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The pursuit of novel sustainable materials is driving advancements in polymer science, with the consolida-
tion of furfural and hydroxymethylfurfural derivatives as key renewable building blocks. 3,4-Di(furan-2-yl)
cyclobutane-1,2-dicarboxylic acid (CBDA) is a highly promising rigid-structure biobased monomer that is
readily synthesized from furfural. In this study, we expanded the scope of CBDA-based polymers by
synthesizing this platform molecule and investigating its polymerization with a series of aliphatic diols of
varying chain lengths. CBDA was successfully synthesized from furfural-derived 3-(2-furyl)acrylic acid
through a green and efficient UV-mediated solid-state dimerization reaction. Subsequent polymerization
was carried out in bulk via a two-step method. The success of the polymerization was confirmed through
ATR-FTIR, *H NMR, and 3C CP/MAS NMR spectroscopy. The resulting polymers presented average mole-
cular weights (M) of up to 11200 g mol™. Thermogravimetric analysis (TGA) revealed good thermal
stability, with a T410% ranging from 263 to 284 °C and 50% weight retention observed up to 388 °C.
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Furthermore, DSC analysis indicated that the glass transition temperature of the polymers could be tai-
lored, varying from 6 to 52 °C depending on the chain length of the utilized diol. These results underscore
the potential of CBDA as a renewable rigid monomer for the development of sustainable biobased
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Introduction

Humans’ dependence on fossil resources as feedstocks for
fuels, chemicals, and materials has led to numerous environ-
mental concerns, such as the direct relationship between the
exploitation of such resources and greenhouse gas emissions,
which severely affect the global climate."”> Furthermore, the
sources of these raw materials, namely petroleum and gas
reserves, are unequally distributed worldwide, and their supply
and price are volatile and subjected to political speculation.’
Thus, lignocellulosic biomass has become an increasingly
attractive feedstock, owing to its widespread availability from
agricultural, forestry, and certain industrial waste streams,
with an estimated annual global production exceeding 200

“Macromolecular Chemistry and New Polymeric Materials, Zernike Institute for
Advanced Materials, Faculty of Science and Engineering, University of Groningen,
The Netherlands. E-mail: d.maniar@rug.nl

bBiotechnology Department, Lorena School of Engineering, University of SGo Paulo,
Brazil. E-mail: talitalacerda@usp.br

“Center for Education and Research on Macromolecules, CESAM Research Unit,
University of Liege, Belgium

4CICECO-Aveiro Institute of Materials, Department of Chemistry, University of Aveiro,
Portugal

Mines Paris, PSL University, CNRS, CEMEF (UMR 7635), 06904 Sophia Antipolis
Cedex, France

3808 | Polym. Chem., 2025, 16, 3808-3818

billion metric tons.*” In addition to being inexpensive and
abundant, its renewable nature plays a crucial role in promot-
ing a more circular and sustainable economy.® As a result,
research on biomass valorization has flourished in recent
decades, driven by the growing importance of developing strat-
egies to convert this complex feedstock into value-added
chemicals.”

In this context, the search for biobased platform chemicals
to develop innovative renewable polymers is progressing
rapidly. Notably, furfural (F) and hydroxymethylfurfural
(HMF), derived from lignocellulosic feedstocks, stand out as
versatile platform molecules with broad applications in the
synthesis of high-value biobased compounds.®™® With the
advancement of a new generation of biobased polymers to
potentially replace their fossil-based counterparts, certain F
and HMF derivatives have gained popularity as renewable
building blocks. These include molecules such as furfuryl
alcohol, employed in resins and composites;'*™” furfuryla-
mine, used in polyamides and polyureas;'®>" furfuryl meth-
acrylate, utilized in polymers and composites;*>>* 2,5-bis
(hydroxymethyl)furan (BHMF), applied in polyesters;**® and
2,5-furandicarboxylic acid (FDCA), used in polyamides and
polyesters, most notably poly(ethylene furanoate), a renewable
alternative to poly(ethylene terephthalate) (PET).**® These
relevant furan building blocks are depicted in Fig. 1.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Common furan building blocks for biobased materials.

