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ABSTRACT: Biobased polymer synthesis is becoming an Vanillin  Homopolymer ROMP Triblock Copolymer
indispensable research area aimed at addressing environmental Modlflcatlon 30000000
pollution and the depletion of petroleum resources. Vanillin, which Vanila SR

can be sustainably obtained from lignin biomass, is a phenolic t;]; s g
compound that is widely used as a food additive. We herein report Q

our study of polymer synthesis using vanillin through ring-opening j:)\/ - S \oQ g \OQ
metathesis polymerization (ROMP). Our initial step involves the Vanillin UV-Blocking e S
chemical transformation of vanillin into vanillin S-norbornene-2- 0 g1oofTRIYT eer Thermg;)lastlg Elastomers
carboxylate (VN), a polymerizable monomer. This ROMP O 5 sof || K
monomer has the capability to form poly(vanillin S-norbornene- (’
2-carboxylate) using a Grubbs catalyst. This glassy homopolymer  vanilin norbomene =l
has a molecular weight of 49,000 g/mol with a D of 1.23. To (VN) WeseismGer)
explore its potential in copolymers, we performed triblock

copolymerization to create ABA-type thermoplastic elastomers. To achieve this, we synthesized three ROMP monomers serving
as soft blocks, each containing different alkyl chains. Through a sequential addition of monomers (VN, soft block, and VN in that
order), we successfully synthesized six vanillin-based triblock copolymers with molecular weights of 32,000—61,200 g/mol and D
values of 1.24—1.40. These synthesized polymers exhibit excellent mechanical properties, including a Young’s modulus of 28 MPa,
surpassing commercial thermoplastic elastomers. Atomic force microscopy (AFM) reveals microphase separation consistent with the
two distinct glass transition temperatures.

KEYWORDS: biomass, copolymerization, ring-opening metathesis polymerization, thermoplastic elastomer, vanillin

1. INTRODUCTION analyzing composite materials. To overcome these challenges,
lignin depolymerization has been performed to break down
lignin into monomeric aromatic compounds,zs_27 which can
then be polymerized to create functional polymers with well-
defined chemical structures and facile characterization.

Among the products obtained through lignin depolymeriza-
tion, the product accounting for the largest volume is vanillin.
Vanillin is well known as a flavoring agent in vanilla and is the
only renewable aromatic compound produced on an industrial
scale,”® with an annual production of 3000 tons solely from
lignin, and the total scale of vanillin production reaches 20,000
tons per year.”® The chemical structure of vanillin consists of o-
methoxyphenol, or guaiacol, with an attached aldehyde (Figure
1). The hydroxyl functional group in vanillin often serves as a
starting point for chemical transformation, enabling the
synthesis of biobased polymers. For example, vanillin can be

Exploring renewable resources to produce useful polymers is
critical in order to meet the ever-increasing demand for synthetic
materials, prepare for potential shortages of petroleum-based
raw chemicals, and reduce greenhouse gas emissions for cleaner
environments.' > Many biobased resources, such as terpenes,”
vegetable oils,” and sugars,6 have been extensively researched for
the production of synthetic polymers.” "> Some of these
polymers have been commercialized, as evidenced by notable
examples such as poly(lactic acid)s'*~"® and polyhydroxyalka-
noates.'”*” However, their mechanical properties are often not
robust due to the absence of aromatic moieties. Thus, the search
for aromatic building blocks available in nature is essential to
diversifying the range of available materials. One such building
block can be obtained from polyphenols found in lignin*' and
tannins,”” which are structural components of wood. Of the two
biomacromolecules, lignin is considered a more promising

aromatic source because it is the most abundant biopolymer Received: ~ October 10, 2023 .
present in nature. Due to its abundance and various extraction Revised:  January 7, 2024

techniques, the commercial availability of lignin (1.1 million Accepted:  January 8, 2024 &
tons/year)”’ is significantly higher than that of tannins (0.2 Published: January 19, 2024 4
million tons/year).”* However, since lignin is highly branched 2

and complex, significant challenges exist in characterizing and
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Figure 1. Overview of this work. Vanillin is a flavoring agent in vanilla and can be produced from lignin biomass. Chemically, vanillin contains a
phenolic moiety, making it suitable for an N,N’-dicyclohexylcarbodiimide (DCC) coupling reaction to attach a norbornene moiety. This resulted in
the formation of VN, which served as a ROMP monomer. Using G3, we can synthesize pVN and its copolymers, and their applications in UV-blocking

films and thermoplastic elastomers (TPEs) will be discussed.

acrylated to form polymerizable vinyl monomers, which can
then be polymerized using controlled radical polymerization
techniques such as reversible addition—fragmentation chain
transfer (RAFT) or atom transfer radical polymerization
(ATRP) to produce functional polymers.””~** Additionally, by
further cross-linking through the combination of aldehyde
pendent groups of vanillin, biobased resins can be created.** >
‘While controlled radical polymerization offers many advantages,
it also has inherent drawbacks, such as prolonged reaction times,
high reaction temperatures, and chain transfer side reactions. In
this context, ring-opening metathesis polymerization
(ROMP)** can serve as an excellent alternative to radical
polymerization. However, there has been limited research on the
application of ROMP to vanillin derivatives. To the best of our
knowledge, only one report discusses ROMP of vanillin
derivatives, but this work involves multiple synthetic steps for
ROMP and does not investigate the possibility of copolymeriza-
tion.” This limitation has prompted us to explore the potential
of ROMP by synthesizing a scalable ROMP monomer from
vanillin and applying copolymerization.

