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Norbornene-derived polymers represent a versatile platform in advanced materials due to their tunable molec-
ular architectures; however, unsubstituted norbornene dicarboximides (NDI) often suffer from poor solubility,
limited stability, and restricted control during polymerization. To address these challenges, we designed well-
defined norbornene-based homo- and copolymers incorporating ethylhexyl substituents via ring-opening
metathesis polymerization (ROMP), achieving a balance between rigidity and flexibility. Polymerization
behavior was systematically examined under living conditions by monitoring conversion, initiator-to-monomer
ratios, and the efficiency of Grubbs catalysts (G1, HG1, HG2, G3, G2), with G1 providing superior control and
narrow dispersities (PDI) Furthermore, a series of random copolymers (P1-P6) bearing diverse functional groups
was synthesized and characterized by FT-IR, FESEM, GPC (PDI = 1.15-1.24) and NMR spectroscopy, with further
analysis for P4 via *°F-NMR. Thermal studies revealed high decomposition (358-459 °C) and glass transition (80-
168 °C) temperatures, strongly influenced by sidechain identity and connectivity to the norbornene core. The
optical characteristics were evaluated with a wide optical bandgap (3.53-4.53 eV). These findings demonstrate
that the present norbornene dicarboximide frameworks thus combine excellent thermal robustness with high
optical transparency, establishing them as promising high-performance materials for advanced applications.

1. Introduction

Ruthenium-catalyzed ring-opening metathesis polymerization
(ROMP) has become a key technique in polymer synthesis, offering
precise control over molecular weight and dispersity [1-4]. It enables
the formation of varied architectures, including homopolymers, co-
polymers, brushes, star and ladder structures, yielding materials from
soft elastomers to rigid thermoplastics and cross-linked networks
[5-10]. Driven by the release of ring strain in cyclic olefins, especially
norbornene derivatives, ROMP provides high efficiency, suppresses side

reactions, and allows the design of functional polymers with tailored
structural and physical properties [11-15].

Norbornene and its derivatives are key in polymer chemistry due to
their significant ring strain (~27 kcal/mol), enabling efficient ROMP
and compatibility with diverse functional groups [16]. Since Asrar’s
initial synthesis in 1992 via Diels-Alder reactions, their nitrogen atoms
have offered versatile sites for chemical modification [17]. This enables
the production of high-molecular-weight polymers with controlled ar-
chitectures and minimal side [18-20]. Poly(norbornene dicarboximide)
(poly-NDI) exemplifies this class, combining thermal stability,

* Corresponding author at: Department of Interdisciplinary Engineering Sciences, Chemistry and Materials Science, Interdisciplinary Graduate School of Engi-

neering Sciences, Kyushu University, 6-1 Kasuga-koen, Fukuoka 816-8580, Japan.

** Corresponding author.

E-mail addresses: mohammedfouadali51@sci.svu.edu.eg (M.F. Radwan), spring.mark.andrew.284@m.kyushu-u.ac.jp (A.M. Spring).

https://doi.org/10.1016/j.eurpolym;j.2025.114413

Received 29 September 2025; Received in revised form 19 November 2025; Accepted 22 November 2025

Available online 24 November 2025

0014-3057/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-9219-2104
https://orcid.org/0000-0002-9219-2104
https://orcid.org/0009-0008-9235-7387
https://orcid.org/0009-0008-9235-7387
https://orcid.org/0000-0001-9620-6043
https://orcid.org/0000-0001-9620-6043
https://orcid.org/0000-0002-5690-7715
https://orcid.org/0000-0002-5690-7715
mailto:mohammedfouadali51@sci.svu.edu.eg
mailto:spring.mark.andrew.284@m.kyushu-u.ac.jp
www.sciencedirect.com/science/journal/00143057
https://www.elsevier.com/locate/europolj
https://doi.org/10.1016/j.eurpolymj.2025.114413
https://doi.org/10.1016/j.eurpolymj.2025.114413

M.F. Radwan et al.

mechanical strength, optical transparency, low moisture uptake, and
excellent film-forming properties, supporting applications in drug de-
livery [21], energy storage [22-24], membrane gas separation [25-30],
optoelectronics [31,32], and capacitors [33,34]. Besides their estab-
lished utility in ROMP, norbornene dicarboximide derivatives also act as
effective monomers in vinyl-addition polymerization, producing satu-
rated backbones with excellent thermal and oxidative stability [35,36].
Although mechanistically distinct, this route further demonstrates the
versatility of the norbornene framework for developing high-
performance polymers with adjustable structural and physical proper-
ties [37-39].

Unsubstituted norbornene dicarboximide suffers from poor solubil-
ity, mechanical fragility, and limited reactive sites, restricting post-
polymerization modifications and practical applications [40,41]. Func-
tionalized derivatives address these limitations by enhancing solubility,
enabling structural characterization, and allowing tailored properties
for advanced polymer systems. Recent studies demonstrated their
versatility: trans-poly-NDIs with chromophore units exhibit strong
electro-optic responses [42], chlorophenyl-substituted polymers support
flexible OLEDs [43], homo- and copolymers enable gas separation [44],
photocrosslinkable block copolymers show improved thermal and
dielectric properties [45], and post-functionalized polymers form mi-
celles for efficient drug encapsulation [46,47], copolymers with tetra-
phenylethylene units enabled selective aniline sensing [48],
highlighting the broad applicability of norbornene-based materials.

The integration of norbornene and ethylhexyl functionalities within
a single polymer framework yields a synergistic effect that balances the
intrinsic limitations of each unit. While polymers derived exclusively
from norbornene exhibit high rigidity and excellent thermal stability
[49], their unsubstituted form suffers from poor solubility, thereby
restricting their applicability in film formation and solution-based pro-
cessing [50]. Conversely, polymers containing ethylhexyl side chains
offer superior solubility and flexibility but typically suffer from reduced
thermal endurance, especially for polymers containing ethylhexyl moi-
eties as additives or plasticizing agents [51-54]. By combining both
groups along the backbone, a synergistic balance emerges, yielding
polymers that maintain processability and solubility while preserving
thermal robustness and mechanical strength, enabling advanced high-
performance material development.