3-(2-Furyl)acrylic (FAA) acid is another furfural derivative
with interesting potential applications. As a photoactive mole-
cule, it can easily undergo a [2 + 2] photocycloaddition reac-
tion under UV light to produce its dimer 3,4-di(furan-2-yl)
cyclobutane-1,2-dicarboxylic acid (CBDA).>® This dimerization
phenomenon is also observed in other molecules, such as cin-
namic acid and its analogs, including 3-(2-thienyl)acrylic acid
and 3-(3-pyridyl)acrylic acid, as well as in heteroarylene-viny-
lenes and related compounds.>’ *° These reactions consist-
ently yield substituted cyclobutane derivatives, which are of
significant interest because of their versatile applications. The
cyclobutane structure, in particular, has found unique utility
across a wide range of research fields, including materials
science, fuel technology, and pharmaceutical synthesis.*'™*
CBDA has relevant potential to serve as a biobased rigid diacid
building block, with previous studies demonstrating its suit-
ability as a polycondensing monomer.***® Moreover, when
used as hardener with a flexible epoxidized vegetable oil, it
formed a crosslinked network that exhibited high glass tran-
sition temperature, high strength, and relatively good
toughness.””*® Additionally, in many of these cyclobutane
molecules, the ring-forming bonds are reversible and can be
cleaved under specific photochemical, mechanical, and/or
thermal stimuli.**>* These characteristics make them promis-
ing candidates as platform molecules for the design of degrad-
able or recyclable polymers, which are in growing demand as
part of strategies to achieve more sustainable end-of-life man-
agement of polymeric waste.>* ™’

Therefore, this work further explores CBDA as a platform
molecule for polymer synthesis, expanding the library of linear
CBDA-based polyesters by pairing it with an assortment of ali-
phatic diols and obtaining polymers with tunable thermal pro-
perties. CBDA was synthesized via the solid-sated suspension
photocycloaddition of FAA, using commercially available UVA
LEDs and recycling the reaction medium of the process. Then,

This journal is © The Royal Society of Chemistry 2025
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CBDA was polymerized in bulk with different diols to avoid the
excess use of organic solvents, using titanium(v) isopropoxide
(TTIP) as catalyst. Enzymatic polymerization of the ethyl ester
of CBDA was also attempted, employing immobilized Candida
antarctica lipase B (CALB) as catalyst. ATR-FTIR, '"H NMR, '*C
CP/MAS NMR, TGA, DSC, and WAXD were used to characterize
the synthesized polymers.

Experimental section

Materials

3-(2-Furyl) acrylic acid (FAA, 99%), 1,4-butanediol (99%), 1,6-
hexanediol (99%), 1,8-octanediol (98%), 1,10-decanediol
(98%), titanium(wv) isopropoxide (TTIP, 99.999%), trifluoroace-
tic acid (TFA, 99%), triethylamine (TEA, 99.5%), oxalyl chloride
(99%), Novozyme 435 (N435, Candida antarctica lipase B
immobilized in acrylic resin, recombinant, expressed in
Aspergillus niger, >5000 U g~*), molecular sieves (4 A), deute-
rated dimethyl sulfoxide (DMSO-ds, 99.9%), and deuterated
chloroform (CDCl;, 99.8%), were purchased from Sigma-
Aldrich. N-Hexane (99%), chloroform (CHCl;, 99.5%), metha-
nol (anhydrous, 99.8%), ethanol (anhydrous, 99.8%), tetra-
hydrofuran (THF, 99.5%), toluene (anhydrous, 99.8%), N,N-di-
methylformamide (DMF, 99.8%), and ethyl acetate (99%) were
purchased from Avantor. N435 was pre-dried in the presence
of phosphorus pentoxide in a desiccator at room temperature
under a high vacuum for 12 h. The molecular sieves (4 A) were
pre-activated at 250 °C under vacuum. The other chemicals
were used as received without further purification.

Analytical methods

Proton nuclear magnetic resonance (1H NMR) spectra were
acquired at 25 °C using a Bruker Avance NMR spectrometer
operating at 600 MHz. Chemical shifts were recorded in parts

Polym. Chem., 2025, 16, 3808-3818 | 3809
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per million (ppm) relative to the solvent peak. Spectral analysis
was performed using MestreNova 14 software.

