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Abstract

Despite adhesives having their origins in natural materials, most glues are formed from
petroleum-based products. However, many natural adhesives lack the strength to compete with
synthetic glues. Therefore, strong, sustainable alternatives are needed. Data presented here builds
on prior work that combines elemental sulfur, a petroleum byproduct, and garlic essential oil
(GEO) which is composed of allyl sulfides, to make adhesives. Here, we have demonstrated that
both sulfur and GEO can initiate polymerization at 160 °C with another petroleum byproduct,
dicyclopentadiene, and a variety of natural monomers through the formation of sulfur radicals. In
addition to using natural monomers and petroleum byproducts, these processes are solvent free
and have high atom economy, limiting waste formation, and meeting many principles of green
chemistry. Much of this work has focused on determining the effect of each sulfur source on
polymerization and adhesion. A family of polymers were created with varied S: GEO: monomer
ratios and characterized to determine differences in their chemical and materials properties.
Despite similarities in the reaction mechanism, sulfur tends to polymerize more rapidly and
create materials that are more ductile and more easily reprocessed. GEO is slower to react
causing more polymerization to take place on the adherend surface yielding a more brittle
polymer with higher maximum adhesion strength but lower work of adhesion. Both polymers
exhibited effective adhesive recyclability. Overall, a combination of natural oils and petroleum
byproducts were combined to make inexpensive, sustainable, recyclable adhesives.

Introduction

Adhesives are a mainstay of modern life and are critical in a wide range of commercial
products. Although their origins are natural materials from thousands of years ago, most modern
adhesives are made from non-renewable petroleum products making them unsustainable and

ecologically damaging.™ 2 In recent years, a variety of factors have caused a societal shift toward
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creating biobased products. Plant oils have been specifically used to create a range of adhesives
including polyurethanes, polyvinyl acrylates, and epoxies.® Incorporating these oils can offer
solvent resistance, biodegradability, and reduced health hazards. However, current alternatives
tend to lack the strength required of more intensive applications.

Sulfur-containing compounds in crude oil lead to the release of SO2 during combustion,
which combines with water in the atmosphere causing acid rain.® Therefore, sulfur-containing
contaminants are removed during petroleum refinement leading to the annual production of ~70
billion kg of sulfur byproduct.® " Heating sulfur enables the homolytic cleavage of the Sg ring
forming radical species that can initiate polymerization with unsaturated C-C bonds in a process
termed inverse vulcanization.® This method expanded rapidly due to the synthetic ease, scalable
synthesis, and adherence to many of the principles of green chemistry due to sulfur acting as the
solvent, initiator, and monomer, yielding high atom economy and limiting waste production.®
Inverse vulcanization has been used to create materials for a wide range of applications including
cathodes,® 1* * infrared optics, >4 and water purification,'>2! among others.??8 In a prior report
we described the first adhesives formed by inverse vulcanization by combining elemental sulfur
with garlic essential oil (GEO).? Since then, there has been evidence of other polysulfides
functioning as adhesives,* 3! cements,3>34 binders,* and coatings.>® Polysulfides are often
solvent resistant and flexible with some being able to withstand high temperatures.®’

An equivalent process utilizing the S-S bonds of allyl sulfides present in GEO make it
possible to use this natural feedstock as an initiator for radical polymerization.?® GEO is a unique
plant oil since it is primarily composed of allyl sulfides enabling it to contribute to the overall
sulfur content of the material.>® *° The effective use of GEO in adhesive copolymers offers a path
to synthesize fully renewable adhesives. In order to accomplish this goal, we need to better
understand the role of natural monomers and their impacts on adhesives.

Here we have expanded the use of essential oils to form polysulfide adhesives to include
naturally sourced monomers linalool, limonene, and myrcene. We have also included analysis of
dicyclopentadiene (DCPD) which is a byproduct of ethylene production.*® Furthermore, this
work provides an in-depth analysis into the role of sulfur versus GEO on the chemical and

material properties of polysulfides.
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Experimental

Materials

Plant Therapy garlic essential oil was used for the majority of testing. However, there were supply
issues, so recyclability analysis was conducted with Plant Guru garlic essential oil. All other
reagents were purchased from ThermoFisher Scientific or Sigma Aldrich without further

modification. Aluminum sheets were purchased from McMasterCarr.