Building upon this concept, the present study introduces the N-eth-
ylhexyl norbornene dicarboximide (Et-Hex-NDI) monomer and estab-
lishes a comprehensive approach to the ring-opening metathesis
polymerization (ROMP) process. This strategy enabled precise moni-
toring of monomer-to-polymer conversion, ultimately confirming com-
plete monomer consumption within 36 min and providing critical
insights into the underlying polymerization kinetics. Special attention is
given to the living nature of the ROMP process, explored across a range
of repeating units defined by varying monomer-to-initiator feed ratios
(n = 50-300) and evaluating different Grubbs initiator generations, The
data demonstrated that the first-generation Grubbs initiator (G1)
exhibited optimal performance with the highly strained norbornene
backbone, consistently affording polymers with controlled molecular
weight and low dispersity. Beyond the development of homopolymers,
this study expanded the scope to synthesize a set of copolymers (P1-P6)
by copolymerizing Et-Hex-NDI with a series of norbornene derivatives
bearing either aromatic (phenothiazine, carbazole, phenyl, and penta-
fluorophenyl) or aliphatic (adamantyl and cyclohexyl) pendant groups.
These copolymers displayed considerable diversity in their thermo-
physical properties, as demonstrated by thermogravimetric (TGA) and
differential scanning calorimetry (DSC). All samples displayed high
thermal stability, with decomposition temperatures ranging from 358 °C
to 459 °C and glass transition temperatures between 86 °C and 168 °C.
Furthermore, optical characterization revealed absorption onset wave-
lengths ranging from 274 nm to 351 nm, corresponding to optical band
gaps of 3.53 eV to 4.53 eV, thereby classifying these materials as wide-
bandgap polymers. Based on these results, the norbornene
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dicarboximide copolymers demonstrate remarkable thermal stability
coupled with wide optical band gaps that absorb predominantly in the
near-UV region, affording visible transparency and effective UV
shielding. Such attributes position them as promising candidates for
optically clear films, protective coatings, LEDs, electronic encapsulation,
and electro-optic devices demanding durability and optical precision.

2. Experimental Section
2.1. Synthesis of precursors and comonomers

The synthesis and characterization of the precursor exo-norbornene-
5,6-dicarboxylic anhydride (exo-NDA, 1; Scheme S1 and Fig. S1) is
outlined in the Supporting Information. The phenothiazine-
functionalized norbornene-5,6-dicarboximide (PT-NDI) and carbazole-
functionalized norbornene-5,6-dicarboximide (Cbz-NDI) monomers
were obtained following procedures described in our earlier work
[55,56]. Moreover, the preparation of N-pentafluorophenyl- (FsPh-
NDI), N-cyclohexyl- (Cy-Hex-NDI), N-phenyl- (Ph-NDI), and N-ada-
mantyl-substituted (Adm-NDI) norbornene-5,6-dicarboximide de-
rivatives was carried out following previously reported methodologies
[57-59].

2.2. Preparation of N-ethylhexyl norbornene-5,6-dicarboximide (Et-Hex-
NDI) monomer

It was prepared according to our previous work [60]. A solution of
exo-NDA 1 (10.0 g, 0.061 mol) in chloroform (100 mL) was prepared
and heated to reflux. Subsequently, 2-ethylhexylamine (7.87 g, 0.061
mol) was introduced gradually under reflux conditions. The reaction
mixture was kept at reflux for 24 h to ensure complete conversion. Upon
completion, the solvent was removed under reduced pressure using a
rotary evaporator. The resulting crude material was subjected to puri-
fication by column chromatography employing a 10:90 mixture of
tetrahydrofuran and hexane as the eluent. This process yielded a
transparent oily product, which was further dried under vacuum at
70 °C for 12 h, affording the desired compound as a clear oil (11.9 g) in
71 % isolated yield. LRMS (EI + ) calculated for C17H5NO: m/z 275.19;
determined m/z 275.00. Elemental analysis; calculated; C, 74.14; H,
9.15; N, 5.09; O, 11.62; found; C, 74.13; H, 9.14; N, 5.08; O, 11.64. H-
NMR (400 MHz, CDCl3) §: 6.26 (t, J = 1.8 Hz, 2H), 3.37-3.31 (m, 2H),
3.25 (t, J = 1.6 Hz, 2H), 2.65 (d, J = 1.3 Hz, 2H), 1.70-1.65 (m, 1H),
1.50-1.14 (m, 10H), 0.87-0.84 (m, 6H); °C NMR (151 MHz, CDCls) &:
178.49, 178.48, 137.89, 47.84, 45.23, 42.85, 42.61, 37.81, 30.58,
28.48, 23.98, 23.04, 14.11, 10.41, Fig. 1. Also, Fig. S2 (A-E) showed EI-
MS and '3C-, COSY, DEPT, and HMQC-NMR spectra of the monomer.

2.3. Tracking monomer-to-polymer conversion

Poly(Et-Hex-NDI) was synthesized by distributing 100 mg of mono-
mer into nine Radley’s Carousel reactor vessels under an inert atmo-
sphere, each dissolved in 1 mL anhydrous chloroform and stirred for 30
min for complete dissolution, followed by rapid initiation with a G1
initiator solution (5.98 mg, 7.26 x 10 mol) in 0.3 mL dry chloroform.
The reaction progress was terminated at specific times: 1, 3, 6, 12, 24,
36, 48, 60, and 90 min, by adding 3 mL of ethyl vinyl ether (EVE) and
stirring for 2 h. Solvent and excess EVE were then removed under
reduced pressure, and the obtained polymers were analyzed by 'H NMR
and GPC to assess monomer conversion.