We herein report the efficient transformation of biobased
vanillin into homopolymers and triblock copolymers through
ROMP for applications in UV-blocking films and high-
performance TPEs (Figure 1). To achieve this, we first
converted vanillin into vanillin S-norbornene-2-carboxylate
(VN), a ROMP-capable monomer, through Steglich esterifica-
tion. VN was then polymerized using G3 via ROMP, resulting in
a glassy polynorbornene with a T, of 95 °C, which could serve as
a compelling alternative to petroleum-based polystyrene.
Having confirmed the potential of ROMP, we utilized VN as a
monomer for the hard block in triblock copolymer-based TPEs.
In the TPE design, the monomers for the middle soft block
contained n-butyl, n-octyl, or n-octyl having two methyl groups.
The purpose of this study was to investigate the effect of alkyl
chains on the TPE properties. Based on this design and by
varying the weight percentages of the hard block, we successfully
synthesized six vanillin-containing triblock copolymers. Phase
separation was confirmed by atomic force microscopy (AFM),
and their mechanical properties were investigated and compared
to those of commercial TPE. These results highlight the great
promise of vanillin-based TPEs as potential substitutes for
conventional petrochemical-based TPEs.

2. MATERIALS AND METHODS

2.1. General. Chemicals were purchased from Sigma-Aldrich, TCI,
Daejung Chemicals, Samchun Chemicals, and Duksan Chemicals
without further purification, unless noted otherwise. All reactions were
carried out under argon with standard Schlenk techniques. Reaction
flasks were flame-dried. Dry solvents were prepared with activated 4 A
molecular sieves. Solvents for ROMP were degassed with Ar purging for
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20 min. All 'H NMR and "*C NMR data are reported in ppm on aJEOL
ECS 400 MHz NMR spectrometer. '"H NMR is referenced to a
chloroform peak (6§ = 7.26 ppm). The multiplicity is reported as
follows: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, m =
multiplet or unresolved, and br = broad. Coupling constants ] are
reported in hertz. '*C NMR is referenced to a chloroform signal (6 =
77.16 ppm). High-resolution mass spectrometry (HRMS) using
electrospray ionization (ESI) in positive mode was performed with
an AB SCIEX Q-TOF 5600. A direct injection was performed, and the
MS scan range was 100—2000 m/z. Gel permeation chromatography
(GPC) was performed in tetrahydrofuran with a concentration of 2—3
mg/mL on a TOSOH HLC-8320 GPC. The GPC was calibrated with
monodisperse polystyrene standards, and the data were analyzed using
a refractive index detector. Dynamic light scattering (DLS) was
performed in toluene by using an Otsuka ELSZ-2000ZS.

2.2. Thermal Analysis. Thermogravimetric analysis (TGA) was
conducted using a TA QSO0 instrument. The samples (6—9 mg) were
heated at a rate of 20 °C/min from 30 to 600 °C under a nitrogen
atmosphere. Differential scanning calorimetry (DSC) measurement
was performed on a TA Instruments Q20. The samples (6—9 mg) were
uniformly heated from —75 to 150 °C at a rate of 20 °C/min under a
nitrogen atmosphere using Tzero hermetic pans.

2.3. Photophysical Analysis. UV—vis spectra were recorded on a
Scinco Mega U600 UV—vis spectrophotometer at room temperature.
To prepare the film, the polymer was first dissolved in dichloromethane
(DCM). The resulting solution was transferred to a glass Petri dish and
dried at room temperature for 2—3 days. The film was further dried in
vacuo at 40 °C for 1 day.

2.4. Mechanical Analysis. Mechanical properties were analyzed by
using a Universal Testing Machine (UTM, Lloyd LR30K Plus). The
measurements were conducted with a 1 kN load cell and crosshead
speeds of 5—15 mm/min. The sample size was 1 X § X 0.01 cm. The
sample was prepared by using a solvent casting method. The polymer
was dissolved in DCM at a concentration of 500 mg/3 mL. The solution
was then poured into a Teflon mold and dried at room temperature for
1 day and further under vacuum for 3 h. For cyclic testing, 5 cycles of
loading—unloading ranging from 0 to 50% strain were conducted using
a 1 kN load cell with a crosshead speed of 10 mm/min.

2.5. Atomic Force Microscopy (AFM). AFM (Park system, Korea,
NX10) with a noncontact or tapping mode was used to visualize the
phase separation on a silicon wafer. To prepare for the sample,a 1 X 1
cm silicon wafer (p-type, LG Siltron, Korea) was washed with acetone
and 2-propanol, after which the remaining solvent was removed by
blowing with nitrogen gas. The cleaned wafer was then exposed to a UV
ozone cleaner for 15 min. Subsequently, a polymer solution (1 wt % in
toluene) was deposited onto the wafer, and spin-coating was performed
at 2500 rpm for 60 s. The size of hard blocks within the sample was
measured using the image processing software, ImageJ. Approximately
274 domains in P6 were selected, and their sizes were averaged.

2.6. Synthesis of VN. In a Schlenk flask, S-norbornene-2-carboxylic
acid (21.72 mmol, 1.00 equiv, 3.00 g), vanillin (26.04 mmol, 1.2 equiv,
3.96 g), N,N'-dicyclohexylcarbodiimide (23.88 mmol, 1.1 equiv, 4.93
g), and 4-dimethylaminopyridine (2.16 mmol, 0.10 equiv, 256.26 mg)
were dissolved in 48 mL of DCM. The reaction mixture was stirred at
room temperature for 24 h. The reaction mixture was filtered using a
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Biichner funnel. The organic layer was washed with saturated sodium
bicarbonate (30 mL X 2), dried with anhydrous MgSO,, and
evaporated in vacuo. The mixture was purified with column
chromatography (hexane:ethyl acetate = 6:4), producing a white
solid (5.37 g, 90% yield). Melting point: 83 °C. 'H NMR (400 MHz,
CDCl;) 59.94 (s, 1H, two singlets from endo:exo (0.75:0.25) mixture),
7.51—7.44 (m, 2H), 7.22 (d, ] = 7.8 Hz, 0.25H), 7.16 (d, ] = 7.9 Hz,
0.7SH), 6.27 (dd, J = 5.7, 3.0 Hz, 0.75H), 6.21 (dd, J = 5.6, 2.9 Hz,
0.25H), 6.18 (dd, J = 5.5, 3.0 Hz, 0.25H), 6.10 (dd, J = 5.6, 2.8 Hz,
0.75H), 3.89 (s, 3H, two singlets), 3.41 (s, 0.75SH), 3.29—3.24 (m, 1H),
2.99 (s, 1H), 2.57—-2.51 (m, 0.25H), 2.15—2.07 (m, 0.25H), 2.06—1.98
(m,0.75H), 1.61 (d,] = 8.7 Hz,0.25H), 1.58—1.49 (m, 2H), 1.37 (d, ] =
8.1 Hz, 0.75H); 3C NMR (101 MHz, CDCL,) 6 191.2, 172.4, 152.2,
145.4, 138.1, 135.2, 132.4, 124.9, 123.6, 110.9, 56.1, 49.9, 46.2, 43.4,
42.8, 29.5; HRMS (ESI) calculated for C,H;,0, ([M + HJ")
273.1121; found, 273.1123.