Polymer Synthesis and Characterization

The polymers were synthesized by heating elemental sulfur or garlic essential oil with the
monomer of interest at 160 °C for 1 h. A range of S:GEO:monomer ratios were synthesized with
50% monomer by weight, 0-50% GEO, with the remainder composed sulfur. Vials were vented in
the hood to allow any hydrogen sulfide that may have formed to escape before further use. In a
typical synthesis 0.50 g sulfur and 0.50 g of monomer such as linalool are combined in a 3.7 mL
vial with a stir bar and heated at 160 °C for 1 h. The polymer is then collected in a syringe where
it is stored and then used to deliver the polymer for adhesion testing. Synthesis could also be
conducted on a 5 g scale with similar results. Polymers were characterized on a Bruker 400 MHz
NMR in CDClz and by ATR FTIR spectroscopy using a ThermoScientific Nicolet iS5 with an iD7
ATR attachment to determine the extent of polymerization. The monomer alkene peaks rather than
the allyl peaks from GEO were used to determine the degree of polymerization due to GEO
reacting more readily than the other natural monomers. Polymers were further characterized on a
TA instruments DSC Q20 with an RCS40 cooling unit and thermogravimetric analyzer Q600 DSC
samples were analyzed from -40 to 140 °C, at 10 °C per minute. TGA experiments were conducted
from 25 to 550 °C, at 10 °C per minute.

Polymer solubility in dichloromethane (DCM) was tested. After the initial polymerization,
~ 50 mg of polymer was added to a pre-weighed vial and cured at 160 °C for 24 h to mimic
adhesive curing. The vials are removed from the oven and allowed to cool to room temperature. ~
2 mL of DCM was added to obtain a 25 mg polymer per 1 mL DCM ratio. The polymer was
vortexed and left overnight to ensure maximum dissolution. It was vortexed again before removing
the insoluble portion by vacuum filtration using pre-weighted filter paper. Because these materials
tend to be heterogeneous, there is typically a soluble and insoluble portion rather than just a
concentration at which the polymer is soluble in a given solvent.*! Therefore, three, 1 mL washes

of DCM were used to wash away any remaining soluble polymer. The filter paper was dried and
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weighed to determine the insoluble portion. The soluble portion was determined by subtracting the
mass of the insoluble portion from the starting polymer mass.

Due to reported hydrogen sulfide gas production during inverse vulcanization, reaction
vials were opened in a fume hood to prevent exposure to gasses formed during the reaction and
adhesives were cured in an oven with a connection to a ventilation system. To quantify the H2S
produced during the reaction, tubing was connected from the reaction vessel to a flask of 1 M
AgNOs3, which functioned as an indicator, according to the published protocol.*? After collection,
the resulting Ag.S precipitate was filtered and weighed. This test was performed for the synthesis
and cure of poly(S-linalool) and poly(GEO-linalool).

Adhesion Testing
1/8-inch sheets of T6061aluminum were cut into 3.5 x 1 inch adherends by water jet (Figure 1).
Adherends were sanded using a random orbital palm sander with 150 grit sandpaper. A 1 cm long

area of each adherend was masked off with scotch

3.5
tape to control the area of polymer application and < —
minimize border irregularity. 25 +/- 1 mg of @) Al T6061 %]t 05
/ :
polymer was evenly spread onto the masked area >

0.4 -
using razor blades and/or syringe needles. " — 1
Densities were obtained for some polymer

) T Figure 1: Schematic of aluminum adherends
samples, so a volume was used instead utilizing  and the single lap joint configuration used for

the calculated volume for a 0.025 g sample to the adhesion testing.
nearest pL. After sample application the scotch tape was removed and a 1 cm? piece of scrim cloth
was placed on top of one side of the adherend pair to help control bond thickness. The other
adherend was overlapped to form a single-lap joint (Figure 1). The joints were cured in a 160 °C
oven for 24 h and were allowed to cool a minimum of one hour before testing. Lap shear testing
was performed by applying in-line tension to each joint at a rate of 2 mm/min using an Instron
TM34-10 universal testing system. Tests were ended automatically after a 70% drop in force once
a force of at least 10 N was registered. The adhesion strength was determined by dividing the
maximum force by the overlap area. Work of adhesion was automatically calculated by the
BlueHill testing software by calculating the area under the force versus extension curve. The

failure mode (adhesive vs cohesive) was determined by visual inspection.
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Results and Discussion