2.4. Preparation of poly(Et-Hex-NDI) homopolymers at varied monomer-
to-initiator feed ratios

Homopolymerization of Et-Hex—NDI was conducted under a dry ni-
trogen atmosphere, where six reaction vessels each contained 150 mg
(5.45 x 10 mol) of the monomer dissolved in anhydrous chloroform (2
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mL) and stirred at room temperature for 30 min to achieve homogeneity.
Separate G1 initiator solutions were prepared, adjusting catalyst load-
ings to attain the desired monomer-to-initiator ratios of: n = 50 (8.97
mg, 1.09 x 10 mol), n =100 (4.48 mg, 5.45 x 10° mol), n =150 (2.99
mg, 3.63 x 10° mol), n = 200 (2.24 mg, 2.72 x 10°° mol), n = 250 (1.79
mg, 2.18 x 10°° mol), and n = 300 (1.49 mg, 1.82 x 10°° mol), where is
the (n) is the number of repeating units. Each catalyst solution (0.2 mL,
dry chloroform) was swiftly added to the monomer solution to initiate
polymerization, which proceeded for 36 min at room temperature
before quenching with 3 mL of EVE. The mixtures were maintained for 2
h to ensure complete termination, then purified by repeated chloroform
dissolution and methanol precipitation to remove residual catalyst. The
purified poly(Et-Hex-NDI) samples were collected by filtration, dried in
a vacuum at 40 °C for 12 h, and obtained in yields of 61 %, 72 %, 83 %,
73 %, 77 %, and 52 %, respectively, for the six targeted ratios. The
corresponding 'H-NMR spectral data of the homopolymer at the ratios
(n = 100 - 300) are presented in Fig. S3 and Table S1.

2.5. Effect of Grubbs catalyst initiators on the polymerization of the Et-
Hex-NDI monomer

The polymerization of Et-Hex-NDI was performed in four indepen-
dent reactions under a nitrogen atmosphere to evaluate the effect of
different Grubbs-type initiators on ROMP efficiency. Each reaction used
150 mg of monomer (5.45 x 10 mol) dissolved in 2 mL of anhydrous
chloroform and stirred at room temperature for 30 min before catalyst
addition. Separate solutions of Hoveyda—Grubbs first-generation (HG1,
6.54 mg), Hoveyda-Grubbs second-generation (HG2, 6.83 mg), Grubbs
third-generation (G3, 9.64 mg), and Grubbs second-generation (G2,
9.25 mg) were prepared in 0.2 mL of dry chloroform, each corre-
sponding to 1.09 x 10°® mol of active species. The catalyst solutions
were immediately introduced into the monomer solutions and pro-
ceeded at ambient temperature for 36 min before quenching with 3 mL
of EVE. After stirring for an additional 2 h, the resulting polymers were
precipitated into methanol, washed thoroughly, and dried under vac-
uum at 40 °C for 12 h, affording off-white solids in 86 % (HG1), 97 %
(HG2), 79 % (G3), and 89 % (G2) yields. The corresponding 14 NMR
spectral data are presented in Fig. S4 and Table S2.

2.6. Synthesis of copolymers

To obtain the desired molecular weights for each copolymer
composition, the corresponding monomer and initiator quantities were
precisely calculated based on their molar ratios (Table S3). Co-
polymerizations were performed by combining an equal mass portion
(100 mg each) of the Et-Hex-NDI monomer and the respective como-
nomer, such as PT-NDI, Cbz-NDI, Ph-NDI, FsPh-NDI, Adm-NDI, or Cy-
Hex-NDI, under a nitrogen atmosphere. The mixtures were dissolved
in 2 mL of dry chloroform and stirred at room temperature for 15 min to
ensure uniformity. Separately, G1 initiator solutions were prepared in
0.2 mL of degassed chloroform, with respective quantities for each re-
action: 4.47 mg (5.44 x 10 mol), 4.68 mg (5.68 x 10°® mol), 6.40 mg
(7.77 x 108 mol), 5.44 mg (6.62 x 10" mol), 5.75 mg (6.98 x 10® mol),
and 6.32 mg (7.68 x 10°® mol), respectively. Each catalyst solution was
promptly introduced into the corresponding monomer mixture, main-
tained at room temperature for 36 min, and quenched with EVE. After 2
h of post-quenching stirring, solvents were evaporated, and the crude
polymers were purified by repeated chloroform-methanol precipitation
and vacuum-dried at 40 °C for 12 h to obtain white solids.

(a) Poly(Et-Hex/PT — NDI) copolymer 1 (P1)
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Following the established copolymerization methodology,
phenothiazine-substituted-NDI (PT-NDI) was employed as the como-
nomer. The reaction afforded (150 mg) of product as an off-white
crystalline material, representing an isolated yield of 75 %. The 'H
NMR spectrum (400 MHz, CDCl3) displayed & values at 7.13 (q, J = 7.6
Hz, 4H), 6.92 (d, J = 7.8 Hz, 4H), 5.61 (dd, J = 89.9, 7.1 Hz, 4H), 4.40 (t,
J = 6.2 Hz, 2H), 4.12 (s, 2H), 3.72 (s, 2H), 3.33 (s, 4H), 2.96 (t,J =11.4
Hz, 4H), 2.65-2.59 (m, 4H), 2.14-2.09 (m, 2H), 1.65 (d, J = 57.2 Hz,
4H), 1.24 (t, J = 6.6 Hz, 9H), 0.87 (t, J = 6.4 Hz, 6H).

(b) Poly(Et-Hex/Cbz — NDI) copolymer 2 (P2)

Following the established copolymerization methodology,
carbazole-substituted-NDI (Cbz-NDI) was employed as the comonomer.
The reaction afforded (137 mg) of product as an off-white crystalline
material, representing an isolated yield of 69 %. The 'H NMR spectrum
(400 MHz, CDCl3) displayed 6§ values at 8.07 (d, J = 6.9 Hz, 2H), 7.44 (s,
4H), 7.22 (s, 2H), 5.76-5.45 (m, 4H), 4.50 (d, J = 42.5 Hz, 4H), 3.66 (s,
2H), 3.33-3.23 (m, 4H), 2.98-2.47 (m, 8H), 2.13-2.04 (m, 2H),
1.74-1.57 (m, 4H), 1.25 (q, J = 6.7 Hz, 9H), 0.87 (t, J = 6.6 Hz, 6H).