Solid-state carbon-13 cross-polarization/magic angle spin-
ning nuclear magnetic resonance (**C CP/MAS NMR) spectra
were acquired at 25 °C via a Bruker Avance NMR spectrometer
operating at 400 MHz. Spectral analysis was performed via
MestreNova 14 software.

Attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectra were recorded via a Bruker VERTEX 70
spectrometer equipped with a Platinum-ATR diamond single-
reflection accessory. Measurements were conducted with a
resolution of 4 cm™, and spectra were collected over a
4000-400 cm ™' range, with 16 scans per sample. Atmospheric
compensation and baseline correction were applied to the
spectra using OPUS spectroscopy software (v7.0, Bruker
Optics).

Thermogravimetric analysis (TGA) was conducted via a TA
Instruments D2500 TGA instrument. The samples were heated
from 25 °C to 700 °C at a rate of 10 °C min~" under a nitrogen
atmosphere (at a N, flow rate of 50 mL min™"). Prior to the
TGA measurement, each sample was preheated to 100 °C and
held at that temperature for 20 min to remove residual moist-
ure and solvents.

Differential scanning calorimetry (DSC) was employed to
assess the thermal transitions of the synthesized polyesters.
Measurements were carried out using a TA Instruments Q1000
DSC. Samples weighing 10-15 mg were placed in nonhermeti-
cally sealed aluminum pans. Heating-cooling-heating cycles
were conducted from —50 °C to 200 °C at a rate of 10 °C
min~", under a mild nitrogen flow rate of 25 mL min ™"

Wide-angle X-ray diffraction (WAXD) patterns of the syn-
thesized polyesters were recorded using a Bruker D8 Advance
diffractometer with CuKa radiation (4 = 0.1542 nm). Data were
collected at room temperature in the angular range of 5-50°
(20).

Synthesis of 3,4-di(furan-2-yl)cyclobutane-1,2-dicarboxylic acid
(CBDA)

CBDA was synthesized as previously reported.*®*® 3-(2-furyl)
acrylic acid powder (FAA, 12 g, 86.9 mmol) was dispersed in
250 mL of hexane and transferred to a quartz Erlenmeyer
flask. The suspension was stirred and irradiated with three
consumer-grade LED UV lamps (365 nm, 135 W) for 48 h.
Occasionally, the walls of the flask were scraped off to remove
some attached solid material, and extra hexane was added to
keep the volume approximately constant, considering its evap-
oration. To confirm that the FAA conversion exceeded 95%
and determine when to stop the reaction, 1 mL samples were
collected after 24 h and 48 h for '"H NMR analysis. The product
was isolated via filtration and dried under vacuum. CBDA was
obtained as a pale-beige solid, and the remaining hexane was
recovered for reuse.

Melt polymerization of CBDA

CDBA was bulk polymerized with different diols—1,4-butane-
diol, 1,6-hexanediol, 1,8-octanediol, or 1,10-decanediol—in a
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two-step process, producing the polymers PBCB, PHCB, POCB,
and PDCB, respectively. Firstly, 2 g (7.24 mmol) of CBDA,
7.24 mmol of diol, and a magnetic stirrer were added to a two-
neck round bottom flask attached to a short path vacuum dis-
tillation setup, and the whole system was flushed with N,. The
temperature was gradually increased to 160 °C at a rate of
about 4 °C min™?, after which 0.09 mmol of TTIP was added.
The mixture was kept under N, atmosphere at 160 °C for 4 h
with constant stirring. Then, the temperature was increased to
180 °C at approximately 2 °C min™", followed by vacuum appli-
cation for 2 h. After the second reaction step ended and the
mixture had cooled down to room temperature, approximately
25 mL of chloroform and approximately 5 drops of TFA were
added to the reaction flask. The mixture was stirred vigorously
and left to dissolve overnight. However, in all the cases, the
polymers did not fully dissolve in the solvent mixture, result-
ing primarily in a suspension of small polymer particles in the
chloroform/TFA solution. This suspension was subsequently
precipitated in cold methanol. Then, the polymers were separ-
ated from the supernatant by centrifugation and were left to
dry overnight in a vacuum oven at 45 °C.

