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High-molecular-weight hemp-derived
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® Hemp-extracted CBD used as is for non-food PET alternative
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® Process-structure-property maps to guide the industrial

production of pCBDC films
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In brief

Replacing PET with renewable
alternatives is challenging because few
bio-based materials match PET’s Ty,
processability, and low cost. pCBDC is
92% bio-based and has T,
processability, and strength similar to
PET. While most bio-based polymers
require chemical modification of
feedstock before polymerization, CBD
extracted from hemp is used directly
here, eliminating emissions from
modification steps and offering a non-
food route to engineering polymers. We
also establish processing-structure-
property guidelines for industrial
production, positioning pCBDC to
potentially replace PET in various
applications.
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CONTEXT & SCALE Replacing polyethylene terephthalate (PET) remains a sustainability challenge because
few bio-based materials match PET’s combination of low cost, high glass transition temperature (T,), and
stretch processability needed for industrial film, packaging, and bottle production. Since PET is produced
on a massive scale, multiple polymers from different renewable feedstocks will likely be necessary to signif-
icantly cut emissions linked to the global PET market. Polyethylene furanoate (PEF) is a promising alternative
with similar properties, but its monomers come from food-derived sugars, connecting production to food
crop supply chains and land use while requiring several chemical conversion steps that add to carbon
emissions. Therefore, finding additional alternatives from non-food feedstocks is important for diversifying
renewable supply options. Here, we introduce polycannabidiol carbonate (pCBDC), a 92% bio-based
thermoplastic synthesized from cannabidiol (CBD) extracted from hemp biomass, serving as a non-food,
renewable, PET-like engineering plastic. pCBDC exhibits high molecular weight, high Ty, excellent stretch
processability, and high strength. We also establish processing-structure-property relationships that offer
guidelines for future industrial manufacturing.

While the properties of pCBDC are promising, its commercial relevance will rely on ongoing declines in CBD
feedstock costs. CBD prices have dropped significantly in recent years and are expected to fall further with
increased legalization and advances in cultivation, breeding, and extraction. However, because CBD remains
considerably more expensive than PET feedstocks, initial pCBDC production would focus on higher-value
applications where the polymer cost is a smaller part of the total device cost or where bio-based materials
are required or preferred. Further reductions in CBD prices could expand its viable market. This work
demonstrates that CBD, a non-food aromatic compound extracted from hemp, can be used directly as a
monomer without chemical modification to create a polymer with PET-like T,, mechanical strength, and pro-
cessability, providing a complementary pathway to PEF to reduce emissions from PET-scale materials.

SUMMARY

Finding renewable alternatives to polyethylene terephthalate (PET) is challenging, as most bio-based polymers
cannot match its combination of glass transition temperature (Ty), stretchability, and low cost. Polyethylene fur-
anoate (PEF) shows promise yet relies on food-derived monomers and multistep glucose-to-FDCA conversion,
linking supply to food value chains and increasing emissions. Given PET’s scale, replacement will likely require
non-food polymers to complement PEF. We report polycannabidiol carbonate (pCBDC), a 92% biomass aro-
matic thermoplastic derived from hemp-based cannabidiol (CBD) without chemical conversion. Synthesized
via ambient-temperature solution polymerization, pCBDC achieves high molecular weight (MW; weight-
average molecular weight [Mw] = 158 kDa), T, (95°C), hydrophobicity (contact angle of 102°), and stretchability
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(1,600%). Oriented pCBDC films show modulus (5 GPa) and tensile strength (197 MPa) comparable to oriented
PET films. We establish guidelines for industrial pCBDC production by mapping relationships between MW, so-
lution-casting conditions, stretch-processing parameters, and final film properties. These results position
pCBDC as a potential alternative to PET, polystyrene (PS), and poly(methyl methacrylate) (PMMA).

INTRODUCTION

Identifying renewable, abundant monomers that can be effi-
ciently synthesized and scaled to market demand remains a
critical challenge as the plastics industry transitions from
petroleum-based materials to sustainable alternatives.' This
shift is accelerated by increasing environmental, health, and reg-
ulatory pressures to reduce carbon emissions and to remove
harmful chemicals and additives from consumer products,
packaging, and medical devices.”® Bio-based plastics offer
promising solutions by reducing fossil fuel dependency and pro-
moting a renewable, circular economy.” While researchers have
extensively explored melt polymerization of bio-based polymers
using metal-based, organic, and enzyme catalysts,” for aromatic
polymers, these approaches are often impractical for large-scale
production, as they are associated with the use of high temper-
atures (>250°C),° catalyst removal difficulties, and purification
challenges. Alternative approaches, such as solid-state poly-
merization,” typically achieve only modest molecular weights
(MWs; weight-average molecular weight [Mw] ~ 8-10 kDa),®
which are insufficient for high-performance applications. Conse-
quently, a critical gap remains in sustainable, aromatic mono-
mers that can deliver high-glass-transition-temperature (T,) aro-
matic backbones and achieve high MWs (Mw > 50 kDa)° through
conventional polymerization techniques.