2.7. Synthesis of Bu.** In a Schlenk flask, S-norbornene-2-
carboxylic acid (14.48 mmol, 1.00 equiv, 2.00 g), 1-butanol (17.37
mmol, 1.2 equiv, 1.29 g), N,N’-dicyclohexylcarbodiimide (15.92 mmol,
1.1 equiv, 3.29 g), and 4-dimethylaminopyridine (1.45 mmol, 0.10
equiv, 176.85 mg) were dissolved in 40 mL of DCM. The reaction
mixture was stirred at room temperature for 20 h. The mixture was then
filtered using a Biichner funnel. The organic layer was washed with
saturated sodium bicarbonate (20 mL X 2), dried with anhydrous
MgSO,, and evaporated in vacuo. The mixture was purified with
column chromatography (hexane:ethyl acetate = 12:1), producing a
colorless liquid (2.34 g, 83% yield). "H NMR (400 MHz, CDCL;) §6.18
(dd,J=5.7,3.0 Hz,0.75H), 6.13 (dd, ] = 5.6, 2.8 Hz, 0.25H), 6.10 (dd, ]
=5.5,3.0 Hz, 0.25H), 5.91 (dd, ] = 5.6, 2.8 Hz, 0.75H), 4.12—3.96 (m,
2H), 3.20 (s, 0.7SH), 3.03 (s, 0.25H), 2.97—2.86 (m, 1.75H), 2.23—
2.17 (m, 0.25H), 1.97—1.84 (m, 1H), 1.65—1.50 (m, 2H), 1.45—1.32
(m, 4H), 1.31—1.22 (m, 1H), 0.98—0.88 (m, 3H).

2.8. Synthesis of Oct.*' In a Schlenk flask, S-norbornene-2-
carboxylic acid (21.71 mmol, 1.00 equiv, 3.00 g), 1-octanol (26.06
mmol, 1.2 equiv, 3.39 g), N,N’-dicyclohexylcarbodiimide (23.88 mmol,
1.1 equiv, 4.93 g), and 4-dimethylaminopyridine (2.17 mmol, 0.10
equiv, 265.27 mg) were dissolved in 40 mL of DCM. The reaction
mixture was stirred at room temperature for 20 h. The reaction mixture
was then filtered using a Biichner funnel. The organic layer was washed
with saturated sodium bicarbonate (40 mL X 2), dried with anhydrous
MgSO,, and evaporated in vacuo. The mixture was purified with
column chromatography (hexane:ethyl acetate = 12:1), producing a
colorless liquid (3.07 g, 56% yield). "H NMR (400 MHz, CDCL;) §6.17
(dd,J=5.7,3.0Hz,0.75H), 6.12 (dd, ] = 5.6, 2.8 Hz,0.25H), 6.09 (dd, ]
=5.5,3.0 Hz, 0.25H), 5.90 (dd, ] = 5.7, 2.8 Hz, 0.75H), 4.09—3.92 (m,
2H), 3.19 (s, 0.7SH), 3.02 (s, 0.25H), 2.96—2.87 (m, 1.75H), 2.22—
2.16 (m, 0.25H), 1.93—1.85 (m, 1H), 1.65—1.49 (m, 2H), 1.43—1.36
(m, 1H), 1.36—1.17 (m, 12H), 0.86 (t, ] = 6.8 Hz, 3H).

2.9. Synthesis of BCOct.*? In a Schlenk flask, S-norbornene-2-
carboxylic acid (21.71 mmol, 1.00 equiv, 3.00 g), 3,7-dimethyl-1-
octanol (26.06 mmol, 1.2 equiv, 4.12 g), N,N'-dicyclohexylcarbodii-
mide (23.88 mmol, 1.1 equiv, 4.93 g), and 4-dimethylaminopyridine
(2.17 mmol, 0.10 equiv, 265.27 mg) were dissolved in 40 mL of DCM.
The reaction mixture was stirred at room temperature for 20 h. The
reaction mixture was then filtered by using a Biichner funnel. The
organic layer was washed with saturated sodium bicarbonate (40 mL X
2), dried with anhydrous MgSO,, and evaporated in vacuo. The mixture
was purified with column chromatography (hexane:ethyl acetate =
12:1), producing a colorless liquid (4.07 g, 67% yield). "H NMR (400
MHz, CDCL,) 8 6.19 (dd, ] = 5.6, 3.0 Hz, 0.75H), 6.14 (dd, ] = 5.6, 2.9
Hz, 0.25H), 6.12-6.09 (m, 0.25H), 5.92 (dd, J = 5.6, 2.8 Hz, 0.75H),
4.13-4.00 (m, 2H), 3.20 (s, 0.75H), 3.03 (s, 0.25H), 2.96—2.92 (m,
1.75H), 2.21-2.15 (m, 0.25H), 1.95—1.86 (m, 1H), 1.67—1.58 (m,
1H), 1.55—1.48 (m, 2H), 1.44—1.19 (m, 7H), 1.17—1.10 (m, 3H),
0.91-0.85 (m, 9H).