Enzymatic polymerization of CBDA-based diester

First, CBDA was converted to its diethyl ester (CBDE), as pre-
viously reported.*® In a round-bottom flask, 2.5 g of CBDA
(9.1 mmol) was dissolved in 90 mL of dry THF and purged
with nitrogen. Then, 3.11 mL of oxalyl chloride (36.4 mmol)
and two drops of DMF were added to the flask, and the solu-
tion was stirred for 1 h under an inert atmosphere. After this
period, the THF and excess oxalyl chloride were removed
under vacuum to obtain CBDA acyl chloride. TEA (2.86 mL,
20.5 mmol) was dissolved in 46 mL of anhydrous ethanol
(0.78 mol) and slowly added, via a dropping funnel, into the
flask containing CBDA acyl chloride over an ice bath. After this
addition, the reaction mixture was stirred for 2 h at room
temperature. The mixture was then filtered to remove any solid
impurities, and the solvent in the filtrate was evaporated
under vacuum, yielding CBDE as a viscous brownish-yellow oil.
Flash column chromatography (ethyl acetate : hexane = 2:98)
was used to purify the diester monomer further.

Following the CBDE synthesis, its enzymatic polymerization
with aliphatic diols was carried out based on the one-step pro-
cedure reported by Jiang et al (2016).** First, in a 25 mL
round-bottom flask, 0.5 g of CBDE (1.5 mmol) and 1.5 mmol
of a diol (1,4-butanediol, 1,6-hexanediol, 1,8-octanediol, or
1,10-decanediol) were dissolved in anhydrous toluene
(500 wt% relative to all monomers). Then, pre-dried N435
(20 wt%) and pre-activated 4 A molecular sieves (200 wt%)
were added, and the flask was purged with nitrogen. The flask
was sealed and placed in an oil bath at 90 °C for 72 h under
magnetic stirring. After this period, the toluene was evaporated
under a stream of air at room temperature, and the resulting
mixture was dissolved in 15 mL of chloroform. Next, N435 and
molecular sieves were removed by filtration, and the filter
paper and its contents were washed three times, with 10 mL of
chloroform each. The excess chloroform in the filtrate was

This journal is © The Royal Society of Chemistry 2025
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removed under vacuum, and the concentrated solution was
added dropwise into an excess of cold methanol to precipitate
the synthesized polymers. However, no precipitation occurred,
so the crude reaction mixture was kept for "H NMR analysis.
3,4-Di(furan-2-yl)cyclobutane-1,2-dicarboxylic acid (CBDA).
'H NMR (600 MHz, DMSO, 6, ppm): 12.55 (2H, br), 7.40 (2H,
d), 6.25 (2H, m), 6.09 (2H, d), 4.05 (2H, m), 3.67 (2H, m);
ATR-FTIR (cm™): 3050 (O-H stretching vibrations), 1695 (C=0
stretching vibrations), 1414 (O-H bending vibrations).

Poly(butylene cyclobutane-1,2-dicarboxylate) (PBCB). 'H
NMR (600 MHz, CDCl;, 8§, ppm): 7.21 (2H, m), 5.93-6.19 (4H,
m), 4.21 (2H, m), 4.09-4.13 (4H, m), 3.83 (2H, m), 1.67-1.74
(4H, m); C CP/MAS NMR (400 MHz, §, ppm): 171.4, 152.8,
142.1, 110.3, 107.4, 64.9, 42.4, 39.0, 25.4.

Poly(hexamethylene cyclobutane-1,2-dicarboxylate) (PHCB).
'"H NMR (600 MHz, CDCl;, 8, ppm): 7.22 (2H, m), 5.93-6.19
(4H, m), 4.22 (2H, m), 4.06-4.17 (4H, m), 3.83 (2H, m),
1.34-1.61 (8H, m); "*C CP/MAS NMR (400 MHz, §, ppm): 171.4,
152.8, 142.1, 110.5, 107.5, 65.1, 43.1, 38.8, 28.6, 25.7.