(c) Poly(Et-Hex/Ph — NDI) copolymer 3 (P3)

Following the established copolymerization methodology, phenyl-
substituted-NDI (Ph-NDI) was employed as the comonomer. The reac-
tion afforded (155 mg) of product as an off-white crystalline material,
representing an isolated yield of 78 %. The 'H NMR spectrum (400 MHz,
CDClg) displayed & values at 7.46-7.20 (m, 6H), 5.82-5.49 (m, 4H),
3.32-2.67 (m, 10H), 2.17 (d, J = 27.9 Hz, 2H), 1.71 (d, J = 4.6 Hz, 4H),
1.25-1.22 (m, 9H), 0.87 (t, J = 6.4 Hz, 6H).

(d) Poly(Et-Hex/FsPh — NDI) copolymer 4 (P4)

Following the established copolymerization methodology,
pentafluorophenyl-substituted-NDI (FsPh-NDI) was employed as the
comonomer. The reaction afforded (166 mg) of product as an off-white
crystalline material, representing an isolated yield of 83 %. The 'H NMR
spectrum (400 MHz, CDCl3) displayed & values at 5.76-5.50 (m, 4H),
3.32-2.66 (m, 10H), 2.24-2.06 (m, 2H), 1.71-1.53 (m, 4H), 1.24 (q, J =
6.9 Hz, 9H), 0.86 (t, J = 6.6 Hz, 6H).

(e) Poly(Et-Hex/Adm — NDI) copolymer 5 (P5)

Following the established copolymerization methodology,
adamantyl-substituted-NDI (Adm-NDI) was employed as the como-
nomer. The reaction afforded (138 mg) of product as an off-white
crystalline material, representing an isolated yield of 69 %. The 'H
NMR spectrum (400 MHz, CDCl3) displayed & values at 5.76-5.45 (m,
4H), 3.34-2.64 (m, 10H), 2.37 (s, 6H), 2.09 (s, 5H), 1.73-1.55 (m, 10H),
1.24 (t, J = 6.6 Hz, 9H), 0.88-0.85 (m, 6H).

(f) Poly(Et-Hex/Cy-Hex — NDI) copolymer 6 (P6)

Following the established copolymerization methodology,
cyclohexyl-substituted-NDI (Cy-Hex-NDI) was employed as the como-
nomer. The reaction afforded (133 mg) of product as an off-white
crystalline material, representing an isolated yield of 67 %. The 'H
NMR spectrum (400 MHz, CDCl3) displayed & values at 5.74-5.50 (m,
4H), 3.90-3.84 (m, 1H), 3.34-2.64 (m, 10H), 2.12-2.06 (m, 4H),
1.80-1.53 (m, 8H), 1.25-1.16 (m, 11H), 0.88-0.85 (m, 6H).
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Scheme 1. Preparation Pathway of (Et-Hex-NDI) monomer.

3. Results and discussion section
3.1. Design and characterization of (Et-Hex-NDI) monomer

Asillustrated in Scheme 1, the Et-Hex-NDI monomer was synthesized
through the imidization of exo-NDA. In a representative procedure, exo-
NDA was treated with 2-ethylhexylamine in chloroform under reflux
conditions. Subsequent purification afforded the target monomer as a
colorless oil in 71 % yield. The structural characterization of the Et-Hex-
NDI monomer is supported by the mass and NMR spectra presented in
Fig. S2 (A-E). The EI-MS spectrum (Fig. S2A) confirms the molecular
identity, showing a dominant molecular ion peak at 275.00. The 'H
NMR spectrum (Fig. 1) displays key resonances of the norbornene
moiety, a characteristic triplet at 6.26 ppm (J = 1.8 Hz) for the olefinic
proton (a), a triplet at 3.25 ppm (J = 1.6 Hz) and a doublet at 2.65 ppm
(J = 1.3 Hz) for the bridgehead protons (b and d). The ethylhexyl side
chain is evidenced by a multiplet at 3.37-3.31 ppm for the N-adjacent
methylene protons (e), a complex multiplet near 1.50 ppm for the in-
ternal methylenes, and a terminal two methyl multiplet at 0.87-0.84
ppm. The 3C NMR spectrum (Fig. S2B) shows carbonyl carbons at
178.48 and 178.49 ppm (C-5), the olefinic carbon at 137.89 ppm (C-1),
and aliphatic carbon atoms between 10.41 and 47.84 ppm. Two-

dimensional NMR analyses further validate the structure. The COSY
spectrum (Fig. S2C) confirmed proton connectivity through scalar
couplings, revealing distinct cross-peaks for vicinal pairs (a-2H/b-2H, e-
2H/f-1H, h-3H & 1-3H/g-2H & k-2H, j-2H/k-2H). The DEPT spectrum
(Fig. S2D) differentiated carbon types, with positive signals for CH/CHs
groups (e.g., 137.89, 47.84, 45.23, 37.81, 14.11, 10.41 ppm) and
negative signals for CH; groups (e.g., 42.85, 42.61, 30.58, 28.48, 23.98,
23.04 ppm), while the carbonyl carbons (178.48, 178.49 ppm) were
absent as expected. Finally, the HMQC spectrum (Fig. S2E) provided
direct 'H-'3C one-bond correlations, unambiguously assigning all pro-
tons (a-1) to their respective carbon resonances.