To better understand how sulfur and GEO

impact adhesion, each was used as the sulfur S A  SugSagSug S
| |
source and initiator for the polymerization of Seig®
limonene, linalool, myrcene, and N .
///\/Sis]/\,/ — = S+ ISN
n

dicyclopentadiene (DCPD). Upon exposure to
heat, both sulfur and GEO undergo S-S bond Scheme 1: Homolytic cleavage of elemental
cleavage to form sulfur radicals (Scheme 1). sulfurandallylsulfides presentin garlic essential
Polysulfides were synthesized by heating the ol toform thiy! radicals.
monomers to 160 °C for 1 h. Limonene, linalool, and DCPD were synthesized with 50% sulfur or
GEO and 50% monomer by weight. However, myrcene solidified at 50% sulfur preventing the
collection of adhesion data.

Instead, these copolymers are presented with 30% S/GEO and 70% myrcene by weight.
Pinene was also tested, but it did not form stable polysulfides with sulfur. The bicyclic structure
of pinene with a single unsaturation may limit its ability to stabilize sulfur causing the extended
sulfur chains to depolymerize reverting to the Sg form. This was observed by yellow sulfur rapidly
precipitating from solution upon cooling. Each of these monomers has been reported previously
to successfully form polysulfides by inverse vulcanization,®% % 43 but most have not been used
to form adhesives. The exception is DCPD which has been used to form adhesives in conjunction
with canola oil 33

The polymers synthesized with GEO outperformed those synthesized with sulfur in the
case of each comonomer tested: limonene, linalool, myrcene, and DCPC (Figure 2). However, the
difference in adhesion strength varied substantially. For myrcene, there is almost no difference
(0.02 MPa), whereas linalool demonstrated dramatic differences in adhesion strength based on the

sulfur source obtaining a maximum adhesion strength of 0.45 MPa for poly(S-linalool) versus 1.78
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MPa for poly(GEO-linalool). Regardless of
the monomer used, all outperformed
poly(GEO), which had a maximum
adhesion strength of 0.68 MPa. However,
none of the natural monomers
outperformed poly(S-GEO), which
achieved 1.91 MPa. Sulfur homopolymers
could not be used for comparison since
elemental sulfur rapidly decomposes after

homopolymerization.

3.0
2.5

20

15 |

“h il
o
i

GEO limonene linalool myrcene DCPD
Comonomer
Figure 2: Adhesion strength of polysulfides formed
with elemental sulfur (blue) versus garlic essential
oil (GEO) (orange) with a variety of monomers. For
the GEO comonomer, the orange bar represents the
homopolymer poly(GEO).

mS mGEO

Adhesion (MPa)

Altering the comonomer proved to have more of an impact on the failure mode than the

sulfur source. DCPD demonstrated adhesive failure indicated by failure occurring at the polymer-

Al adherend interface. Linalool, instead, failed within the polymer indicating cohesive failure.

Limonene had a mixture of the two. These failure modes were consistent regardless of sulfur

source.
=@=|inalool

2.5 =@=|imonene
—_ —e=DCPD
© 2.0
o myrcene
=
s 15
o
a 1.0
-
=]
< 05
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Figure 3: Adhesion strength of polysulfides made with 50% monomer: linalool (blue),
limonene (orange), DCPD (black), and myrcene (green), 0-50% garlic essential oil (GEO)

and the remainder being elemental sulfur.

To better understand the variations in adhesion strength a series of polymers were made.

