 MPa),23 AA95 (made from 95 wt.% sul-
fur and 5 wt.% allylated lignocellulosic biomass, com-
pressive strength = 17.1 MPa),22 and SunS (made from

FIGURE 6 Thermogravimetric analysis (TGA) traces for

PGMA (blue trace) and PGMA-S (red trace).
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90 wt.% sulfur and 10 wt.% sunflower oil, compressive
strength = 17.9 MPa).50

In addition to its competitive compressive strength,
PGMA-S was impervious to water absorption within the

detection limit after being submerged in deionized water
for 24 h at room temperature. The high water absorption
by mineral cements (up to 28 wt.%) plays a significant
role in their mechanical failure,51,52 so the low water

TABLE 1 Thermal and solubility parameters for PGMA, PGMA-S and cyclo-S8.

Materials Td/�Ca Tm/�Cb T/ – β/�Cc Tg,DSC
d

Cold
crystallization
peaks/�C

ΔHm

J/g
ΔHcc

J/g
Percent
crystallinitye

Percent
insoluble
fractionf

PGMA-S 211 117 111 NA 66 32 �36 51 21

Cyclo-S8 229 118 NA NA NA 45 NA 100 0

aThe temperature at which the 5% mass loss was observed.
bThe temperature at the peak maximum of the endothermic melting from the third heating cycle.
cThe temperature at which the phase changes from orthorhombic to the monoclinic allotrope of S8 occurs.
dGlass transition temperature.
eThe reduction of percent crystallinity of each sample was calculated with respect to sulfur (normalized to 100%).
fPercent of non-extractable sulfur in each sample after toluene extraction.

TABLE 2 Comparison of mechanical properties of PGMA-S to a range of chemically-related HSMs and to familiar ordinary Portland

cement.

Materials
Compressive
strength (MPa)

Flexural strength/
modulus (MPa)

Ultimate tensile strength at
break (MPa)

Elongation at
break (%)

Sulfur
rankn

PGMA-S 17.5 ± 2.8 4.76/642 3.88 ± 1.20 26 ± 8 20

mAPS95
a 17.1 ± 0.0 5.6/1410 ND ND 33

AA95
b 17.1 ND ND ND ND

SunSc 17.9 ± 3.1 ND ND ND ND

PS90
d 21.3 ± 1.2 4.8/950 ND ND 257

mPESe 26.9 ± 0.6 7.7/320 0.21 ± 0.04 <1 62

SunBG90
f 35.9 ± 0.7 7.7/460 ND ND 54

R-BPA80
g ND ND 3.0 ± 0.4 32 ± 4 ND

GS90
h ND ND 1.16 ± 0.53 4.3 ± 1.8 ND

GS80
i ND ND 2.32 ± 0.02 10.9 ± 2.1 ND

GCS90
j ND >4.9/950 ND ND 22

BAS90
k ND >4.7/290 ND ND 6

S-DCPD-
EGDMAl

NDm 5–5.5 1.5–2 2.5–3 ND

Portland
cement

17.0 3.7/580 ND ND NA

aComposite made from 95 wt.% sulfur and 5 wt.% allylated peanut shells.
bComposite made from 95 wt.% sulfur and 5 wt.% allyl cellulose: allyl lignin blend.
cComposite made from 90 wt.% sulfur and 10 wt.% sunflower oil.
dComposite made from 90 wt.% sulfur and 10 wt.% unmodified peanut shells.
eComposite made from 90 wt.% sulfur and 10 wt.% esterified PET.
fComposite made from 90 wt.% sulfur, 5 wt.% brown grease and 5 wt.% sunflower oil.
gComposite made from 80 wt.% sulfur and 20 wt.% O,O0-diallyl-2,20,5,50-tetrabromobisphenol A.
hComposite made from 90 wt.% sulfur and 10 wt.% guaiacol.
iComposite made from 80 wt.% sulfur and 20 wt.% guaiacol.
jComposite made from 90 wt.% sulfur and 10 wt.% of the esterified oxidized cellulose with geraniol.
kComposite made from 90 wt.% sulfur and 10 wt.% 2,20,5,50-tetrabromo(bisphenol A).
lComposite made from 50 wt.% sulfur loading, and 25 wt.% loading each of dicyclopentadiene and ethylene glycol dimethylacrylate.
mCompressive strength was not recorded but compression modulus was recorded.
nValues reported assume InV1 type products as shown in Scheme 1.

560 WIJEYATUNGA ET AL.

 26424169, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20230609 by C

lem
son U

niversity, W
iley O

nline Library on [02/02/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



uptake of PGMA-S makes it a good candidate for
enhanced weathering durability.