Among engineering polymers, polyethylene terephthalate
(PET) is the most challenging to replace. Its unique combination
of large-scale production, high Tg, and exceptional ability to
undergo large draw ratios during uniaxial and biaxial stretching
underpins its dominance in both high-end and high-volume ap-
plications, from flexible electronics substrates and high-temper-
ature dielectrics to bottles and packaging films.'®"" In contrast,
while some bio-based polymers, such as polyhydroxyalka-
noates (PHAs), polylactic acid (PLA), and cellulose acetate
(CA), have achieved high MWs, these alternatives often exhibit
either low T, and/or insufficient ductility.'*'® Bio-PET partially
addresses this gap yet remains 70% petroleum based, as ter-
ephthalic acid is still petroleum derived.’ The most promising
bio-based PET alternative is polyethylene furanoate (PEF), which
offers 100% bio-based content, a slightly higher T, than PET,
and exceptional processing stretchability comparable to
PET.">"'" Because current PEF routes rely on carbohydrate
feedstocks, PEF monomer production can, in principle, be
rapidly scaled using existing agricultural infrastructure; however,
this also keeps PEF production coupled to food and animal feed
value chains and potentially sensitive to fluctuations in agricul-
tural commodity markets and land use.”*'® To complement
food-derived PET alternatives such as PEF, there is therefore a
strong need for PET-like polymers derived from non-food, bio-
based feedstocks that are decoupled from the food supply
chain.’®'® To date, no polymer obtained from a scalable non-
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food feedstock satisfies PET’s unique combination of high T
and large processing draw ratio, leaving this an unsolved chal-
lenge in sustainable polymer science.

To address this need, we introduce polycannabidiol carbonate
(pCBDC), a 92% bio-based, amorphous thermoplastic derived
from cannabidiol (CBD), an abundant, non-psychoactive aro-
matic compound extracted from fast-growing hemp biomass
(Figures 1A-1C). Hemp can be cultivated across a wide range
of temperate and subtropical climates with relatively modest wa-
ter and little to no pesticide requirements, enabling its cultivation
in many areas where food crops grow poorly.'®?? However,
when desired, it can also be integrated into existing crop rota-
tions with corn, soybeans, and small grains, offering agronomic
benefits such as improved soil structure and weed suppres-
sion.'®1%2% |ndustrial hemp is already grown at scale for fiber
and seed oil, with agricultural yields around ~3,400 kg ha™"
dry biomass. In this process, CBD is obtained at ~400 kg ha™"
as a co-product from existing extraction streams and then
used in pharmaceutical and cosmetic markets.>* Importantly,
CBD from these processes can be directly used in the pCBDC
polymerization process without the multistep chemical modifica-
tions required by many bio-based polymers (e.g., glucose/su-
crose — lactic acid — lactide for PLA and fructose/glucose —
HMF — FDCA for PEF), thereby eliminating the greenhouse
emissions linked to these intermediary steps.?®?° Although cur-
rent global CBD production is not yet enough to fully replace the
PET market, industrial hemp acreage is rapidly growing, as hemp
is increasingly used for fiber in clothing and construction (insula-
tion and hempcrete) and for food products, such as hemp oil and
seeds.”*?” The legal and geographical restrictions on hemp
cultivation are also easing since hemp is now legally grown in
many countries—including the United States, Canada, the Euro-
pean Union, China, and parts of Africa and Latin America—under
regulations that limit THC content to below 0.3 wt %.2%2° These
rules clearly differentiate industrial hemp from psychoactive
cannabis and have helped establish a growing global supply
chain. Therefore, pCBDC can complement other bio-based
polymers, such as PEF, to diversify supply chains and reduce
the impact of market fluctuations or sector-specific changes.

pCBDC is synthesized via scalable, ambient-temperature so-
lution polymerization, using commercial triphosgene (a crystal-
line solid) as a co-monomer in place of hazardous phosgene
gas. Ambient temperature and basic conditions suppress phos-
gene evolution, while complete triphosgene consumption leaves
only carbonate linkages in the polymer backbone. This method
yields a high Mw of 158 kDa, excellent processability, and optical
clarity. The resulting polymer exhibits a T, of 95°C arising from its
rigid aromatic backbone (20°C higher than PET), remarkable
processing stretchability of up to 1,600% (comparable to PET),
modulus and tensile strength of 5 GPa and 197 MPa in the ori-
ented state (equivalent to oriented PET), and pronounced



Please cite this article in press as: Davis et al., High-molecular-weight hemp-derived polycannabidiol carbonate thermoplastic with PET-like heat resis-
tance, strength, and processability, Chem Circularity (2026), https://doi.org/10.1016/j.checir.2026.100018