The monomer of interest was held constant at 50% by weight and the remainder was composed
of variable amounts of GEO:S (0:50, 15:35, 35:15, and 50:0). The adhesion strength of these co-
and terpolymers was compared (Figure 3). These intermediate tests indicate that there is not a
balance between sulfur and GEO that provides the best strength, but rather that the higher GEO
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content led to higher adhesion strength. Although some data are included for myrcene in Figure
3, the full series could not be tested due to solidification above 30% S. Therefore, myrcene was
also tested at different ratios. For myrcene, the strongest adhesion was observed with either all S
or all GEO and decreased in between (Figure S1). There may be less dramatic changes with this
system due to the higher myrcene content, limiting the impacts of S and GEO.

Since linalool demonstrated the largest difference in adhesion strength between sulfur and
GEO, it was the focus of further studies to compare the role of the sulfur versus GEO. A variety
of chemical and physical properties were analyzed to determine what could be leading to the
dramatic differences in adhesion strength. To mimic the adhesive conditions, polymers were

analyzed immediately after the initial polymerization as well as after a 24 h cure at 160 °C.

By observing changes in relative abundance of the linalool alkene peaks by *H NMR, the

extent of polymerization could be determined
(Figure S2). Since GEO is a natural monomer
composed of a variety of chemical species it
made NMR analysis difficult. Instead, diallyl
disulfide (DADS) was used in the place of
GEO to help clarify NMR analysis. DADS is
GEO

adhesive

the main component of and

demonstrated comparable
performance to GEO in prior work,? % so it
NMR
spectra of poly(GEO-linalool) were also
collected (Figures S3-5). When GEO was

used instead of DADS, slightly lower degree

is a viable alternative. However,

of polymerization was observed before
curing. NMR data indicated that the higher
the DADS content, the lower the degree of
polymerization before curing ranging from
89% polymerization for poly(S-linalool) to
only 32% for poly(GEO-linalool) (Figure 4).
Due to the decrease in solubility after cure, it

100
20
80
70
% 60
€ 50
S 40
2 30
—@-—degree of polymerization before curing
20 ) ) )
10 =@-evaporation during curing
0 =@-solubility after curing
0 15 35 50
GEQ content (%)
1 ——0% GEO
08 —15% GEO
3’3 ' —35% GEO
— 06 50% GEO
L
2
© 04
=
0.2
0
0 100 200 300 400 500

Temperature (°C)

Figure 4: Changes in the degree of polymerization
before cure (blue), evaporation during cure
(orange), and polymer solubility after cure (black)
as well as the thermogravimetric analysis of
poly(S-GEO-linalool) based on the S:GEO ratio.
Terpolymers all contain 50% linalool by weight.
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became difficult to accurately compare the extent of polymerization between these polysulfides.
However, the decrease in solubility after curing and the change in consistency from a liquid to a
brittle solid indicate that there is likely some polymerization taking place on the adherend surface
during the cure.

As the GEO content increases, there was more evaporation during the cure. This is not too
surprising since NMR data indicated that these samples still had high monomer content after the
initial polymerization making them more susceptible to evaporation. Thermogravimetric analysis
provided further insight into these materials. Samples with the highest GEO content demonstrated
rapid mass loss at temperatures beyond 100 °C. They also demonstrated much lower char yield at
2.6% for poly(GEO-linalool). As the GEO content decreased the char yield increased to 17% for
poly(S-linalool).

After the initial polymerization, all of the linalool polysulfides were fully soluble in DCM.
However, after curing, polysulfide solubility decreases with higher GEO content. This indicates
that there may be more crosslinking when GEO is present. Analysis by DSC shows that poly(S-
linalool) had the lowest glass transition temperature (Tg) at just 21 °C, whereas poly(GEO-
linalool) had the highest at 42 °C (Figure S6). Together, these data indicate that the presence of
GEO increases polymer crosslinking. This is not surprising due the presence of allyl monosulfides
that do not possess labile S-S bonds, and instead are likely acting as a difunctional monomer
capable of forming crosslinks.

Polymers formed by inverse vulcanization have been shown to produce hydrogen sulfide
gas. HaS production was quantified by measuring the Ag.S precipitate formed when exposed to a
solution of AgNOs. After the initial polymerization, no H.S was detected for poly(GEO-linalool).
When subjected to a 24 h cure mimicking adhesive cure conditions, 0.29% mass was lost as H>S.
Poly(S-linalool) only produced 0.41% during the polymerization, but during the cure it increased
to 1.89%. Both polymers released less H2S during subsequent 24 h cures.