The ultimate tensile strength at break (UTS) and
elongation at break for PGMA-S were measured for dog
bone-shaped specimens (Figure 3C). These tests reveal
UTS of 3.88 MPa and elongation at break of 26%.
PGMA-S thus exhibited higher UTS and elongation at
break than most other HSMs (Table 2; stress–strain plot
provided in Figure S6 of the SI). Another HSM made
from waste plastic, mPES (a composite made from
90 wt.% sulfur and 10 wt.% esterified PET),11 for exam-
ple, had a UTS of only 0.21 MPa. Guaiacol-derived GS90
(made from 90 wt.% sulfur and 10 wt.% guaiacol,
UTS = 1.16 MPa) and GS80 (80 wt.% sulfur and 20 wt.%
guaiacol, UTS of 2.32 MPa)24 as well as R-BPA80 (com-
prising 80 wt.% sulfur and 20 wt.% O,O0-diallyl-2,20,5,50-
tetrabromobisphenol A, UTS = 3.0 MPa),38 had better
tensile strength but still fall short of PGMA-S. A more
detailed study on the effect of composition on tensile
properties was carried out on terpolymers made from
sulfur, ethylene glycol dimethylacrylate and dicyclopen-
tadiene.53 These terpolymers (S-DCPD-EGDMA in
Table 2) exhibited better flexural strength between (5–
5.5 MPa) but lower UTS (1.5–2 MPa) than PGMA-S.
The high tensile strength of PGMA-S compared to the
majority of HSMs may derive from its organic precursor
being polymeric, whereas the other HSMs discussed
above employ small molecular olefins as comonomers
with sulfur.

3 | CONCLUSIONS

In conclusion, this study presents a strategy for con-
version of commodity Poly (methyl methacrylate) into
value-added materials. The bio-olefin, geraniol
replaced the methyl ester group in PMMA to produce
the random polymer, poly (methyl methacrylate-
ran-geranyl methacrylate) with novel properties. This
modification facilitated the cross-linking with poly-
meric sulfur chains which resulted in the formation
of an organosulfur composite. PGMA-S exhibits
remeltability and excellent recyclability. The material
demonstrated a mechanical strength on par with
commercial Portland cement. Also, the flexural
strength of PGMA-S exceeded that of OPC. PGMA-S
is expected to find promising applications in sustain-
able building materials due to its remarkable
mechanical properties. Moving forward, the improve-
ment of properties of the composite and development
of improved synthetic methods holds the key to
manufacturing advance sustainable commercially via-
ble polymeric materials.

4 | EXPERIMENTAL

4.1 | Materials

Geraniol (Alfa Aesar), PMMA (Sigma Aldrich;
Mn = 7700, Mw = 12,800, Ð = 1.7), LDA (Sigma Aldrich,
2 M in THF/heptane/ethylbenzene) and sulfur (Dugas
Diesel, USA) were used as received.

4.2 | General considerations

Fourier transform infrared spectra were obtained using a Shi-
madzu IR Affinity-1S instrument with an ATR attachment
operating over 400–4000 cm�1 at ambient temperature.

The proton NMR spectra were recorded on a Bruker
NEO-300 MHz spectrometer at room temperature. Spin-
Works 4.2.11 software was used to process obtained data.

Gel permeation chromatography (GPC) was carried
out on a Shimadzu GPC using a Phenogel 5u 10E4A gel
column and RID 10A detector and with tetrahydrofuran
as an eluent at a flow rate of 1 mL min�1. A set of poly-
styrene standards (obtained from Polymer Source, Inc.)
from 136,269 to 7215 molecular weight was used to cali-
brate the GPC instrument. Data acquisitions were carried
out with the Labsolutions GPC software.

Thermogravimetric analysis (TGA) data were
recorded on a TA SDT Q600 instrument over the range
25–800�C, with a heating rate of 10 �C min�1 under a
flow of N2 (20 mL min�1).

Differential scanning calorimetry (DSC) data were
acquired using a Mettler Toledo DSC 3 STARe System
from �60 to 140�C, with a heating rate of 10�C min�1

under a flow of N2 (50 mL min�1). Each DSC measure-
ment was carried out over three heat-cool cycles, and
data are reported for the third cycle.

Flexural strength analysis was performed using a
Mettler Toledo DMA 1 STARe System in single cantilever
mode. The samples were cast from silicone resin molds
(Smooth-On Oomoo® 25 tin-cure). The sample dimen-
sions were 1.5 � 10 � 18 mm. Flexural analysis was per-
formed in duplicate and results were averaged. The
clamping force was 1 cN m.