2.10. Synthesis of G3. Grubbs’ second-generation catalyst (589
umol, 1.00 equiv, S00 mg) and pyridine (5.89 mmol, 10 equiv, 0.47
mL) were dissolved in S mL of toluene. The reaction mixture was
stirred at room temperature for 1 h. The reaction mixture was
precipitated by using 30 mL of hexane. The precipitates were filtered,
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thoroughly washed with hexane, and dried in vacuo at 35 °C. G3 was
obtained as a light green solid (354 mg, 83% yield).

2.11. Homopolymerization Procedure for pVN. To the Schlenk
flask, G3 (44.07 pmol, 1 equiv, 32.03 mg) was dissolved in 4.8 mL of
DCM. Subsequently, the VN monomer (8.81 mmol, 200 equiv, 2.4 g)
was added. The reaction was carried out at room temperature for 30
min, followed by quenching with EVE. The solution was precipitated
twice using methanol. The precipitates were filtered, thoroughly
washed with methanol, and dried in vacuo at 35 °C, producing a
grayish-green solid (2.2 g, 92% conversion). 'H NMR (400 MHz,
CDCl,) 6 10.01-9.73 (br, 1H), 7.55—7.27 (br, 2H), 7.21-6.97 (br,
1H), 5.76—5.26 (br, 2H), 3.93—3.62 (br, 3H), 3.29—3.18 (br, 0.75H),
3.07—-2.85 (br, 1H), 2.66—2.55 (br, 0.25H), 2.33—2.11 (br, 1H), 1.97—
1.89 (br, 1H), 1.70—1.41 (br, 3H); GPC (THF): M, 49,000 g/mol, D =
1.23.

2.12. Homopolymerization Procedures for pBu, pOct, and
pBCOct. In a Schlenk flask, G3 (pBu: 7.72 umol, 1 equiv, 5.61 mg,
pOct: 2.00 umol, 1 equiv, 1.45 mg, pBCOct: 5.39 pmol, 1 equiv, 3.92
mg) was dissolved in 0.5 mL of DCM. The monomer (pBu: 1.54 mmol,
200 equiv, 300 mg, pOct: 0.40 mmol, 200 equiv, 100 mg, pBCOct: 1.08
mmol, 200 equiv, 300 mg) was dissolved in another 0.5 mL of DCM
and was added to the G3 solution. The mixture was stirred at room
temperature for 30 min, followed by quenching with EVE. The polymer
solution was precipitated twice in methanol. The precipitates were
filtered, thoroughly washed with methanol, and dried in vacuo at 35 °C,
affording a soft solid. pBu: "H NMR (400 MHz, CDCL,) 6 5.54—5.10
(br, 2H), 4.16—3.90 (br, 2H), 3.27—3.00 (br, 0.75H), 2.97—2.73 (br,
1.5H), 2.70—2.33 (br, 0.75H), 2.16—1.82 (br, 2H), 1.81-1.66 (br,
1H), 1.63—1.54 (br, 2H), 1.45—1.10 (br, 3H), 0.99—0.85 (br, 3H);
GPC (THF): M, 40,000 g/mol, P = 1.38. pOct: 'H NMR (400 MHz,
CDCl,) & 5.57—5.04 (br, 2H), 4.15-3.89 (br, 2H), 3.26—3.04 (br,
0.75H), 2.99—2.74 (br, 1.5H), 2.63—2.39 (br, 0.75H), 2.12—1.82 (br,
2H), 1.80—1.67 (br, 1H), 1.61—1.53 (br, 2H), 1.37—1.19 (br, 11H),
0.93—0.83 (br, 3H); GPC (THF): M, 42,400 g/mol, b = 1.13.
pBCOct: '"H NMR (400 MHz, CDCl,) § 5.55—5.06 (br, 2H), 4.23—
3.89 (br, 2H), 3.25—2.98 (br, 0.75H), 2.95—2.69 (br, 1.5H), 2.67—2.35
(br, 0.75H), 2.15—1.83 (br, 2H), 1.82—1.67 (br, 1H), 1.64—1.45 (br,
4H), 1.42—1.36 (br, 1H), 1.32—1.20 (br, 3H), 1.16—1.08 (br, 3H),
0.92—0.83 (br, 9H); GPC (THE): M, 49,600 g/mol, P = 1.13.

2.13. Triblock Copolymerization Procedures for P1 and P4.
In a Schlenk flask, G3 (25.74 pmol, 1 equiv, 18.70 mg) was dissolved in
1.5 mL of DCM. VN (P1: 0.44 mmol, 17 equiv, 119.14 mg, P4: 0.77
mmol, 30 equiv, 210.24 mg) was dissolved in 3.5 mL of DCM and
injected into the G3 solution. The reaction mixture was stirred at room
temperature for 1 h, followed by the addition of Bu (3.86 mmol, 150
equiv, 750 mg) dissolved in S—6 mL of DCM for the second block. The
mixture was then stirred for 4.5 h. The third block was formed by
injecting VN (P1: 0.44 mmol, 17 equiv, 119.14 mg, P4: 0.77 mmol, 30
equiv, 210.24 mg), and the mixture was stirred for 14 h. The reaction
was quenched using EVE. The polymer solution was precipitated twice
in methanol. The precipitates were filtered, thoroughly washed with
methanol, and dried in vacuo at 35 °C, affording a solid. P1: '"H NMR
(400 MHz, CDCL,) 5 9.96—9.80 (br, 2H), 7.52—7.30 (br, 4H), 7.20—
7.04 (br, 2H), 5.78—S5.11 (br, 20H), 4.17—3.92 (br, 17H), 3.91-3.73
(br, 7H), 3.28—3.06 (br, 7H), 3.03—2.70 (br, 16H), 2.58—2.40 (br,
SH), 2.11—1.84 (br, 19H), 1.80—1.69 (br, 7H), 1.65—1.51 (br, 28H),
1.46—1.31 (br, 22H), 1.01-0.83 (br, 24H); GPC (THF): M, 32,000 g/
mol, P = 1.35; conversion = 55.7%. P4: "H NMR (400 MHz, CDCl,) §
9.97-9.78 (br, 2H), 7.54—7.28 (br, 4H), 7.21-7.03 (br, 2H), 5.79—
5.12 (br, 10H), 4.42—3.92 (br, 8H), 3.91—-3.74 (br, 6H), 3.39—3.09
(br, 5H), 3.04—2.73 (br, 7H), 2.67—2.40 (br, 3H), 2.30—2.14 (br, 3H),
2.13—1.69 (br, 15H), 1.69—1.48 (br, 12H), 1.46—1.28 (br, 9H), 1.01—
0.84 (br, 10H); GPC (THF): M, 33,100 g/mol, D = 1.40; conversion =
83.7%.