Chem Circularity

T o \:\I‘

Ho\ﬂjj OH C|3c\o)l\o,cc|3 ﬁ,ox

(_ Solution Polymerization
Scheme

‘ Cannabidiol

CBD Polycarbonate

¢? CellPress

OPEN ACCESS

& UCONN

UNIVERSITY OF CONNECT:CUT

2> PURDUE

UNIVERSITY

Renewable Material (CBD) (pCBDC) High M,, Polymer Strands and Film
Source
D E F
PLA PET PMMA
PLLA PMMA PET
PEF PS
PEF LDPE 0 1 2 3 4 5 6
pCBDC PC Young's Modulus (GPa)
PS PS PMMA
PMMA PP PET
PEN pCBDC pCBDC
PC PTFE PS
0 20 40 60 80 100 120 140 0 20 40 60 80 100 0 50 100 150 200 250
T4 (°C) Water Contact Angle (°) Tensile Strength (MPa)

Figure 1. pCBDC synthesis and properties

A) Industrial hemp as a renewable raw material source.
B) Polymerization scheme for pCBDC.

C) Isolated high-MW polymer for processing studies.

E) Water contact angle of various polymers vs. pCBDC.
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hydrophobicity with a water contact angle of 102°. One of the
keys to the success of PET is the desirable strain hardening it
shows during stretching due to strain-induced crystallization.
This strain hardening allows PET to stretch to large draw ratios
during processing while maintaining uniform film thickness.
Although amorphous, pCBDC also exhibits strain hardening dur-
ing processing due to its high MW. Additionally, the amorphous
nature of pCBDC makes it more desirable than semi-crystalline
polymers for some applications, such as injection molding, as
it undergoes less shrinkage and cools more quickly, enabling
higher dimensional fidelity and shorter cycle times. In contrast,
crystal formation causes shrinkage and heat generation.***'
Although pCBDC is chemically a polycarbonate rather than a
polyester, its T, and processing draw ratio more closely
resemble those of PET than BPA-based polycarbonate.
pCBDC’s combination of scalability, properties, and process-
ability positions it to replace PET and other engineering poly-
mers—such as polystyrene (PS) and poly(methyl methacrylate)
(PMMA)—in many demanding applications, including flexible
electronics substrates and high-temperature insulation and di-
electrics, as well as in high-volume products, such as bottles,
food packaging, and fibers, as feedstock prices decrease.

The economic case for pCBDC and other CBD-based poly-
mers developed in our lab®? is rapidly strengthening, as the price
of CBD has dropped precipitously, driven by expanded hemp
cultivation, genetic improvements to increase CBD content,
and advances in extraction technologies.**** Since its price ex-
ceeds commodity plastic resins (~1-1.5 USD kg '),>° pCBDC
will initially find use in higher-value applications —such as flexible

D) Glass transition temperature of various polymers vs. pCBDC (petroleum-based shown in blue and bio-based shown in green).

F) Young’s modulus and tensile strength of uniaxially oriented films made from various polymers vs. pCBDC.

electronic substrates and high-temperature dielectrics—where
the polymer cost is a smaller fraction of total device cost and
in cases where a more sustainable product is desired. Further
scale-up of hemp cultivation, driven by clearer legal status,
higher CBD yields, and improved extraction, is expected to
continue reducing feedstock costs and broaden the economi-
cally accessible application space over time.>**¢ Additionally,
in spaces where consumers request bio-based alternatives,
pCBDC price only needs to compete with current bio-based op-
tions such as PEF, which has a price of ~7.5 USD kg~ '.%"

To fully realize the potential of pCBDC, it is essential to under-
stand how MW and processing conditions dictate the final
film structure and properties. Polymer chain orientation has a sig-
nificant impact on film quality, with higher orientation typically
leading to increased strength, decreased gas permeability, and
improved dielectric properties.*®*° Previous research on solution
casting of amorphous polymers has shown that chain alignmentin
the final film increases with lower solution concentration, lower
casting thickness, lower drying air temperature, higher air speed,
and higher MW.*'~* Studies on uniaxial stretching have shown
that higher-MW films exhibit greater chain alignment and stronger
strain hardening, leading to more uniform-thickness films.*"~>°
Moreover, stretching rate and temperature significantly impact
achievable draw ratios and final film properties, including thick-
ness uniformity and polymer chain orientation. For amorphous
polymers such as pCBDC, optimal stretching occurs between
T4 and the liquid-liquid transition temperature (T;) and is typically
around T, + 20°C-30°C."**%°%" Stretching too close to T, can
lead to micro-void formation,*®° while stretching above T results
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in viscous behavior with little strain hardening, leading to non-uni-
form thickness.>**® However, between T, and T}, the polymer be-
haves as a structured fluid, with partial segmental ordering®®%?
that works synergistically with entanglements during stretching
to induce superior chain alignment and intense strain hard-
ening,*¢*#°5>" poth of which are critical in processes such as
tenter-frame biaxial stretching for substrates and films, thermo-
forming for packaging, and stretch blow molding for bottles.