In addition to examining maximum adhesion strength, the force versus extension curves
and work of adhesion were analyzed for the family of linalool polysulfides. As the GEO content
was increased, polymers became less ductile and more brittle (Figure 5). Although high GEO
content led to higher maximum adhesion strengths, they had dramatically lower work of adhesion.
Poly(S-linalool) demonstrated the highest work of adhesion at 121 mJ and the lowest maximum

adhesion at 0.63 MPa, whereas poly(GEO-linalool) had the lowest work of adhesion, 35 mJ and
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the highest maximum adhesion, 0.99 MPa. The increased crosslinking caused by GEO may be
enhancing the overall material strength, but creating a more rigid network causing brittle failure.
The variety of sulfur ranks present at higher sulfur-contents may be providing a range of bond
strengths leading to tougher materials.**

140 1.2
__140.0
120 0% GEO £ 120.0 1 -
0,
100 15% GEO 5 1000 082
< 35% GEO m =
80 2 800 c
o ——50% GEO £ 065
c 60 < 60.0 @
Y—
L © 04 <
40 & 40.0 | === work of adhesion g
20 ;O 20,0 | = maximum adhesion 0.2
0 ' 0.0 0
0 0.5 1 1.5 2 0 20 40
Displacement(mm) GEO Content (%)

Figure 5: Force versus displacement curves and a comparison of maximum adhesion strength to the
work of adhesion for poly(S-GEO-linalool) with varied the S:GEO ratios. Terpolymers all contain
50% linalool by weight.

Other polysulfides formed by inverse vulcanization have demonstrated thermal repair or
recycling.*t 4% Therefore, these polymers were subjected to a series of tests to determine if they
could be effectively recycled. Qualitative analysis was conducted by taking the polysulfides after
one round of curing and placing them into vials. These were heated again at 160 °C for 30 min.
For polymers made with linalool and myrcene, samples with higher S content readily melted,
whereas those with higher GEO content remained in more discrete pieces with slight melting
(Figure S7). However, DCPD was not able to be melted and reprocessed regardless of the sulfur
source. It should also be noted that S-linalool will take the form of its container over time at

room temperature.

Adhesive recyclability was also tested by placing adherends back in the lap shear
configuration and subjecting them to another round of curing at 160 °C for 24 h. Samples were
again subjected to adhesive analysis (Figure 6). Regardless of sulfur source, all polymers
obtained higher strength after the second round of testing. Although some systems have
demonstrated comparable tensile strength after recycling, others have shown a decrease, so the
improved adhesion strength was unexpected.3® “8 Polymers with more sulfur achieved both a

more dramatic increase in adhesion strength, and a higher maximum adhesion strength. The
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higher sulfur rank present in these materials likely possess more labile bonds enabling improved
recycling. The transition from cohesive failure during round one to adhesive failure upon re-

curing support this idea.

3.5 == Round 1
30 =®=Round 2
. =®— Round 3
F 25
=
c 2.0
je!
g 15
-
0.5
0.0

0 15 35 50
pP(S-GEO-linalool) GEO Content (%)

Figure 6: Maximum adhesion strength of poly(S-
GEO-linalool) with varied the S:GEOQ ratios after
multiple rounds of testing.

An attempt was made to shape these polymers into dogbone specimens to perform
materials analysis. However, evaporation of the GEO-based samples limited our ability to create
specimens for further materials analysis. Many polysulfides obtained by inverse vulcanization
have demonstrated the formation of flexible films.*> 49 Initial force versus extension curves
obtained during adhesive testing showed some elasticity for sulfur-based samples demonstrated
by larger displacement before failure. The materials themselves were also more flexible.
However, upon repeated thermal recycling, all polymers lost that flexibility and became more
brittle. This could be observed by smaller displacement before failure as well as cracking during