3.2. Monitoring of poly(Et-Hex—-NDI) homopolymerization

Scheme 2 presents the homopolymerization of Et-Hex-NDI monomer
and the corresponding kinetic study. The reaction was performed using
G1 catalyst targeting a degree of polymerization of ~ 50 units. This
targeted molecular weight range was chosen to optimize polymerization
efficiency by reducing chain termination occurrences and decreasing
solution viscosity [61]. Polymerization was quenched at various times
(1-90 min) with excess EVE. 'H NMR analysis of unquenched samples
showed a steady decrease in olefinic proton signals (*) alongside

c
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a a by
Og f i
cuey, - h z'_ .
S 2 <
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Fig. 1. 'H NMR Spectrum of Et-Hex-NDI monomer.
. sy 0 N 0
Grubbs initiators
0=N_0 > H
(a) Anhydrous CHCl;, 36 min., RT A
H

(b) EVE, 2 h, RT

Et-Hex-NDI monomer

Poly(Et-Hex-NDI) homopolymer

Scheme 2. Synthetic approaches to the poly (Et-Hex-NDI) homopolymer.
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Fig. 2. The H NMR spectra of monomer conversion from 1 to 36 min; (*) and
(+) denote monomer and polymer peaks, respectively.

increasing cis- and trans-vinylene (+) polymer peaks, indicating mono-
mer conversion. Complete consumption of the monomer was achieved
by nearly 36 min (Fig. 2). Also, Fig. S5 provides NMR monitoring over
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48-90 min, confirming monomer depletion and concurrent polymer
chain growth, while also resolving the formation of cis and trans ste-
reoisomers via their distinct chemical shifts. As illustrated in Fig. 3, the
'H NMR spectrum of poly(Et-Hex-NDI) verified the polymer structure.
Key vinylene resonances for trans and cis isomers were observed at 5.76
and 5.49 ppm, respectively. Methylene (e) and methine (b, d, f) protons
appeared as characteristic multiplets and a doublet (J = 41.2 Hz).
Aliphatic methylene and methine signals (c, g, i, j, k) resonated between
1.21-1.73 ppm, with terminal methyl groups (h, 1) at 0.85-0.89 ppm.
GPC results (Fig. 4(A-C), Table 1) reveal that the molecular weights of
poly(Et-Hex-NDI), including M;, My, and My, rise rapidly during the
first 1-36 min of polymerization, after which the values stabilize, indi-
cating that the polymerization reaches completion. The M,, shows a
continuous shift toward higher molecular weights on the Log M scale
during this initial phase. Throughout the reaction, the PDI remains
nearly constant, demonstrating that the polymer growth occurs in a
controlled manner with minimal widening of the molecular weight
distribution.

3.3. Living character via [Monomer/Initiator] ratio study

A series of homopolymers with targeted degrees of polymerization
(50-300) were synthesized to assess living behavior. Consistent with
prior studies, polymerization using the Grubbs (G1) initiator afforded a
polymer backbone with a predominant trans-vinylene configuration
(84:16 trans/cis), a consequence of the specific G1 ligand environment
[59]. Fig. 5 (A-C) and Table 2 summarize the polymerization behavior
of poly(Et-Hex-NDI) homopolymer, revealing systematic variation in
molecular weight with the monomer-to-initiator ratio. Both M, and M,
increase linearly as the initiator concentration decreases, consistent with
a well-regulated, living ROMP process. The GPC traces show uniform
shifts along the Log M axis with narrow dispersities (PDI < 1.3), con-
firming controlled growth and minimal termination or transfer events.
Although the experimentally observed M, values exceed theoretical
predictions, their linear dependence on the targeted degree of poly-
merization further supports a living mechanism. Slight PDI broadening
at the highest polymerization degree (n = 300) indicates minor loss of
control at extended chain lengths, a common feature in such systems
[62].

CHCl,

8.0 7.0 6.0
n Ph ///

H

Poly(Et-Hex-NDI) |X : parts per Million : Proton ’

5.0 40 3.0 20 1.0 0
=N AN R T Ao
GETERALEIR T RS ® 28a
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MnmennnnAaNNN AN — — —- ©oCcC

Fig. 3. The 'H NMR spectrum of poly(Et-Hex-NDI) homopolymer.
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Fig. 4. (A) GPC-measured molecular weight versus reaction time, (B) PDI changes during the reaction, and (C) GPC traces at different time intervals.
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Table 1
GPC data regarding the tracking of the homopolymerization reaction.

European Polymer Journal 242 (2026) 114413

Reaction Time (Minutes) © M,  [GPC] ~ M, " [GPC] =~ M, [GPC]  PDI®
(kDa) (kDa) (kDa)
1 12.14 14.27 13.85 117
3 15.91 19.75 21.65 1.24
6 21.89 27.72 30.72 1.26
12 25.94 32.66 36.29 1.25
24 27.93 34.51 38.54 1.23
36 28.09 34.86 39.13 1.24
48 28.55 35.30 39.72 1.23
60 28.21 34.91 39.13 1.23
90 28.67 35.40 39.13 1.23

# The monomer-to-initiator ratio was calculated as n = 50 for all polymeri-
zations at different time points using the G1 catalyst.

> M,, represents the weight-average molecular weight.

¢ M, denotes the number-average molecular weight.

d M;, corresponds to the peak molecular weight.

¢ PDI refers to the polydispersity index.

3.4. Effect of Grubbs initiators on homopolymerization

To better understand the living nature of ROMP and compare the
effectiveness of different Grubbs initiators on Et-Hex-NDI monomers,
polymerization reactions were conducted using HG1, HG2, G3, and G2
initiators. These reactions were carried out at ambient temperature,
aiming for a targeted degree of polymerization of 50 over 36 min.
Termination was achieved by the addition of EVE, followed by polymer
isolation through precipitation in excess methanol. The resulting ho-
mopolymers exhibited '"H NMR spectra, comparable to those prepared
with the G1 catalyst. Nonetheless, notable differences in the olefinic
proton signals suggested variations in cis/trans isomer distributions,
which were dependent on the catalyst employed. Integration of 'H NMR
peaks indicated that G1 and HG1 predominantly favored the formation
of trans double bonds (83-84 %), whereas HG2, G3, and G2 yielded
polymers with a significantly higher cis content (46 %), a trend attrib-
uted to their bulkier ligand environments and accelerated initiation and
propagation kinetics. GPC data (Table 3 and Fig. 6) demonstrated that
G1 facilitated the most controlled polymerization, yielding polymers
with relatively narrow molecular weight distributions (PDI = 1.21) and
an average molecular weight (M) of 31.14 kDa. In comparison, poly-
mers synthesized with HG1, HG2, G3, and G2 showed broader dis-
persities (PDI ranging from 1.39 to 1.69). These results collectively
suggest that G1 remains the most effective catalyst for polymerizing
highly strained norbornene monomers under the conditions studied.