Poly(octamethylene cyclobutane-1,2-dicarboxylate) (POCB).
"H NMR (600 MHz, CDCl;, §, ppm): 7.22 (2H, m), 5.93-6.19
(4H, m), 4.22 (2H, m), 4.07-4.17 (4H, m), 3.83 (2H, m),
1.30-1.61 (12H, m); *C CP/MAS NMR (400 MHz, §, ppm):
171.3, 153.0, 142.0, 110.4, 107.4, 65.2, 43.3, 38.8, 29.0, 26.3.

Poly(decamethylene cyclobutane-1,2-dicarboxylate) (PDCB).
'H NMR (600 MHz, CDCl;, 6, ppm): 7.22 (2H, m), 5.93-6.19
(4H, m), 4.22 (2H, m), 4.07-4.17 (4H, m), 3.84 (2H, m),
1.26-1.61 (16H, m); *C CP/MAS NMR (400 MHz, §, ppm):
171.4, 153.0, 142.0, 110.1, 107.5, 65.2, 43.0, 38.9, 29.3, 26.4.

CBDA-based polyesters ATR-FTIR (cm ). 2926-2957,
2852-2897 (asymmetric and symmetric C-H stretching
vibrations); 1724-1726 (C=O0 stretching vibrations); 1163-1161
(C-O stretching vibrations); 1012 (=C-O-C= ring vibrations);
796-800, 733-727 (=C-H out-of-plane deformation vibrations).

0
o
Hexane, 365 nm H
O. A OH 0 J
I 48 h, r.t. |

\ d o

FAA HO 0

CBDA

Scheme 1 Synthesis of CBDA.

(I) TTIP, N,, 160 °C, 4 h
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Results and discussion

CBDA was successfully synthesized via photocycloaddition of
FAA (Scheme 1) based on a previously reported procedure.’®*®
The reaction conversion was determined to be approximately
95% (calculated by "H NMR - Fig. $1). It is important to high-
light the green aspects of this process, including the recyclabil-
ity of the reaction medium and the use of commercially avail-
able UVA LEDs. These LEDs can achieve an electrical efficiency
of 40-50%, surpassing that of traditional mercury lamps.’®
Furthermore, LEDs have a significantly lower environmental
impact than mercury lamps do,>® mainly due to the impacts of
the production of the latter.*

Polyesters were synthesized from CBDA and different diols
in a two-step bulk polycondensation process based on litera-
ture reports (Scheme 2).>*%'"% In the first step, consisting on a
prepolymerization, a catalyst is introduced to promote the
esterification reaction, forming low-molecular-weight products
(oligomers). This step is critical as it enables the monomers to
react under milder conditions, producing short chains with
higher boiling points and improved thermal stability com-
pared to the starting monomers. Subsequently, elevated temp-
eratures and reduced pressure are typically applied to achieve
higher molecular weight polymers. Since esterification is an
equilibrium reaction, removing the byproduct—water, in this
case—is crucial to shift the equilibrium forward and drive the
formation of polymers. The duration of the second step was
determined by visually monitoring the viscosity of the reaction
mixture in the PBCB sample, stopping the reaction when the
mixture solidified. This timeframe was then applied consist-
ently across the other samples. At the end of each polymeriz-
ation reaction, the recovered polymers were weighed, and the
yields were calculated (Table 1). Notably, the obtained poly-
mers exhibited partial solubility in the standard CHCI;/TFA
mixture used for recovery and were insoluble in other common
organic solvents, including DMSO, DMF, and THF.