handling.
Conclusions

A family of adhesive polysulfides were synthesized using either elemental sulfur or garlic
essential oil as the sulfur source and radical initiator. Despite all polymers analyzed being
polysulfides, the properties of these materials were quite different. After fully characterizing a
series of poly(S-GEO-linool) materials with varied S:GEO ratios, the data indicate that while
GEO polymerizes less in the reaction vessel, it undergoes further crosslinking and
polymerization during curing ultimately leading to a polymer that is less soluble, more brittle,
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and has a stronger maximum adhesive strength. The use of garlic essential oil caused the
polymers to lose some flexibility that is typical of polysulfide adhesives. Elemental sulfur,
however, offers improved work of adhesion, reprocessabilty, and higher adhesion strength after
it has been recycled. Both GEO and elemental sulfur offer a path to rapidly form adhesive
copolymers from natural sources or petroleum byproducts without the need for solvents,

allowing for the formation of more environmentally friendly and sustainable adhesives.
Associated Content

Supporting Information.

Adhesion strength of poly(S-GEO-myrcene) made with 70% myrcene, *H NMR poly(S-DADS-
linalool) with varied S:GEO ratios, *H NMR poly(GEO-linalool) and poly(DADS-linalool),
HSQC NMR of GEO and poly(GEO-linalool), differential scanning calorimetry, image of
poly(S-GEO-linalool) before and after additional heating, tables of maximum adhesion and work
of adhesion data. (PDF)

Corresponding Author

*Email:jenkcour@isu.edu

Author contributions

A. Davis was responsible for most of the investigation, validation, and visualization as well as
some writing-review and editing. K. Sayer provided some investigation, data curation, some
visualization as well as some writing — review and editing. C. Jenkins was responsible for
conceptualization, funding acquisition, project administration, resources, and writing- original

draft and review & editing.

Conflict of interest

The authors declare no competing financial interests.

Acknowledgement

The authors would like to thank the National Science Foundation for funding this work (NSF

Award Number 2004257) and for providing instrument support from Award Number 2019074.



Polymer Chemistry Page 12 of 14

References

1.

w

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

R. D. Adams, Adhesive Bonding Science, Technology and Applications, 1st ed.; Woodhead
Publishing Limited: Cambridge, England, and CRC Press LLC: Boca Raton, FL, 2005.

T. D. Perry, Modern Wood Adhesives. Pitman Publishing Corporation: New York and Chicago,
1944,

S. Sahoo, S. Mohanty, S. K. Nayak, J Macromol Sci A, 2018, 55 (1), 36-48.

E. A. Baroncini, S. K. Yadav, G. R. Palmese, J. F. Stanzione, J Appl Polym Sci, 2016, 133
(45), 44103.

S. Kumar, S. K. Samal, S. Mohanty, S. K. Nayak, Polym-Plast Technol, 2018, 57 (3), 133-
155.

S. Y. Dou, R. Wang, Curr Org Chem, 2017, 21 (11), 1019-1036.

J. J. Griebel, R. S. Glass, K. Char, J. Pyun, Prog Polym Sci., 2016, 58, 90-125.

W. J. Chung, J. J. Griebel, E. T. Kim, H. Yoon, A. G. Simmonds, H. J. Ji, P. T. Dirlam, R. S.
Glass, J. J. Wie, N. A. Nguyen, B. W. Guralnick, J. Park, A. Somogyi, P. Theato, M. E.
Mackay, Y. E. Sung, K. Char, J. Pyun, Nat Chem, 2013, 5 (6), 518-524.

M. J. H. Worthington, R. L. Kucera, J. M. Chalker, Green Chem, 2017, 19 (12), 2748-2761.

. I. Gomez, O. Leonet, J. A. Blazquez, D. Mecerreyes, Chemsuschem, 2016, 9 (24), 3419-

3425.

F. X Wu, S.Q. Chen, V. Srot, Y. Y. Huang, S. K. Sinha, P. A. van Aken, J. Maier, Y. Yu,
Adv Mater, 2018, 30 (13) e1706643.