To establish foundational guidelines for the industrial process-
ing of pCBDC, we systematically investigate how MW and pro-
cessing parameters govern the polymer’s structure and resulting
film properties. While industrial production will utilize melt pro-
cessing to eliminate the long-term use of solvents, this study fo-
cuses on real-time analysis during solution casting, given limited
material quantity, to examine how MW, solution concentration,
casting thickness, and drying temperature affect polymer chain
alignment and film quality. We further employ real-time me-
chano-optical measurements during uniaxial stretching to deter-
mine the T, and identify optimal conditions for achieving large
draw ratios and for maximizing chain alignment and strain hard-
ening. Finally, we measure the mechanical properties of as-cast
and oriented films and compare them to PET, PS, PMMA, and
PEF. These processing-structure-property relationships estab-
lish critical guidelines for producing high-quality pCBDC films,
positioning this polymer as a scalable, renewable alternative
for both premium and high-volume applications where conven-
tional materials currently dominate.

RESULTS AND DISCUSSION

Polymer synthesis and chemical analysis

The synthesis of pCBDC was performed by solution polymer-
ization at ambient temperature, using triphosgene as a crystal-
line co-monomer with CBD in the presence of pyridine as a
base catalyst and dichloromethane (DCM) as the solvent
(Figures 1A-1C). Proton NMR ('H-NMR) (Figure S1) provides
structural confirmation of the polymer, with characteristic reso-
nances corresponding to the shift in aromatic protons of CBD
due to the presence of carbonate linkages. Stacked spectra of
CBD and pCBDC (Figure S2) show the shift and absence of hy-
droxyl protons between 6 and 6.5 ppm.*>®® The alicyclic-aro-
matic architecture inherent to CBD was retained, providing a
unique combination of rigidity and conformational mobility within
the repeat units. The hybrid aromatic-aliphatic architecture of
pCBDC maintains a high T, while simultaneously enabling large
processing draw ratios. Gel permeation chromatography (SEC)
analysis revealed that the polymerization can afford high-MW
products (Mw up to 158 kDa) with relatively narrow disper-
sity—essential for chain entanglement and achieving large
draw ratios in subsequent processing (Figure S3).

As hydrophobicity can improve moisture resistance, stability,
and performance of flexible electronics substrates and dielectric
materials, especially in high-humidity environments,®* surface
wettability measurements were performed on pCBDC films us-
ing a sessile drop method. As shown in Figure 1E, untreated
pCBDC films exhibit a water contact angle of 102°, surpassing
those of many commodity petroleum and bio-based polymers
and approaching values typical of hydrophobic engineering
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plastics.®® This enhanced hydrophobicity is attributed to the
densely packed, alicyclic-aromatic architecture, which mini-
mizes polar surface groups accessible to water. Taken together
with the high T, (Figure 1D), these results establish pCBDC as a
rare example of a bio-based polymer that unites scalability, high
MW, hydrophobicity, high T4, and large draw ratio.

Sustainability, circularity, and life cycle considerations
Critical to the development of this polymer, we evaluate the sus-
tainability, circularity, and life cycle considerations of pCBDC
to investigate its potential as a next-generation engineering
thermoplastic. pCBDC incorporates chemically recyclable car-
bonate linkages that enable depolymerization by multiple nucle-
ophile-mediated pathways, including hydrolysis and alcoholysis,
supporting potential monomer recovery consistent with closed-
loop recycling frameworks established for condensation poly-
mers.®® As a high-performance, hydrophobic thermoplastic
engineered for durable applications, pCBDC is not intended for
rapid environmental biodegradation that could compromise ma-
terial lifetime and functional performance. Instead, its circularity
derives from controlled recovery pathways, including chemical
recycling and mechanical reprocessing.”®~"? This durability-re-
cyclability balance is increasingly recognized as a more effective
sustainability strategy for engineering plastics than uncontrolled
degradation. When coupled with a renewable hemp-derived
monomer, these attributes position pCBDC within an emerging
circular materials framework.

A comprehensive life cycle assessment (LCA) and techno-
economic analysis (TEA) will ultimately be required to quantify
environmental benefits; however, rigorous evaluation at this
developmental stage would depend on uncertain assumptions
regarding agricultural productivity, feedstock pricing, solvent re-
covery efficiencies, and manufacturing scale.” Rather than pre-
senting speculative metrics, we identify the parameters most
likely to govern life cycle performance. Feedstock costs have
declined with expanded hemp cultivation and improved extrac-
tion technologies and are expected to decrease further as supply
chains mature.?**"-** Moreover, the combination of scalable
polymerization, high MW, and a chemically recyclable backbone
supports long service lifetimes and material recovery. These fac-
tors are dominant contributors to favorable life cycle outcomes
for engineering plastics.