3.5. Characterization of copolymers (P1-P6)

Scheme 3 details the synthesis of random copolymers of Et-Hex-NDI
with various norbornene dicarboximide comonomers (PT-NDI, Cbz-NDI,
Ph-NDI, F5Ph-NDI, Adm-NDI, Cy-Hex-NDI). Guided by the homo-
polymerization kinetics, all copolymerizations were conducted with
catalyst G1 and targeted for a degree of polymerization of 50 to optimize
processability. This standardized protocol employing equimolar

= 400

Table 2
GPC Analysis of Et-Hex-NDI Living Homopolymerization.
n? M, [Cal.] M, [GPC] M, PDI Yield  Cis: Trans
b ¢ [GPC] % Content ¢
(kDa) (kDa) (kDa)
50 13.75 31.14 37.88 1.21 61 17:83
100 27.50 68.20 80.90 1.18 72 16:84
150 41.25 106.85 125.26 1.17 83 17:83
200 55.00 119.71 144.55 1.20 73 16:84
250 68.75 167.52 218.33 1.30 77 17:83
300 82.50 178.49 340.21 1.90 52 16:84

2 The monomer-to-initiator ratios.

b M, is estimated based on the theoretical number of repeating units (n = 50 -
300).

¢ M, observed from GPC analysis.

4 the (Cis: Trans) content determined from NMR charts.

Table 3
Effect of Grubbs Catalyst on Living Homo-Polymerization of Et-Hex-NDI.

Grubbs catalyst M, [GPC] M,, [GPC] PDI Yield Cis: Trans Content
(kDa) (kDa) % b

G1 31.14 37.88 1.21 61 17:83

HG1 145.04 202.90 1.39 86 16:84

HG2 226.73 349.98 1.54 97 46:54

G3 285.47 458.23 1.60 79 46:54

G2 914.52 1550.62 1.69 89 46:54

# The [Monomer/initiator] ratio was set at (n = 50) for all polymerizations at
different initiators.
b identified by 'H NMR spectroscopy.

comonomer feeds and a 36-minute reaction time successfully afforded a
series of copolymers in good to excellent yields (67-83 %), enabling a
direct comparative analysis. The chemical structures of the poly(Et-Hex-
NDI) homopolymer and its copolymers (P1-P6) were analyzed using FT-
IR spectroscopy over the range of 500-4000 cm™, as shown in Fig. 7, to
investigate their vibrational characteristics. All samples displayed
characteristic absorption bands at 748-767 em™ and 968-989 cm’l,
corresponding to the cis and trans olefinic stretching modes, respec-
tively. Peaks observed around 1395 cm™ and 2950 cm™! are assigned to
the bending and stretching vibrations of methyl (-CHs) groups, origi-
nating from the terminal methyl units of the ethylhexyl side chains.
Vibrational bands observed around 1700 cm™ and 1770 cm™ are
assigned to the symmetric and asymmetric (-CONH-) stretching modes
of the norbornene imide core. In copolymers P1 and P2, the peaks
around 1738 and 1739 cm’! are indicative of ester carbonyl groups,
originating from the side-chain ester functionalities of the comonomers,
respectively. Additionally, absorptions in the 2856-2867 cm™ and
2912-2932 cm’! regions correspond to the symmetric and asymmetric
(—CHjy-) stretching vibrations within the polymer backbone, respec-
tively. All synthesized copolymers were characterized by 'H NMR
spectroscopy (Fig. 8). The H NMR spectra exhibited characteristic
broad polymer resonances, confirming the polymeric norbornene scaf-
fold. Key vinylene proton signals appeared between 5.45 and 5.82 ppm,
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Fig. 5. (A) Molecular weights, (B) PDI values, and (C) GPC traces for various [Monomer/Initiator] ratios of poly(Et-Hex-NDI) homopolymer.
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Fig. 6. (A) Molecular weights by GPC, (B) PDI values, and (C) GPC traces of the poly(Et-Hex-NDI) homopolymer of different Grubbs initiators.

while other multiplets were consistent with the bridged bicyclic struc-
ture of the backbone. Furthermore, definitive signals from the ethyl-
hexyl side chain were consistently present, identified as a methylene
multiplet at ~ 1.24 ppm and terminal methyl groups at ~ 0.87 ppm. The
unique comonomer in each copolymer provided distinct NMR signa-
tures. The aromatic protons of the phenothiazine unit in P1 (Fig. 8A)
appeared as a quartet at 7.13 ppm and a doublet at 6.92 ppm. Similarly,
the carbazole aromatics in P2 (Fig. 8B) were observed as broad signals
between 8.07 and 7.22 ppm. For P3 (Fig. 8C), the phenyl group’s aro-
matic protons appeared as a multiplet between 7.46 and 7.20 ppm. In
contrast, the pentafluorophenyl spectrum of P4 Fig. 8D) showed no ar-
omatic proton signals, with its successful incorporation instead
confirmed by three distinct sets of fluorine signals in the °F-NMR
spectrum, as shown in Fig. 8E. Copolymers with aliphatic side chains, P5
(adamantyl) and P6 (cyclohexyl), exhibited broad, complex signals in
the 1.0-3.0 ppm region. For P5 Fig. 8F), singlets at 2.37 and 2.09 ppm
were assigned to the adamantyl methylene and methine protons,
respectively. For P6, a distinctive multiplet at 3.90-3.84 ppm was
attributed to the cyclohexyl methine proton as presented in Fig. 8G.