J. J. Griebel, S. Namnabat, E. T. Kim, R. Himmelhuber, D. H. Moronta, W. J. Chung, A. G.
Simmonds, K.J. Kim, J. van der Laan, N. A. Nguyen, E. L. Dereniak, M. E. Mackay, K.
Char, R. S. Glass, R. A. Norwood, J. Pyun, Adv Mater, 2014, 26 (19), 3014-3018.

T. S. Kleine, L. R. Diaz, K. M. Konopka, L. E. Anderson, N. G. Pavlopolous, N. P. Lyons,
E. T. Kim, Y. Kim, R. S. Glass, K. Char, N. A. Norwood, J. Pyun, Acs Macro Lett, 2018, 7
(7), 875-880.

D. A. Boyd, V. Q. Nguyen, C. C. McClain, F. H. Kung, C. C. Baker, J. D. Myers, M. P.
Hunt, W. Kim, . S. Sanghera, Acs Macro Lett, 2019, 8 (2), 113-116.

N. A. Lundquist, M. J. Sweetrnan, K. R. Scroggie, M. J. H. Worthington, L. J. Esdaile, S. F.
K. Alboaiji, S. E. Plush, J. D. Hayball, J. M. Chalker, Acs Sustain Chem Eng, 2019, 7 (13),
11044-11049.

M. J. H. Worthington, C. J. Shearer, L. J. Esdaile, J. A. Campbell, C. T. Gibson, S. K. Legg,
Y. T.Yin, N. A. Lundquist, J. R. Gascooke, I. S. Albuquerque, J. G. Shapter, G. G.
Andersson, D. A Lewis, G. J. L. Bernardes, J. M. Chalker, Adv Sustain Syst, 2018, 2 (6)
1800024.

M. J. H. Worthington, R. L. Kucera, I. S. Albuguerque, C. T. Gibson, A. Sibley, A. D.
Slattery, J. A. Campbell, S. F. K. Alboaiji, K. A. Muller, J. Young, N. Adamson, J. R.
Gascooke, D. Jampaiah, Y. M. Sabri, S. K. Bhargava, S. J. Ippolito, D. A. Lewis, J. S.
Quinton, A. V. Ellis, A. Johs, G. J. L. Bernardes, J. M. Chalker, Chem-Eur J, 2017, 23 (64),
16219-16230.

N. A. Lundquist, M. J. H. Worthington, N. Adamson, C. T. Gibson, M. R. Johnston, A. V.
Ellis, J. M. Chalker, Rsc Adv, 2018, 8 (3), 1232-1236.

D. J.Parker, H. A. Jones, S. Petcher, L. Cervini, J. M. Griffin, R. Akhtar, T. Hasell, J Mater
Chem A, 2017, 5 (23), 11682-11692.

M. L. Eder, C. B. Call, C. L. Jenkins, Acs Appl Polym Mater, 2022, 4 (2), 1110-1116.

L. A. Ko, Y. S. Huang, Y. A. Lin, Acs Appl Polym Mater, 2021, 3 (7), 3363-3372.



Page 13 of 14

22

23

24,

25.

26.

217.
28.

29.
30.
31.
32.
33.
34.
35.

36.

37.
38.

39.
40.

41.
42.
43.
44,

45.

46
47

Polymer Chemistry

. V. S. Wadi, K. K. Jena, S. Z. Khawaja, V. M. Ranagraj, S. M.; Alhassan, Rsc Adv 2019, 9
(8), 4397-4403.

. Z. L. Deng, A. Hoefling, P. Theato, K. Lienkamp, Macromol Chem Phys, 2018, 219 (5)

1700497.

M. Mann, J. E. Kruger, F. Andari, J. McErlean, J. R. Gascooke, J. A. Smith, M. J. H.

Worthington, C. C. C. McKinley, J. A. Campbell, D. A. Lewis, T. Hasell, M. V. Perkins, J.

M. Chalker, Org Biomol Chem, 2019, 17 (7), 1929-1936.

S. F. Valle, A. S. Giroto, R. Klaic, G. G. F. Guimaraes, C. Ribeiro, Polym Degrad Stabil,

2019, 162, 102-105.

J. M. Chalker, M. J. H. Worthington, N. A. Lundquist, L. J. Esdaile, Topics Curr Chem,

2019, 377, 16.