In the synthesis of pCBDC, triphosgene was employed to
enable access to engineering-level MWs required for chain entan-
glement, stretch processability, and mechanical robustness. As a
stable crystalline solid that is fully consumed during polymeriza-
tion, triphosgene offers safer handling than phosgene gas and
provides a practical route to establish the performance envelope
of this emerging polymer system. While carbonate transesterifica-
tion strategies using dimethyl or diphenyl carbonate offer attrac-
tive long-term pathways aligned with greener synthesis principles,
such equilibrium-limited processes often struggle to achieve
comparable MWs without extensive optimization. Accordingly,
the current approach should be viewed as a developmental
benchmark rather than a fixed polymerization strategy. Ongoing
efforts are directed toward more sustainable polymerization
strategies, including functionalized CBD monomers, CO,-derived
intermediates, and melt polymerization processes, to further
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(A) Quantities measured while drying a solution-
cast pCBDC film with Mw = 158 kDa, 25% solid
content, and 305 pm casting thickness; drying in
room temperature air at 1 m/s An;, is in-plane
birefringence, and 4ny; is out-of-plane birefrin-
gence.

(B and C) Plots of birefringence vs. solid content
for (B) various concentrations and MWs and
(C) various thicknesses.

(D-G) The effect of varying parameters on out-of-
plane birefringence development during drying of
pCBDC film with base parameters set at Mw =
158 kDa, 25% solid content, 305 pm casting
thickness, and room temperature air at 1 m/s.
Varied parameters: (D) solid content, (E) doctor
blade gap thickness, (F) air temperature, and
(G) polymer MW.

instrumented system (shown in
Figure S6). A typical combined plot
showing real-time quantities measured
during a single experiment is shown in
Figure 2A. During the initial portion of the
drying process, the solvent rapidly evapo-
rates until most of it is gone, after which
evaporation slows considerably for the
remainder of the drying process. This rapid
solvent evaporation pushes the film tem-
perature below the air temperature via
evaporative cooling until it equilibrates
with the air as the evaporation rate slows.
After sufficient solvent has evaporated,
the out-of-plane (OOP) birefringence
(An23) begins to increase and then levels
off. This increase in OOP birefringence is
due to the anisotropic shrinkage of the
film during drying. Because the film is con-
strained in the x and y directions by the
substrate, solvent evaporation causes it
to shrink preferentially in the thickness (2)
direction.

Additionally, as the solid content rea-
ches a critical concentration of ~70%-—
75% for most conditions, as shown in
Figure 2B, chain relaxation is suppressed,
and further solvent evaporation com-
presses the chains in the z direction, leav-
ing them preferentially oriented parallel to
the film plane as seen by a linear increase

reduce solvent use, hazardous reagents, and overall environ-
mental impact while maintaining high performance.

Solution casting with real-time drying analysis

Films were cast and dried under varied parameters to determine
the effects of MW, solution concentration, casting thickness, and
drying temperature on birefringence levels during drying using an

in OOP birefringence with solid content. After some time, the film
stops densifying, and the OOP birefringence begins to level off.
Throughout this process, the in-plane birefringence (4n;,) re-
mains near zero, indicating in-plane isotropy even as OOP anisot-
ropy increases.

The critical solid concentration at which birefringence starts
increasing is consistent across different solid concentrations
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and MW, as shown in Figure 2B. However, for films of different
thicknesses, the critical concentration increases from ~70%
for 305 pm to ~85% for 610 um. This could be due to skin forma-
tion in thicker films, which increases the film’s average solid con-
centration, even as the bulk portion of the film below the skin has
alower solid concentration than the skin. Because the rapid bire-
fringence increase would only be seen when the bulk portion of
the film reaches the critical concentration, the average solid con-
centration at birefringence increase will be higher in thicker films
than in thinner films.

As polymer chain orientation is critical to high-quality films, the
effect of processing parameters on birefringence development is
systematically illustrated across Figures 2D-2G and described in
the following paragraphs.

Solution concentration (Figure 2D): lower-concentration solu-
tions exhibit a more rapid initial increase in birefringence and
higher final birefringence than higher concentrations. A potential
cause of the reduced birefringence at higher concentrations is
that, although all films have similar initial thicknesses, the lower
concentration has a lower final thickness because it contains
less solid material; therefore, it experiences greater z-direction
compression, leading to higher chain alignment.

Casting thickness (Figure 2E): thinner films exhibit an earlier
onset of birefringence increase, a steeper initial rise in birefrin-
gence, and a higher final birefringence. This can be explained
by the fact that although the surface area and corresponding
evaporation rate in each condition are the same, thicker films
contain a larger total solvent volume. As a result, the solvent con-
centration decreases more quickly in thinner films, leading to
rapid compression in the z direction followed by vitrification
with minimal chain relaxation.