Compressional and tensile analyses were performed on a
Mark-10 ES30 test stand equipped with a M3-200 force gauge
(1 kN maximum force with ±1 N resolution). Compression
cylinders were cast from silicone resin molds (Smooth-On
Oomoo® 25 tin-cure) with diameters of �6 mm and heights
of �10 mm. Samples were manually sanded to ensure uni-
form dimensions. Compressional analysis was performed in
triplicate and the results were averaged.

SEM and EDX were acquired on a Schottky Field
Emission Scanning Electron Microscope SU5000
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operating in variable pressure mode with an accelerating
voltage of 15 keV.

4.2.1 | Synthesis of PGMA

This procedure follows a reported procedure, but uses
geraniol43 in place of benzyl alcohol. Poly(methyl meth-
acrylate) (8.01 g, 80.0 mmol) was placed in a round bot-
tom flask and the flask was sealed with a rubber septum
stopper. The sealed system was then purged with nitro-
gen and a dynamic nitrogen flow was maintained
throughout the remainder of the experiment. After about
20 min of purging with nitrogen, a 160 mL aliquot of
anhydrous N,N-dimethylformamide (DMF) was trans-
ferred to the sealed flask of PMMA via syringe. A sepa-
rate three-neck round bottom flask was equipped with a
Teflon-coated magnetic stir bar and a reflux condenser.
Geraniol (12.3 g, 80.0 mmol) was added to the three-neck
flask. The flask was then sealed with rubber septum stop-
pers and purged with nitrogen. Magnetic stirring was ini-
tiated and the flask was cooled in an ice bath. A 40.0 mL
aliquot of a lithium diisopropylamide solution (LDA, 2 M
solution in THF/heptane/ethylbenzene, 80.0 mmol) was
added to the round bottom flask via a degassed syringe.
Following complete addition of the LDA solution, the
mixture was allowed to stir for an additional 30 min
while the flask was maintained in an ice bath. After this
time, the PMMA solution from the other flask was added
dropwise to the rapidly stirring geraniol/LDA reaction
mixture. Following addition, the ice bath was removed
and the solution was stirred for 10 min before heating
the mixture at 120�C for 2 h. After 2 h, the reaction mix-
ture was poured into an acidic water methanol mixture
(80 mL DI water: 80 mL methanol: 4 mL conc. HCl).
Liquid–liquid extraction of the product into dichloro-
methane (200 mL) was undertaken and the organic frac-
tions were collected. Volatiles were removed from the
organic layer vacuum in a rotary evaporator. The remaining
non-volatile organics were redissolved in dichloromethane
(100 mL) and 100 mL of water was added. Phase separation
was not efficient, so the mixture was centrifuged and the
water layer was removed by pipet. This process was
repeated five times to extract residual DMF. The crude poly-
mer was a very sticky beige solid that was difficult to collect
from glassware and centrifuge tube surfaces, so some loss
of material occurred during these manipulations. Volatiles
were again removed from the organic layer remaining after
the final centrifugation. At this point, 1H NMR spectro-
scopic analysis still showed the presence of some unreacted
geraniol. Initial trials to remove geraniol by washing the
solid with hexanes were unsuccessful. Residual geraniol
was successfully removed by Soxhlet extraction with

methanol for 5 h, followed by drying the solid in a vacuum
oven at 60�C overnight to give the product as a tan solid
(5.82 g, 51.8%, NMR data provided in Figure S1, SI). Data
from GPC:Mn = 11,700,Mw = 17,900, Ð = 1.5.

4.2.2 | Synthesis of PGMA-S

CAUTION: Heating elemental sulfur with organics can
result in the formation of H2S gas. H2S is toxic, foul-
smelling, and corrosive. A 13.50 g sample of elemental sul-
fur and 1.500 g of PGMA were added to a Parr bomb
reactor. Mechanical stirring was started and the reactor
was brought to 250�C over about 1 h and once this tem-
perature was reached stirring was continued for 1 h. The
reactor was allowed to cool to ambient temperature
before opening it to reveal the product as a nearly black
solid (recovered yield 12.65 g, 84.33%). Elemental analysis
calculated: C, 7.08; S, 90.00; H, 1.03%. Found: C, 4.99; S,
94.08; H, 0.19%. (Atlantic Microlab, Inc.).

4.2.3 | Extraction of dark sulfur with toluene

A 0.1360 g sample of finely ground PGMA-S was used to
perform toluene extractions. The finely ground material
was stirred with 20 mL of toluene for about an hour.
Then the solid was allowed to settle for 30 min & super-
natant was pipetted off into a separate vial. After that
another 20 mL of toluene was added. The residual tolu-
ene was evaporated and each vial was weighed to deter-
mine the mass of the insoluble fraction.
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