2.14. Triblock Copolymerization Procedures for P2 and P5.
In a Schlenk flask, G3 (19.97 ymol, 1 equiv, 14.51 mg) was dissolved in
1.5 mL of DCM. VN (P2: 0.60 mmol, 30 equiv, 163.13 mg, PS: 0.96
mmol, 48 equiv., 261.01 mg) was dissolved in another 3.5 mL of DCM,
which was added to the G3 solution. The reaction mixture was stirred at
room temperature for 1 h. Then, Oct (3 mmol, 150 equiv, 750 mg),
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which was dissolved in 5—6 mL of DCM, was injected into the mixture
to form the second block. After being stirred for 4.5 h, VN (P2: 0.60
mmol, 30 equiv, 163.13 mg, PS: 0.96 mmol, 48 equiv, 261.01 mg) was
added to the mixture to form the third block and was stirred for 14 h.
The reaction was quenched using EVE. The polymer solution was
precipitated twice in methanol. The precipitates were filtered,
thoroughly washed with methanol, and dried in vacuo at 35 °C,
affording a solid. P2: "H NMR (400 MHz, CDCl,) § 9.96—9.81 (br,
2H), 7.59-7.28 (br, 4H), 7.20—7.01 (br, 2H), 5.82—5.13 (br, 15H),
427-3.90 (br, 11H), 3.88—3.76 (br, 6H), 3.32—3.04 (br, 6H), 3.01—
2.69 (br, 11H), 2.58—2.39 (br, 3H), 2.33—2.15 (br, 3H), 2.12—1.81
(br, 15H), 1.80—1.70 (br, SH), 1.69—1.49 (br, 20H), 1.46—1.19 (br,
S9H), 0.96—0.80 (br, 15H); GPC (THF): M, 40,200 g/mol, D = 1.34;
conversion = 71.7%. P5: "H NMR (400 MHz, CDCl;) § 10.03—9.72
(br, 2H), 7.51-7.29 (br, 4H), 7.20—7.03 (br, 2H), 5.83—5.10 (br,
11H), 4.24—3.91 (br, 6H), 3.90—3.74 (br, 6H), 3.39—3.08 (br, SH),
3.04—2.71 (br, 8H), 2.67—2.40 (br, 3H), 2.35—2.11 (br, 3H), 2.10—
1.83 (br, 10H), 1.81—1.69 (br, 4H), 1.69—1.49 (br, 17H), 1.43—1.18
(br, 36H), 0.98—0.76 (br, 9H); GPC (THF): M, 50,700 g/mol, D =
1.33; conversion = 81.4%.

2.15. Triblock Copolymerization Procedures for P3 and P6.
In a Schlenk flask, G3 (17.96 umol, 1 equiv, 13.05 mg) was dissolved in
1.5 mL of DCM. VN (P3: 0.54 mmol, 30 equiv, 146.69 mg, P6: 0.93
mmol, 52 equiv, 254.27 mg) was dissolved in another 3.5 mL of DCM,
which was added to the G3 solution. The reaction mixture was stirred at
room temperature for 1 h. Then, BCOct (2.69 mmol, 150 equiv, 750
mg), which was dissolved in 5—6 mL of DCM, was added to the mixture
to form the second block. After the mixture was stirred for 4.5 h, VN
(P3: 0.54 mmol, 30 equiv, 146.69 mg, P6: 0.93 mmol, 52 equiv, 254.27
mg) was added to the mixture to form the third block. The reaction was
quenched using EVE. The polymer solution was precipitated twice in
methanol. The precipitates were filtered, thoroughly washed with
methanol, and dried in vacuo at 35 °C, affording a solid. P3: '"H NMR
(400 MHz, CDCL,) 5 9.98—9.81 (br, 2H), 7.52—7.32 (br, 4H), 7.21—
7.06 (br, 2H), 5.80—5.10 (br, 16H), 4.27—3.92 (br, 12H), 3.91-3.74
(br, 7H), 3.32—3.04 (br, 7H), 3.00—-2.72 (br, 11H), 2.60—2.43 (br,
3H), 2.31-2.13 (br, 2H), 2.11—1.85 (br, 14H), 1.82—1.68 (br, 7H),
1.66—1.46 (br, 23H), 1.43—1.35 (br, 8H), 1.33—1.21 (br, 18H), 1.20—
1.07 (br, 19H), 0.98—0.79 (br, S3H); GPC (THF): M, 46,700 g/mol,
D = 1.27; conversion = 70.2%. P6: 'H NMR (400 MHz, CDCL,) §
9.98—9.81 (br, 2H), 7.51-7.30 (br, 4H), 7.21-7.05 (br, 2H), 5.78—
5.12 (br, 9H), 4.31—3.93 (br, SH), 3.90—3.73 (br, 6H), 3.38—3.06 (br,
SH), 3.02—2.72 (br, 7H), 2.67—-2.39 (br, 3H), 2.34—2.15 (br, 3H),
2.11-1.82 (br, 9H), 1.81—1.70 (br, 2H), 1.68—1.46 (br, 12H), 1.44—
1.35 (br, 4H), 1.33—1.19 (br, 9H), 1.18—1.05 (br, 8H), 1.00—0.80 (br,
22H); GPC (THF): M,, 61,200 g/mol, P = 1.24; conversion = 72.5%.