Drying temperature (Figure 2F): films dried at lower tempera-
tures exhibit higher final birefringence than those dried at higher
temperatures. This is counterintuitive because higher tempera-
tures are expected to accelerate solvent evaporation, promoting
more in-plane alignment of polymer chains. Indeed, a closer look
at the initial increase in birefringence shows that drying at high
temperatures initially causes a faster rise in birefringence. How-
ever, this rapid initial increase is followed by a significant slow-
down in the rate of growth for high-temperature drying, enabling
films dried at lower temperatures to catch up and even surpass
the birefringence of high-temperature films. This likely occurs
because very high drying temperatures lead to rapid solvent
loss and the formation of a skin on top of the film, as described
in previous work.“® This skin then impedes further solvent evap-
oration, causing the rest of the film to dry slowly and allowing
more chain relaxation, which results in lower final birefringence.

MW (Figure 2G): with high-MW solutions, OOP birefringence
increases more rapidly at first and reaches a higher final value
compared to low-MW solutions. This is likely because high-
MW polymers have more entanglements, which slow relaxation
and result in more oriented chains, than low-MW polymers,
which relax faster and have less overall orientation.

These observations collectively highlight that both intrinsic
factors (MW) and processing conditions (such as concen-
tration, thickness, and temperature) are crucial in determining
the degree of chain orientation in solution-cast pCBDC. Fine-
tuning these parameters allows for adjustable control of chain
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alignment, guiding process strategies for the large-scale pro-
duction of high-performance films.

Mechano-optical behavior during uniaxial stretching
Stress-strain behavior

The stress-strain behavior of pCBDC films during uniaxial
stretching at different temperatures is shown in Figure 3A. The
films show higher yield stress at lower temperatures and an
earlier, more pronounced onset of strain hardening. Stretching
near the T, causes significant yielding. Conversely, at very high
temperatures, the films exhibit minimal elastic behavior and
lack strain hardening. Notably, applying a higher strain rate at
a given temperature yields similar results to those obtained
with a lower strain rate at lower temperatures, such as more
yielding, higher yield stress, and an earlier, more intense onset
of strain hardening (see Figure S8 for plots with a lower strain
rate). The strain at which strain hardening begins as a function
of temperature and strain rate is shown in Figure 4C.
Stress-optical behavior

The stress-optical behavior of pCBDC films during uniaxial
stretching is depicted in Figure 3B. Three regions are observed
in the stress-birefringence curves (most clearly in the 95°C
curve). Region | exhibits photoelastic behavior, where a large
amount of stress is needed for a small increase in birefringence.
Region Il shows a rapid rise in birefringence, with a smaller in-
crease in stress. Region lll involves both stress and birefringence
increasing together, with the slope gradually decreasing. These
regions correspond to the elastic, yielding (or strain-softening),
and strain-hardening phases seen in the stress-strain curves.
As the temperature increases, the length of region | shortens,
and its initial slope becomes steeper. Beyond a certain temper-
ature, regions | and Il merge into a single region with a constant
slope. Increasing temperature further above this point has little
effect on the slope of the combined region, indicating the mate-
rial has entered the stress-optical-law regime, where a true “un-
structured” fluid forms. Figure 4A displays the slopes of regions |
(the photoelastic constant) and Il at various stretching tempera-
tures and strain rates. The temperature at which these slopes
become equal marks the polymer’s T, with the slope represent-
ing the stress-optical constant: C = 8.7 GPa™". T also depends
on strain rate and is approximately ~115°C at 20 mm/min and
~125°C at 200 mm/min.

Strain-optical behavior

Figure 3C illustrates the strain-optical behavior of pCBDC films
during uniaxial stretching at different temperatures and strain
rates. As the films are stretched, the polymer chains align, exhib-
iting a linear relationship between strain and birefringence. The
slope of this line indicates the strain-optical constant, which rep-
resents the connection between macroscopic strain (based on
true strain) and the molecular-level strain (the amount of molec-
ular stretching needed for polymer chain alignment as reflected
in birefringence). At higher strains, a negative deviation from the
linear slope appears as birefringence begins to saturate; further
strain no longer significantly increases birefringence, indicating
that additional macroscopic strain does not produce more chain
alignment because the polymer chains have reached their finite
extensibility. As the temperature rises, birefringence increases
more gradually with strain. This trend is shown in Figure 4B,
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Figure 3. Mechano-optical behavior of pCBDC films
(A and D) Stress-strain, (B and E) stress-optical, and (C and F) strain-optical behavior during uniaxial stretching of pCBDC films at 200 mm/min. Plots in (A)—~(C)
show Mw 158 kDa stretched at various temperatures. In plot (B), regions 1, 2, and 3 are indicated in red on the 95°C curve. Plots in (D)—(F) show various MWs
stretched at 110°C. Plots similar to (A)-(C) showing various temperatures but at a strain rate of 20 mm/min are shown in Figure S8.

where the strain-optical constant decreases with increasing
temperature. This occurs because higher temperatures lead to
more chain relaxation, reducing the degree of chain alignment
at a given macroscopic strain. Additionally, lower strain rates
generally result in lower strain-optical constants because
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reducing the strain rate allows more time for chain relaxation,
which diminishes chain alignment.