Yo

Collectively, the NMR data confirm the successful formation of all target
copolymer structures via living ROMP.

Fig. 9 (A and B) depicts the molecular weight profiles of the obtained
random copolymers, while Fig. 9C presents the corresponding GPC
traces for systems incorporating different NDI-substituted units. The
homopolymerization of poly(Et-Hex-NDI) (Mn = 31.14 kDa, PDI = 1.21)
was previously completed within 36 min, achieving full monomer con-
version and a targeted degree of polymerization of n = 50. To ensure
comparability, subsequent copolymerizations were conducted under
identical experimental parameters, with only the NDI-functionalized
comonomer structures being varied. The M, molecular weights for the
copolymers were determined as follows: P1 = 59.23 kDa (PDI = 1.15),
P2 = 65.89 kDa (PDI = 1.20), P3 = 43.41 kDa (PDI = 1.18), P4 = 56.16
kDa (PDI = 1.24), P5 = 52.61 kDa (PDI = 1.15), and P6 = 53.01 kDa
(PDI = 1.18). In every case, the M, exceeded that of the homopolymer,
while PDIs remained narrow, approaching Poisson-type distributions,
indicative of well-regulated copolymer growth and similar monomer
reactivity ratios. All copolymers exhibited a predominance of trans
configurations (80-89 %) over cis configurations (11-20 %), a

CE;O 4&
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Comonomer

L
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Scheme 3. The synthetic approaches of copolymers (P1-P6).
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stereochemical outcome ascribed to the ligand environment of the G1
catalyst, which reduces steric congestion and results in a relatively
slower initiation rate, as summarized in Table 4.

3.6. Side-chain impact on physical properties of the synthesized polymers

3.6.1. Optical properties

The optical properties of the poly(Et-Hex-NDI) homopolymer and its
copolymers were investigated using UV-visible spectroscopy (200-900
nm) in dilute THF solution (10°® M) at room temperature (Fig. 10,
Table 5). The unsubstituted exo-NDA precursor exhibited a distinct ab-
sorption maximum at 228 nm, attributable to the n—n* transition of the
carbonyl group. Upon ethylhexyl substitution and subsequent poly-
merization, poly(Et-Hex-NDI) displayed two absorption bands at
approximately 231 nm and 252 nm. The band at 231 nm reflects the
n-7t* transition, whereas the 252 nm feature is ascribed to a new tran-
sition arising from the electron-donating influence of the ethylhexyl
substituent. Incorporation of phenothiazine and carbazole units into the
polymer backbone (P1 and P2, respectively) via copolymerization
resulted in noticeable variations of the optical absorption profile. Both
polymers exhibited a distinct hyperchromic effect, accompanied by the
appearance of additional absorption bands at longer wavelengths
compared to the parent poly(Et-Hex-NDI). Specifically, P1 displayed
absorption bands at 256 and 313 nm, while P2 featured multiple bands
at 260, 292, 327, and 342 nm. The most pronounced absorptions were
observed at Ana.x = 313 nm for P1 and Ayn.x = 342 nm for P2, corre-
sponding to red-shifts of approximately 61 nm and 90 nm, respectively,
relative to the parent homopolymer. The combination of significant
bathochromic shifts with enhanced absorption intensity underscores the

European Polymer Journal 242 (2026) 114413

extension of n-conjugation imparted by the electron-rich phenothiazine
and carbazole moieties, highlighting their role in modulating the elec-
tronic structure of the resulting copolymers. In contrast, copolymers
P3-P6, which lack strongly conjugated donor substituents, exhibited
distinctly different absorption features. Their spectra were restricted to
shorter wavelengths, with primary bands observed within 251-261 nm.
Furthermore, P3-P6 demonstrated a pronounced hypochromic effect,
displaying reduced absorption intensity relative to poly(Et-Hex-NDI).
This behavior can be attributed to the incorporation of less electron-
rich groups, diminishing the absorption strength. The absorption onset
values (Aonset) for poly(Et-Hex-NDI) and copolymers P1-P6 were deter-
mined as 277, 349, 351, 278, 280, 279, and 274 nm, corresponding to
optical bandgap energies (E;°P) of 4.48, 3.55, 3.53, 4.46, 4.43, 4.44, and
4.53 eV, respectively. Relative to the exo-NDA precursor (Amax = 228
nm), the poly(Et-Hex-NDI) homopolymer exhibited a red-shifted ab-
sorption maximum at 252 nm, reflecting a modest enhancement in op-
tical absorption. The relatively wide bandgap range (3.53-4.53 eV)
underscores the potential of these materials for optoelectronic applica-
tions that demand high transparency, including protective coatings,
optically clear films, and encapsulation layers [63,64]. Furthermore, the
observed absorption maxima extend beyond those of sulfonated NDI-
based derivatives, which typically absorb at significantly shorter
wavelengths (196-200 nm), as reported in prior literature [65].

3.6.2. Thermal behavior

The thermal stability of the polymers, governed by backbone rigidity
and side-group structures, is critical for their practical utility. To eval-
uate these properties, TGA, DTG, and DSC measurements were carried
out under argon. Polymers bearing ethylhexyl groups exhibit unex-
pectedly high thermal stability in both homopolymer and copolymer
forms. Contrary to the typical plasticizing role of ethylhexyl chains, the
rigid norbornene-imide backbone counteracts this effect within a single
macromolecular architecture. As depicted in Fig. 11A, poly(Et-Hex-NDI)
exhibits a one-step degradation at 454 °C with 84.5 % mass loss,
assigned to main-chain scission. The high T4 arises from the rigid bicy-
clic norbornene core, resonance-stabilized imide units, and steric
shielding by ethylhexyl groups, which collectively suppress radical-
mediated degradation. Furthermore, Fig. 11B depicts the DSC thermo-
gram of the homopolymer, exhibiting a glass transition at 168 °C. While
ethylhexyl substituents are generally linked with lower Ty values due to
their plasticizing effect, the observed Tg remains high. This is explained
by the rigid norbornene bicyclic framework, which restricts chain mo-
tion, and the resonance-stabilized dicarboximide unit, which further
limits segmental mobility. In addition, the covalently bound bulky
ethylhexyl side groups introduce steric hindrance that limits rotational
relaxation, while the absence of flexible spacers promotes tighter mo-
lecular packing, collectively preserving the elevated Ty [66].