As previously mentioned, the enzymatic polymerization of
the diethyl ester of CBDA (CBDE) and aliphatic diols was also
investigated. The enzyme chosen for this experiment was
Candida antarctica lipase B (CALB), specifically the commer-
cially available Novozyme 435, which is immobilized in acrylic
resin. This widely used biocatalyst has been reported to effec-
tively catalyze the synthesis of FDCA- and BHMF-based

polymers.>® 8333 First, the esterification of CBDA was per-

o) o]
HO OH
HO
— — + SASH oH
\\ _O o/ Diol
CBDA x=1,2,3,0r4

Scheme 2 Two-step bulk polycondensations of CBDA and different diols.
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Table 1 CBDA-based polyesters and their corresponding isolation yields, number-average degree of polymerization, and number-average mole-
cular weight

Polyester Abbreviation Average yield* (%) DpP,” M,” (g mol™)
Poly(butylene cyclobutane-1,2-dicarboxylate) PBCB 64.1 7 2700
Poly(hexamethylene cyclobutane-1,2-dicarboxylate) PHCB 43.1 10 4000
Poly(octamethylene cyclobutane-1,2-dicarboxylate) POCB 66.3 28 11200
Poly(decamethylene cyclobutane-1,2-dicarboxylate) PDCB 61.6 12 5400

“These values are the average of two experimental results. ” These values were estimated through 'H NMR analysis via the following equations:

Ic X my X n —_ . . . . . . i i
DP, = Clxilml and M, = ngr X Mg + Mg, where I; is the integral intensity of the peak assigned to the furanic protons of the repeating unit
i c

(C, at 5.93 ppm), I; is the integral intensity of the peak assigned to the methylene protons of the hydroxymethyl end groups (I, approximately

3.45 ppm), m is the number of protons C present in the repeating unit, m; is the number of protons I, n; is the number of hydroxymethyl end
groups, ng indicates the number of repeating units (DP,), My is the molecular weight of one repeating unit, Mg is the combined molecular
weight of the end groups. Here, we assumed that all polyesters were terminated with one hydroxymethyl group and one carboxylic acid group.®®

formed as described by Wang et al. (2018).>® CBDE was chosen
over CBDA for this reaction because of its superior solubility
in the reaction medium (toluene).**** The use of CBDA was
also avoided because certain acidic substrates have been
shown to deactivate the enzyme, thereby hindering the esterifi-
cation process.®> The one-step solution polymerization of
CBDE with aliphatic diols was carried out following the
method outlined by Jiang et al (2016).>* However, no poly-
meric product was recovered at the end of the reactions. 'H
NMR analysis of the reaction mixture confirmed this, revealing
only the signals corresponding to the starting reagents, as
illustrated in Fig. S2. The primary hypothesis for the failure of
the enzymatic polymerization centers on the specificity of the
enzyme. The active-site cavity of CALB is reportedly shaped like
a tunnel, which restricts the steric positioning of bulky or
branched substrates.”®®” Given the cyclobutane structure of
CBDE, with its pendant furan groups, the substrate is likely
too sterically demanding for CALB’s active site, preventing
effective catalysis of the transesterification reaction with the
aliphatic diols.

1725 cm’ 1162 cm’
A

Absorbance (arb. unit)

T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 2 ATR-FTIR spectra of CBDA and its corresponding polyesters.
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The synthesized polyesters were first analyzed via ATR-FTIR,
and their spectra, along with those acquired from CBDA, are
presented in Fig. 2. The shift of the carbonyl C=O0 stretching
band from 1695 cm™" to 1725 cm™" and the C-O stretching
peak at 1162 cm™" present in all the spectra of the polymers
demonstrate the formation of ester bonds between CBDA and
the diols. The disappearance of the O-H stretching band at
3050 cm ™" and the O-H bending band at 1414 cm™" are also
consistent with the formation of ester bonds. Additionally, the
intensities of the asymmetric and symmetric C-H stretching
bands at approximately 2942 cm™" and 2874 cm™', respect-
ively, increased progressively in the polymer samples as the ali-
phatic chain of the employed diol increased, as expected.
Furthermore, furan ring bands can be observed in the finger-
print region of the polymers and CBDA spectra, specifically the
=C-0O-C= ring vibrations at 1012 cm™" and the =C-H out-of-
plane vibrations at approximately 798 and 730 cm™".