3. RESULTS AND DISCUSSION

We initiated this work by synthesizing a potential ROMP
monomer using vanillin (Figure 2a). Due to the presence of a
hydroxyl group in vanillin and the commercial availability of $-
norbornene-2-carboxylic acid (endo/exo mixture with an
approximate ratio of 0.75:0.25), we employed a Steglich
esterification reaction to form vanillin 5-norbornene-2-carbox-
ylate (VN). The synthesis began by mixing S-norbornene-2-
carboxylic acid (1.0 equiv) and vanillin (1.2 equiv) in the
presence of N,N’-dicyclohexylcarbodiimide (DCC, 1.1 equiv)
and 4-dimethylaminopyridine (DMAP, 0.10 equiv) in dichloro-
methane (DCM) (Figure 2a). The isolated yield was 90%. VN
was thoroughly characterized using '"H NMR (Figure 2b), *C
NMR, and high-resolution mass spectrometry (HRMS), all of
which confirmed the chemical structure of VN. Next, we
attempted the homopolymerization of VN using a Grubbs’
third-generation catalyst (G3) (Figure 2a), resulting in the
formation of poly(vanillin S-norbornene-2-carboxylate) (pVN)
with a molecular weight of 49,000 g/mol with a D of 1.23 (the
GPC trace is included in the Supporting Information). The
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Figure 2. Synthesis and characterization of VN and its homopolymer,
PVN. (a) Synthetic scheme. VN was synthesized using vanillin and 5-
norbornene-2-carboxylic acid. Subsequently, ROMP using VN and G3
was performed, resulting in the formation of pVN. (b) 'H NMR spectra
of VN and pVN. A peak labeled as a disappeared, while a new broad
peak labeled as a’ appeared. Raw data are included in the Supporting
Information. (c) Summary of the properties of pVN () Calculated
based on the weight of the obtained polymer. ® Glass transition
temperature measured by DSC. ® Decomposition temperature with
5% mass loss determined by TGA.

conversion was 92%, which was determined by the obtained
weight of polymer. Comparison of the '"H NMR spectra of VN
and pVN (Figure 2b) shows that olefin signals in the
norbornene, labeled as a at around 6.2 ppm, disappeared,
while broad olefin signals in the polymer backbone (poly-
norbornene), labeled as a’, appeared at around 5.5 ppm. In
addition, an aldehyde peak at 9.9 ppm (labeled as b) significantly
broadened after polymerization, which is a clear indication of
polymer formation. Thermal properties of pVN were charac-
terized by using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). The glass transition temper-
ature (T,) was measured to be 95 °C (Supporting Information).

This value was almost identical to the previously reported T, of
poly(vanillin acrylate) (T, ~ 95 °C fora M, of 10,500 g/mol and
a D of 2.68).”” The decomposmon temperature with 5% mass
loss was measured at 242 °C (Supporting Information). The
color of pVN appeared grayish-green, suggesting the possible
presence of residual Grubbs catalyst even after the ROMP was
terminated by ethyl vinyl ether. This is a well-known
phenomenon reported previously.* Inductively coupled plasma
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mass spectrometry (ICP-MS) analysis indicated a Ru content of
1071 mg/kg, suggesting that only 46% of Ru (excluding ligands)
was removed after EVE quenching.

The high T, value of pVN encouraged us to investigate its
mechanical properties, which were determined by using a
universal testing machine (UTM). Samples with dimensions of
1 X 5§ X 0.01 cm were prepared using a solvent casting method.
The stress—strain curve is presented in Figure 3a, from which we
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Figure 3. Application of pVN. (a) Uniaxial stress—strain curve for pVN.
The Young’s modulus was 1.17 GPa, indicating that this polymer was
glassy at room temperature. (b) Transmittance of pVN film compared
to PET film. The pVN film displayed superior performance in
absorbing UV-A.

obtained a Young’s modulus of 1.17 GPa and an elongation at
break of 2.2%, confirming its stiff and rigid characteristics.
Polystyrene and PET, commercial glassy polymers, are known to
exhibit Young’s moduli in the range of 2.4—3.2** and 2.5-2.8
GPa,® respectively, and thus, pVN could serve as a sustainable
alternative to petroleum-based glassy polymers. Additionally, we
examined the potential of pVN for use as UV-blocking films
(Figure 3b). Lignin-based materials exhibited UV-blocking
properties due to the presence of numerous aromatic
rings,m’%_48 and the same principle may also be applied to
vanillin-based polymers. To assess these UV-blocking character-
istics, we prepared pVN films through solvent casting with a
thickness of approximately 0.1 mm. For comparison, we also
used a commercially available PET film with a similar thickness.
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As shown in Figure 3b, a pVN film completely blocked UV-B
(280—320 nm) and exhibited only an average transmittance of
9% within the UV-A range (320—400 nm). In contrast, a PET
film showed partial transmission of UV-B and an average
transmittance of 73% within UV-A. This result highlights the
excellent UV-protective properties of pVN films, suggesting
potential applications across various fields, such as sunscreens,
food packaging, and windows. It is noted that the color of pVN
films appeared grayish-green, as indicated by the absorption of
visible light (Figure 3b). In contrast, the diluted solution of VN
and pVN in chloroform showed no visible light absorption
(Supporting Information) due to the absence of extended
aromatics. Presumably, as mentioned above, a small amount of
the residual Ru catalyst in green may exist due to incomplete
ROMP termination, and the effect of the lightly colored catalyst
becomes apparent in the solid state. Although some applications
demand transparent colors for synthetic polymers, new
chemistry aimed at near-complete ROMP termination could
resolve this issue.*’