Y. Y. Zhang, R. S. Glass, K. Char, J. Pyun, Polym Chem-Uk, 2019, 10 (30), 4078-4105.

T. Lee, P. T. Dirlam, J. T. Njardarson, R. S. Glass, J. Pyun, J Am Chem Soc, 2022, 144 (1), 5-

22.

C. Herrera, K. J. Ysinga, C. L. Jenkins, ACS Appl Mater Interfaces, 2019, 11 (38), 35312-

35318.

S.J. Tonkin, C. T. Gibson, J. Campbell, D. Lewis, A. Karton, T. Hasell, J. M. Chalker,

Chem Sci, 2020, 11 (21), 5537-5546.

M. Mann, P. J. Pauling, S. J. Tonkin, J. A. Campbell, J. M. Chalker, Macromol Chem and

Phys, 2021, 2100333.

M. K. Lauer, M. S. Karunarathna, A. G. Tennyson, R. C. Smith, Mater Adv, 2020, 1 (4), 590-

594.

A. D. Smith, R. C. Smith, A. G. Tennyson, Sustain Chem Pharm, 2020, 16, 100249.

C. P. Maladeniya, R. C. Smith, J Compos Sci, 2021, 5 (10) 257.

I. B. Najmah, N. A. Lundquist, M. K. Stanfield, F. Stojcevski, J. A. Campbell, L. J. Esdaile,

C. T. Gibson, D. A. Lewis, L. C. Henderson, T. Hasell, J. M. Chalker, Chemsuschem, 2021,

14 (11), 2352-2359.

J. M. Scheiger, C. Direksilp, P. Falkenstein, A. Welle, M. Koenig, S. Heissler, J. Matysik, P.

A. Levkin, P. Theato, Angew Chem Int Edit, 2020, 59 (42), 18639-18645.

E. M. Fettes, J. S. Jorczak, Ind Eng Chem, 1950, 42 (11), 2217-2223.

U. Munchberg, A. Anwar, S. Mecklenburg, C. Jacob, Org Biomol Chem, 2007, 5 (10), 1505-

1518.

V. Lanzotti, F. Scala, G. Bonanomi, Phytochem Rev, 2014, 13 (4), 769-791.

H. C. Hsu, S. J. Wang, J. D. Y. Ou, D. S. H. Wong, Ind Eng Chem Res, 2015, 54 (40), 9798-

9804.

C. R. Westerman, C. L. Jenkins, Macromolecules, 2018, 51, 7233-7238.

M. Arslan, B. Kiskan, Y. Yagci, Macromolecules 2016, 49 (3), 767-773.

M. P. Crockett, A. M. Evans, M. J. H. Worthington, I. S. Albuquerque, A. D. Slattery, C. T.

Gibson, J. A. Campbell, , D. A. Lewis, G. J. L. Bernardes, J. M. Chalker, Angew Chem Int

Edit, 2016, 55 (5), 1714-1718.

M. G. Mazzotta, A. A.Putnam, M. A. North, J. J. Wilker, J Am Chem Soc, 2020, 142 (10),

4762-4768.

P.Y. Yan, W. Zhao, S. J. Tonkin, J. M. Chalker, T. L. Schiller, T. Hasell, Chem Mater, 2022,

34, 3,1167-1178.

. D. J. Parker, S. Y. Chong, T. Hasell, Rsc Adv, 2018, 8 (53), 27892-27899.

. Y. M. Xin, H. Peng, J. Xu, J. Y. Zhang, Adv Funct Mater, 2019, 29 (17) 1808989.



Polymer Chemistry Page 14 of 14

48. D. Wang, Z. H. Tang, Z. Wang, L. Q. Zhang, B. C. Guo, Polym Chem-Uk, 2022, 13 (4), 485-
491.

49. K. S. Kang, A. Phan, C. Olikagu, T. Lee, D. A. Loy, M. Kwon, H. J. Paik, S. J. Hong, J.
Bang, W. O. Parker, M. Sciarra, A. R. Angelis, J. Pyun, Angew Chem Int Edit, 2021, 60 (42),
22900-22907.