To further assess the molecular structures of the synthesized
polymers, the polyesters were analyzed through 'H NMR in
CDCl;. Owing to the material’s low solubility, it was allowed to
dissolve overnight in CDCl; with a few drops of TFA. Before ana-
lysis, the insoluble fraction was filtered off. The resulting spectra
are depicted in Fig. 3. The signals labeled 4, B, and C - at 7.22,
6.19, and 5.93 ppm, respectively — are attributed to the protons
from the furan ring (-CH=). The protons of the cyclobutane core
generate signals D and E (4.21 and 3.83 ppm). The protons from
the methylene units of the aliphatic diols (-CH,-) give rise to
signals at 4.11 ppm (F), 1.61-1.67 ppm (G), and 1.26-1.40 ppm
(H). The presence of peak F, in particular, indicates ester bond
formation, providing additional evidence for the formation of
polymers/oligomers. The peaks at 0.83 and 1.25 ppm, which are
mainly detectable in the spectrum of PBCB, arise from impuri-
ties, most probably due to vacuum grease contamination of the
samples. The low-intensity signals at 6.22-7.10 ppm and
7.27-7.49 ppm may come from minor impurities that are also
present in the CBDA "H NMR spectrum (see the SI).

The small peak I at 3.45 ppm can be attributed to the
methylene protons of the hydroxymethyl end-groups (HO-
CH,-). In addition to peak C—the most well-defined signal

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Possible (a) mechanism of C5 electrophilic substitution, and (b) resulting crosslinked polymer structure for PBCB.

This journal is © The Royal Society of Chemistry 2025
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originating from the repeating unit structure—this peak was used
to estimate the number-average degree of polymerization (DP,)
and the number-average molecular weight (M,) of the soluble
portion of the polymers (Table 1).°® Naturally, an increasing trend
in the M,, of the samples is expected, which is simply due to the
differences in the molecular weights of the diols used. Moreover,
DP, slightly increases with increasing diol chain length, as
observed in the progression from PBCB to PHCB to PDCB, with
average repeating units per chain of 7, 10, and 12, respectively.
However, POCB exhibits a significantly higher DP, of 28. This
deviation could stem from a limitation in the estimation method
or may suggest that a diol chain length of 8 carbons is more favor-
able for the reaction than a length of 4, 6, or 10 carbons. This pre-
ference could be due to factors such as catalyst selectivity or
improved miscibility in the reaction mixture.

Considering that the highest obtained DP, was 28, it is
evident that all the samples consisted primarily of oligomers.
Wang et al. reported the synthesis and further polymerization of
a similar cyclobutane monomer with ethylene glycol, obtaining
both oligomers and polymers with M, values of 1968 and
22039, respectively.®" Furthermore, their polymer exhibited low
solubility in common organic solvents. On this basis, it can be
inferred that the insoluble fraction of the materials synthesized
in this study likely consists of molecules with longer chain
lengths than those detected by "H NMR analysis. This increased
chain length likely correlates with the observed insolubility.

Another possible explanation for the low solubility of these
polyesters in common organic solvents is the occurrence of
crosslinking during the polymerization reaction. The C5
carbon in the furan ring is fairly reactive and capable of under-
going electrophilic substitution, and the possibility of it react-
ing with the diols and producing interchain bonds is not null

View Article Online
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(Scheme 3).°>7° Therefore, solid-state *C CP/MAS NMR ana-
lysis was employed to obtain more detailed structural data and
evaluate the degree of such crosslinking in the material.

The C CP/MAS NMR spectra of the synthesized polymers
are depicted in Fig. 4. For all samples, the carbons in the
furan ring—Ilabeled A, B, C, and D—give rise to signals at
approximately 142.0, 110.4, 107.5, and 152.0 ppm, respectively,
with signals for carbons B and C partially overlapping. The
carbons in the cyclobutane structure (E and F) produced par-
tially overlapping peaks between 43.0 and 38.8 ppm, and the
carbonyl carbon (G) appeared as a signal at 171.4 ppm. The
carbon at the ester linkage (H) generates a peak at 65.2 ppm,
whereas the remaining aliphatic carbons (1) yield broad signals
in the range of 29.3-25.4 ppm. Thus, no new signals indicating
covalent crosslinking were detected, suggesting that low solu-
bility might be an innate feature of these polymers.
Additionally, as previously mentioned, an analogous study
reported the low solubility of similar structured polyesters in
common organic solvents without the occurrence of cross-
links.®" Nonetheless, the analysis results should be considered
carefully, given the technique’s resolution limitations.