Based on the glassy nature of pVN, we investigated the
potential of ABA-type triblock copolymers containing VN
monomers for applications in biobased TPEs. Several of our
polymer design principles are as follows: (1) using VN as a hard
end block and alkyl norbornene carboxylate as a soft middle
block, (2) using three different alkyl norbornene carboxylates
(n-butyl (Bu), n-octyl (Oct), or n-octyl having two methyl
groups (BCOct, or branched octyl)) to examine the effect of
alkyl chain length or branched alkyl chains on the mechanical
properties, and (3) changing hard block weight percentages
(one for ~27 wt % and the other for ~41 wt %) to investigate the
effect of hard block contents on the mechanical properties. With
these design principles in mind, we produced six vanillin-based
TPEs (Figure 4). The six triblock copolymers, poly(VN-b-alkyl
norbornene carboxylate-b-VN), were prepared through sequen-
tial addition of the corresponding norbornene monomers during
ROMP (Figure 4a). In brief, VN was first polymerized in the
presence of G3 for 1 h, followed by the polymerization of the
second block using alkyl norbornene carboxylate for 4.5 h, and
last the third block using VN for 14 h. The reaction times for
each block were determined by weighting complete conversions
(preferred with longer reaction times) against preventing
catalyst deactivation (preferred with shorter reaction times).
Particularly, for the second block polymerization, a reaction of 1
h was insufficient (see the Supporting Information), prompting
us to consider a longer reaction time.>® Next, to confirm the
formation of triblock copolymers, a small amount of the solution
in a model polymer reaction was taken out before the injection
of the next monomers, quenched by ethyl vinyl ether (EVE),
precipitated, and subjected to GPC analysis. The increasing
molecular weights of homo-, di-, and triblock copolymers
implied successful chain extension (see the Supporting
Information). Having confirmed the triblock copolymerization
using ROMP, we prepared a total of six triblock copolymers, and
the summary of these polymers is shown in Figure 4b ("H NMR
and GPC traces are shown in the Supporting Information). As a
representative example, photos of P1 in two different states
(bulk and film) are shown (Figure 4c). The hard block weight
percentages of the P1—P3 series were determined to be 25—29
wt %, while those of the P4—P6 series were 41—42 wt %
(detailed calculations are outlined in the Supporting Informa-
tion). These weight percentages were controlled by adding
appropriate amounts of the soft block monomers in reference to
VN. P1/P4, P2/PS, and P3/P6 contain the soft blocks of Bu,
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Composition (wt %) (Wt %)  (g/mol) (%) (°C) (°C)
P1 VN-b-Bu-b-VN 252 14.0 32,000 1.35 55.7 8/86 323
P2 VN-b-Oct-b-VN 293 16.3 40,200 1.34 71.7 -35/86 242
P3  VN-b-BCOct-b-VN 249 13.8 46,700 1.27 70.2 -31/96 273
P4 VN-b-Bu-b-VN 42.1 23.4 33,100 1.40 83.7 9/90 259 !r
P5 VN-b-Oct-b-VN 40.8 22.7 50,700 1.33 81.4 -28/94 279 Bulk Film
P6  VN-b-BCOct-b-VN 419 232 61,200 1.24 72.5 -27/94 264

Figure 4. Synthesis of poly(VN-b-alkyl norbornene carboxylate-b-VN) triblock copolymers. (a) Synthetic route. Triblock copolymers were
synthesized through sequential monomer addition in ROMP. The values of m, n, and o are as follows (m/n/o): P1(15/123/15), P2 (22/114/22),P3
(21/126/21), P4 (26/99/26), PS5 (38/120/38), and P6 (48/127/48). It is assumed that the values of m and o are identical. (b) Summarized data for
triblock copolymers. (c) Photographs of P1 in the bulk (left) and the film state (right). Conversion, Ty, and T, were obtained using the same methods
as in Figure 2.
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Figure S. Characterization for microphase separation. (a) DSC thermograms of the triblock copolymers (P1—P6). We observed two glass transition
temperatures that can be attributed to two distinct domains. (b) Representative AFM images (2.5 X 2.5 ym) of P6 in two-dimensional (2D) (left) and
three-dimensional (3D) (right). The average size of the hard block domains was calculated to be 84 nm.

Oct, and BCOct, respectively. The molecular weights of P1—-P6 distinct T, values were observed in each polymer (Figure Sa).
ranged from 32,000 to 61,200 g/mol, and the D values were This double T, generally occurs when there are two distinct
generally low (<1.4), indicating successful control of ROMP. An polymer domalns having different T, values. %53 Specifically, we
increasing trend in triblock copolymer molecular weights (P1 — observed high T, values ranging from 86 to 96 °C for P1—P6,
P2 — P3 or P4 —» PS5 — P6) was observed as the alkyl chain which can be attributed to the pVN domains, given the T, of the
length increased. Vanillin contents ranged from 13.8 to 23.4 wt PVN homopolymer measured at 95 °C. It is also worth noting
% (calculation is included in the Supporting Information). The that for P1—P3, T, was not distinctly observed, possibly due to
aldehyde functional groups in vanillin were observed and were the relatively low wt % of the pVN chains, as reported
reactive toward primary amines, forming imine bonds (see the previously.”* In contrast, for P4—P6 with a high wt % of vanillin,
Supporting Information). DSC analysis of P1—P6 indicated two T, was clearly observed and was closer to the T, of the pVN
distinct T, values (vide infra). homopolymer. For the soft blocks, to accurately characterize the

TPEs are generally composed of phase-separated ABA-type T, we separately synthesized homopolymers consisting of soft

triblock copolymers. Hard blocks provide physical cross-links, blocks: poly(n-butyl norbornene carboxylate) (pBu), poly(n-
while soft blocks offer flexibility and elasticity.”’ The phase octyl norbornene carboxylate) (pOct), and poly(branched n-
separation of the triblock copolymers was confirmed by using octyl norbornene carboxylate) (pBCOct). Their 'H NMR
DSC and AFM (Figure S). In the DSC thermograms, two spectra, GPC traces, and DSC thermograms are included in the
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Figure 6. (2, b) Young’s moduli and elongation at break of P1—P6. (c, d) Toughness of P1—P6. The photos of each sample are included in the insets.
(e) Summary of the mechanical properties. P1 indicated excellent Young’s modulus and elongation at break.