Molecular weight effects

Figures 3D-3F show how MW influences mechano-optical
behavior. Although the initial elastic response is similar across

Figure 4. Stress-optic, strain-optic, and
strain-hardening behavior of pCBDC films
(A) Region 1 and region 2 slope vs. temperature
and strain rate.

(B) Strain-optical constant vs. temperature and
strain rate.

(C and D) Strain at onset of strain hardening vs.
(C) temperature and strain rate and (D) MW.
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different MW values, high-MW films display an earlier onset and
more pronounced strain hardening. This is because high-MW
films have more entanglements that enhance strain hardening.
The strain at the onset of strain hardening for each MW is shown
in Figure 4D. Additionally, as can be seen in the strain-optical
behavior in Figure 3F, high-MW films demonstrate higher bire-
fringence at a given strain compared to low-MW films. This sup-
ports the idea that entanglements inhibit relaxation and improve
the transfer of strain from the macroscopic to the molecular level.
All these factors highlight the importance of high MW for pro-
cessing and properties of high-performance polymers, and the
impressive strain hardening seen with the 158 kDa Mw polymer
emphasizes the potential of pCBDC for large-scale processing
and use as a sustainable engineering polymer.

Effect of chain orientation on mechanical properties
To examine the room temperature mechanical properties of
pCBDC films and the influence of molecular orientation, films
were stretched to various draw ratios (from 2 to 5.5) at 115°C
at a rate of 20 mm/min. They were then rapidly cooled to lock
in the orientation and subsequently stretched at room tempera-
ture to evaluate mechanical properties. Additionally, as-cast
films were stretched at room temperature, and the results are
compared with the oriented samples in Figure 5. Interestingly,
although as-cast samples exhibit brittle behavior at room tem-
perature, films that have been pre-oriented at 115°C are signifi-
cantly more ductile, with elongation to break increasing with the
level of orientation from 0.7% to 11%. This behavior, called a
brittle to ductile transition, has been observed in other polymers,
including PS and PMMA."®

The mechanical properties of both as-cast and oriented
pCBDC films under room temperature tensile stretching are
compared with PET, PS, PMMA, and PEF in Table 1 and
Figure 1F. The pCBDC films exhibit a high modulus even in the

unoriented state and comparable tensile
strength in the oriented state to those of
other materials listed in Table 1.

Conclusions

This work presents pCBDC as a bio-based thermoplastic
derived from hemp-based CBD, emphasizing its potential as
a sustainable alternative to petroleum-based engineering
polymers. pCBDC is produced via ambient-temperature solu-
tion polymerization using crystalline triphosgene, which is
completely consumed during the process, yielding an Mw of
158 kDa. The CBD-derived aromatic backbone of pCBDC
provides a rare combination of a high T, (95°C), excellent
stretch processability (up to 1,600% strain), and significant
hydrophobicity (water contact angle of 102°). Meanwhile, the
carbonate linkages are expected to facilitate chemical recy-
cling compatible with current methods for condensation
polymers. Beyond synthesis, this study establishes a clear
process-structure-property framework that connects pro-
cessing conditions to polymer chain alignment, offering a
rational pathway to tune mechanical, dielectric, and gas-bar-
rier properties without additional chemical modifications.
This capacity to improve performance through processing
rather than formulation aligns with green chemistry principles
by reducing material complexity and additive content. Overall,
the inherent properties of pCBDC, combined with its renew-
able feedstock, position it as a promising bio-based substitute
for conventional engineering plastics such as PET, PS, and
PMMA in applications including flexible electronics sub-
strates, high-temperature dielectric films, packaging, and fi-
bers. Future work will view the current synthesis and casting
methods as a developmental milestone rather than a fixed
manufacturing process. Ongoing efforts focus on greener ap-
proaches, including CO,-derived intermediates and melt-
phase polymerization/processing, to further minimize solvent
use and reduce environmental impact. By combining renew-
able sources with comparable performance and process-
driven property control, pCBDC offers a practical route to

Table 1. Mechanical properties of unoriented and oriented polymer films for different polymers

pCBDC PET"* ps”3 PMMA™ PEF"”
Unoriented modulus ~5 GPa 1.1 GPa 1.5 GPa 1.5 GPa 2.4 GPa
Oriented modulus ~5 GPa 5 GPa 2.7 GPa 5.8 GPa -
Unoriented tensile strength 38 MPa 59 MPa’ 46 MPa 65 MPa 90 MPa
Oriented tensile strength 197 MPa 200 MPa 133 MPa 227 MPa -
Unoriented elongation to break 0.7% 500% 3.8% 9.5% 5.2%
Oriented elongation to break 11% 60% 46% 22% -

Oriented properties are measured parallel to the orientation direction. Mechanical properties of uniaxially oriented PEF were not found in the literature.
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lessen the environmental footprint of thermoplastics and sup-
port the shift toward more sustainable polymer technologies.