The thermal stability of the polymers was assessed via TGA,
and the resulting thermograms are presented in Fig. 5. The
very small weight loss (up to 0.96%) at approximately 100 °C,
which is more evident in Fig. 5b, can be attributed to the elim-
ination of residual solvent/moisture. The polymers showed
overall good thermal stability, with Tys0, values between 250
and 267 °C and Tg4109, values between 263 and 284 °C, with
50% weight retention observed up to 388 °C. All the polyester
samples exhibited two main degradation steps, with the
derivative of weight loss peaking between 277-310 °C and
390-405 °C. The first degradation step corresponded to a

G D A BC H EF
PDCB o Q H
To /o o/\(\l/\)}/ g
NN J\ /\ S\ E
—_— D /C
PHCB -0 o /"
L A Jn

200 150 100 50
Chemical Shift (ppm)

Fig. 4 Polyesters’ 13C solid-state NMR spectra.
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Fig. 5 (a) Weight (%) vs. temperature (°C); (b) derivative weight vs.
temperature of the synthesized polymers.

weight loss of 38-49%, whereas the second step resulted in a
weight loss of 29-43%. These observations suggest that two
distinct thermal decomposition phenomena
Additionally, the char yield of the samples ranged between
18-22%.

The thermal properties of the synthesized polyesters were
analyzed via DSC. The first heating and cooling cycle was
employed to eliminate the samples’ thermal history, and the
second heating curves are depicted in Fig. 6. The glass tran-
sition temperature (T) of the polymers were determined to be
52, 18, 10, and 6 °C for PBCB, PHCB, POCB, and PDCB,
respectively, indicating a decreasing trend as the length of the
linear monomer increased. This highlights that, as expected,
the diol chain length can be strategically selected to tailor the
T, of the resulting materials. Additionally, the influence of the
Ty could be observed during polymer handling, as PBCB was
brittle at room temperature, whereas the other samples were
increasingly rubbery at room temperature. Furthermore, none
of the DSC curves showed a melting endotherm, which is an
evidence that all the polymers were amorphous. This was
further substantiated by WAXD analysis, which did not reveal
the presence of crystalline domains (Fig. S3).

occur.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Polymers’ DSC second heating curve.

Conclusion

Novel polyesters from furfural-derived CBDA and aliphatic diols
were successfully synthesized, achieving yields of up to 66%.
The reactions were confirmed via multiple analytical tech-
niques, including ATR-FTIR, 'H NMR, and *C CP/MAS NMR.
The resulting polymers exhibited limited solubility in conven-
tional organic solvents, which prevented a thorough assessment
of their molecular weights. However, "H NMR analysis allowed
for an estimation of the M, of the soluble polymer fraction, with
values reaching up to 11200 g mol™". One hypothesis for the
limited solubility was the potential crosslinking of the materials.
However, detailed analyses, particularly *C CP/MAS NMR, did
not provide any evidence to support this. This finding indicates
that low solubility in conventional organic solvents may be an
inherent property of the synthesized polymers.

Thermogravimetric analysis of the synthesized polymers
demonstrated good thermal stability, with Tg;9, ranging from
261 to 282 °C and 50% weight retention observed up to 386 °C.
Moreover, DSC revealed tunable glass transition temperatures
varying from 6 to 52 °C depending on the length of the diol
used. Additionally, there were no observable melting or crystalli-
zation peaks, and wide-angle X-ray diffraction (WAXD) analysis
confirmed that the polyesters were 100% amorphous.

Further studies are necessary to obtain a deeper under-
standing of the physical and mechanical properties of the
materials. Such investigations should provide a comprehensive
characterization of these biobased polymers and their poten-
tial applications. Nevertheless, this work offers valuable
insights into the potential of CBDA as a renewable rigid
monomer, contributing to the advancement of knowledge in
the field of sustainable biobased materials.
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