Supporting Information. The T, values of the three homopol-
ymers were obtained as follows: —3 (pBu), —34 (pOct), and
—31 °C (pBCOct). These homopolymer T, values were
consistent with those of the corresponding triblock copolymers
(P1/P4 for pBu, P2/PS for pOct, and P3/P6 for pBCOct),
demonstrating the presence of the respective phase-separated
soft blocks.

To further examine the phase separation, we employed AFM
to visualize microphase separation (see Figure Sb for P6 and the
Supporting Information for P1—PS). For sample preparation, a
1 wt % of P6 solution was spin-coated onto a silicon wafer, and
AFM images were acquired using a noncontact or tapping mode.
The brighter regions corresponded to the hard block domains
composed of vanillin, while the darker regions represented the
soft block composed of branched octyl chains. The average size
of the hard domains in P6 was calculated to be 84 nm, with the
distribution ranging from 32 to 175 nm. Dynamic light
scattering data for P1—P6 in toluene also indicated the particle
(potentially micelle) formation with the size ranging from 83 to
143 nm (Supporting Information). In the previous study,
polynorbornene-based triblock copolymers with an M, of
70,200 g/mol and a D of 1.18 exhibited an average feature size
of 106 nm, which is in good agreement with our AFM results.>
These DSC, AFM, and DLS data clearly demonstrate micro-
phase separation, indicating great potential for use as TPEs (vide
infra).

Given the phase separation, we examined the mechanical
properties of P1—P6 (Figures 6 and S11). Polymer samples with
dimensions of 1 X S cm were prepared using the solution casting
method, and a UTM was used to measure the Young’s modulus,
elongation at break, and toughness of each sample. In both the
P1-P3 (~27 wt % of hard block) and P4—P6 (~41 wt % of
hard block) series, we observed that the soft blocks containing n-
butyl exhibited superior Young’s moduli (28 MPa for P1 and
285 MPa for P4) compared to n-octyl (1.6 MPa for P2 and 24.6
MPa for P5) and branched n-octyl (8.0 MPa for P3 and 103
MPa for P6) (Figure 6a,b, blue). P1 and P4 containing n-butyl
soft blocks also indicated high values of elongation at break
(Figure 6a,b, red), which was unexpected because hard materials
are generally brittle. This C4 chain may be short enough to
maintain the mechanical strength and long enough to allow for
elongation. This advantageous short—long balance may be
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disrupted when the carbon chain becomes longer. The high
Young’s moduli and elongation at break of P1 and P4 result in
higher values of toughness (Figure 6c,d). Specifically, P1 and P4
showed toughness of more than 5 MJ/m?, whereas P2, P3, PS5,
and P6 had toughness of less than 1 MJ/m’. The similar
toughness of P1 and P4 strongly suggests that vanillin-based
TPEs with varying Young’s modulus and elongation can be
prepared simply by changing the weight percentages of vanillin
contents in triblock copolymers while maintaining the tough-
ness of the materials.

Due to the excellent mechanical properties, we compared P1
(25wt % of hard block) with the commercial TPE, poly(styrene-
b-isoprene-b-styrene) (SIS), in the literature. The SIS (22 wt %
of hard block) indicated a Young’s modulus of 3.6 MPa and
elongation at break of about 700%, showing that P1 exhibited
about 7.8 times higher modulus with 3.7 times less elongation
than those of SIS.”® Although the elongation at break of P1 is
less than that of SIS, we believe that the tailored hard/soft ratio
could improve the elongation by sacrificing the modulus,
considering the higher modulus of P1 compared to that of SIS.

We also tested the recovery of P1 after elongation. We
observed the complete recovery of P1 after elongation at 50%
strain for several hours. We then elongated P1 until fracture and
monitored its shrinking in a quantitative way (Figure S12). In
this experiment, the strain of P1 at fracture was 228% (3 — 9.85
cm), and P1 instantly shrunk to almost half (63%, 4.9 cm) in 10
min. The material finally shrank back to 3.5 cm (originally 3 cm)
in 22 h. This excellent power of recovery led us to investigate the
cyclic loading—unloading test (Figure S13). In this cyclic test,
P1 was extended (at 50% strain) and shrunk, which was repeated
five times, and the corresponding stress—strain curves were
recorded. The material generally indicated reversible cycles after
the first run. About 32% of residual deformation was observed
after the fourth cycle due to the long relaxation time of P1 at
room temperature. Overall, the properties of P1 were superior to
the commercial petrochemical-based SIS in certain criteria, such
as Young’s modulus, suggesting great promise in the sustainable
production of TPEs.

4. CONCLUSIONS

In this study, we report the eflicient chemical conversion of
biobased vanillin to vanillin S-norbornene-2-carboxylate (VN),
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a ROMP-capable monomer. This VN was used in the synthesis
of glassy pVN homopolymers and triblock copolymers employ-
ing soft comonomers for TPE applications. The glassy pVN
exhibited a Young’s modulus of 1.17 GPa, which could
potentially substitute conventional perto-chemical polymers
such as polystyrene and PET. The UV-blocking properties of
PVN were also investigated. Following this homopolymer, we
used VN in the triblock copolymers for TPE applications.
Successful synthesis of triblock copolymers was achieved via the
sequential addition of monomers in ROMP. We revealed that
the soft comonomer containing n-butyl displayed the best
performance as a TPE, surpassing commercial SIS in terms of
Young’s modulus. Although an extensive amount of biobased
polymer research exists, to the best of our knowledge, VN was
synthesized in this work for the first time, and its potential as a
homopolymer and triblock copolymer was scrutinized. We are
currently investigating other types of biobased feedstocks and
their conversion to enable ROMP for various applications.
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