METHODS

Materials and equipment

CBD was delivered by TN Compounds LLC, and anhydrous
DCM, methanol, and pyridine were ordered from Fisher Chemi-
cals. Triphosgene was ordered from Oakwood Chemicals.
Toluene for solution casting was purchased from J.T. Baker.

"H-NMR spectra were collected on a Bruker AVANCE 500
MHz spectrometer using deuterated chloroform (CDCI5) as the
solvent. Samples were collected with 32-64 scans, depending
on concentration, to ensure adequate signal-to-noise ratios.

MW characterization was performed using a Waters GPC sys-
tem equipped with a 1515 high-performance liquid chromatog-
raphy (HPLC) pump, 717 Plus autosampler, and refractive index
(RI) detector. Polymer samples were dissolved in anhydrous di-
methylacetamide (DMAc) at concentrations of 2-4 mg/mL,
filtered through 0.45 pm PTFE syringe filters, and injected for
analysis. MWs were determined using PS calibration standards
with universal calibration.

Differential scanning calorimetry (DSC) measurements were
conducted on a TA Instruments DSC Q20 under a nitrogen atmo-
sphere. Samples (4-6 mg) were sealed in aluminum pans and
equilibrated at —80°C before being heated to 300°C at a rate
of 10°C/min, followed by cooling at the same rate. An initial heat-
ing-cooling cycle was used to erase thermal history, and thermal
transitions, including the Ty, were determined from the second
heating cycle. Representative heating and cooling cycles are
provided in Figure S4A.

Solution polymerization and workup

For synthesis of the 158 kDa Mw polymer, a clean and dry
500 mL three-neck round-bottom flask (RBF) was flushed with
argon to create an inert atmosphere, and the flask was later
sealed with rubber septa on all necks before starting the reac-
tion. A total of 20 g (0.0636 mol) of CBD was put into the flask,
followed by the addition of 90 mL of anhydrous pyridine. The so-
lution was stirred for 15 min and placed in a chilled ice bath.
Separately, 8.5 g (0.0286 mol) of triphosgene was dissolved in
150 mL of anhydrous DCM in another RBF, forming a clear solu-
tion, which was then added dropwise via an addition funnel to
the RBF containing the chilled CBD and pyridine solution. The
contents were stirred using a magnetic stirrer set at 300 rpm
for approximately 20 min in the ice bath and for an additional
4 days with the ice bath removed.

For precipitation, the polymer solution was transferred to a
separating funnel and added dropwise to a beaker containing
1 L of methanol, which was continuously stirred with a stirring
bar. The precipitated polymer was filtered using a vacuum filter
setup, and polymer strands were collected. The filtered polymer
was air-dried in a tray overnight and placed in a vacuum oven at
room temperature for 1 day to dry completely, yielding 20 g of
polymer with a 92% yield. The same synthesis process was fol-
lowed to obtain the other two MWs. To do this, 8.5 g of triphos-
gene was replaced with either 6.3 (0.0212 mol, for Mw = 89,000
Da) or 7.42 (0.025 mol, for Mw = 128,000 Da) g.
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For future scale-up, greener carbonylating agents such as
dimethyl carbonate, diphenyl carbonate, or CO,-derived inter-
mediates are being investigated as alternative routes. Similarly,
replacing conventional solvents with more sustainable solvents
while ensuring reproducibility and high purity is also currently un-
der evaluation.

Solution casting and real-time drying analysis

pCBDC was dissolved in toluene at the appropriate concentra-
tion (20%-30%), and the solution was cast onto a glass sub-
strate at room temperature using a doctor blade set to the
desired thickness (305-610 pm). After casting, the solution was
dried at the desired temperature (25°C-65°C) in an instrumented
drying system using a heated blower with an airspeed of 1 m/s.
During drying, this instrumented system measures real-time film
weight, thickness, surface temperature, light transmission, and
in-plane and OOP birefringence. The system was custom devel-
oped in our laboratories and is shown in Figure Sé6. It is described
in greater detail in previous literature.”®

Uniaxial stretching and real-time mechano-optical
analysis

Samples for uniaxial stretching were fabricated using a roll-to-
roll solution-casting system with a heat-treated PET substrate,
a doctor blade, and heaters beneath the substrate. pCBDC ma-
terial was dissolved in toluene at 25% polymer by weight. For so-
lution casting, the doctor blade gap was 305 pm, the line speed
was 100 mm/min, and the heater temperature was 70°C. After
casting, the pCBDC film was removed from the substrate and
punched into a dumbbell shape for uniaxial stretching. Stretch-
ing was performed using a custom-built system shown in
Figure S7 and described fully in our previous work.”” This system
is capable of uniaxial stretching at temperatures up to 200°C
while simultaneously measuring real-time true stress, true strain,
and birefringence. For uniaxial stretching, the system was pre-
heated to the desired stretching temperature, and samples
were clamped using metal fixtures, inserted, and preheated for
3 min, after which the clamp fixtures were re-tightened. The sam-
ples were then preheated for another 15 min and then stretched
at the desired rate (20 or 200 mm/min).
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