Copolymerization of Et-Hex-NDI with different comonomers affor-
ded copolymers (P1-P6) exhibiting high thermal stability, with
decomposition temperatures (T4) ranging from 358 to 459 °C and initial
weight losses of 27.2-88.5 % (Fig. 12 (A-F), Table 6). The Tds for P1-P6
were 393, 358, 451, 444, 456, and 459 °C, respectively. Among them,
only P1 and P2 displayed two-step degradation behavior. The first
weight-loss stage occurred at 393 °C (P1, 35 %) and 358 °C (P2, 27.2 %),
which can be attributed to the smaller fraction of phenothiazine or
carbazole side chains incorporated into their backbones. These hetero-
aromatic moieties are less thermally stable than ethylhexyl-substituted
NDI, as the heteroatoms and conjugated rings of phenothiazine and
carbazole are more susceptible to oxidation or bond cleavage at lower
temperatures. Consequently, ester-linked heteroaromatic units degrade
earlier than the more stable ethylhexyl-NDI segments. The second
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Fig. 9. (A) GPC-based molecular weights, (B) copolymer PDIs, and (C) corresponding chromatograms.

decomposition step for P1 and P2 occurred at 447 °C and 446 °C, with
higher weight losses (46.4 % and 58.4 %), corresponding to the break-
down of the main NDI-based backbone. In contrast, copolymers P3-P6,
incorporating phenyl, pentafluorophenyl, adamantyl, and cyclohexyl
side chains directly attached to the norbornene core, exhibited a single
decomposition event at 451, 444, 456, and 459 °C, respectively, with
major weight losses (72.7-88.5 %). This single-step behavior arises from
the absence of easily cleavable ester linkages. Their high Tds, compa-
rable to that of the homopolymer, indicate that both aromatic and
aliphatic substituents effectively enhance polymer stability. Above
459 °C, progressive degradation continued, leaving 11.5-27.3 % char
residue at 700 °C. Overall, the synthesized homo- and copolymers
exhibited significantly higher Tys than previously reported norbornene-
based systems. While comparable NDI polymers containing tricarbazole,
phenyl, cyclohexyl, or adamantyl substituents decomposed at

10

385-424 °C, and phosphonated or brush-type analogs degraded at
300-330 °C [42,49,67-69]. This enhanced robustness is attributed to
the synergistic stabilization imparted by ethylhexyl groups integrated
within the norbornene-NDI backbone.

DSC analysis was conducted to determine the glass transition tem-
perature (Tg), which influences polymer flexibility and mechanical sta-
bility. Copolymerization of Et-Hex-NDI with various NDI derivatives
resulted in significant Ty variations, generally lower than the homo-
polymer (168 °C). The T, values for copolymers P1-P6 were 86, 102,
158, 143, 155, and 145 °C, respectively, as shown in Fig. 13 (A-F) and
Table 6. The ethylhexyl-substituted homopolymer exhibits a high T,
(168 °C) due to steric hindrance and dense packing within the rigid
norbornene core. In contrast, introducing phenothiazine- or carbazole-
bearing comonomers significantly lowers Ty (86 and 102 °C, respec-
tively), as these bulky aromatics are connected via flexible four-
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Table 4
GPC data for copolymer samples (P1-P6).
Copolymer Samples Copolymer (A: B) M, [GPC] M,, [GPC] PDI Yield Cis: Trans
Composition * (kDa) (kDa) % Content ”
(%)
P1 66:34 59.23 68.67 1.15 75 16:84
P2 68:32 65.89 79.13 1.20 69 20:80
P3 51:49 43.41 51.30 1.18 78 14:86
P4 60:40 56.16 70.10 1.24 83 11:89
P5 54:46 52.61 60.90 1.15 69 14:86
P6 50:50 53.01 62.71 1.18 67 17:83

# Copolymer composition (A: B) determined from H NMR spectra; A = mol fraction of Et-Hex-NDI monomer, while B = mol fraction (%) of the comonomer.
Y the (Cis: Trans) content was determined using the 'H NMR spectrum for each copolymer sample.

n
zln A = B —P1
S hoa s S -
3 [ ! p P2
o f\r Exo-NDA S P3
g ‘| - = = (Et-Hex-NDI) monomer g P4
f ------- Poly(Et-Hex-NDI) homopolymer ﬁ
b A
= < —P6
= =
o o
S =
= =
£ =
= =
5 =5
4 Z
225 250 275 300 325 350 250 275 300 325 350 375 400
Wavelength (nm) Wavelength (nm)

Fig. 10. UV - visible spectra:(A) for the poly(Et-Hex-NDI) and its synthetic precursors and (B) for the copolymers P1 - P6.

methylene ester spacers. These spacers act as compliant linkers that
relieve steric strain, enabling pendant motion and promoting segmental
relaxation at lower temperatures [70]. On the other hand, copolymers
containing phenyl (158 °C), pentafluorophenyl (143 °C), adamantyl
(155 °C), and cyclohexyl (145 °C) substituents display only moderate Ty
reductions, reflecting the influence of side chains directly attached to the

Table 5
The Optical Properties of the Et-Hex-NDI Homo and Copolymers.
Samples Aabs (nm) Aonset (Nm) EP (eV)®
Poly(Et-Hex-NDI) 252 277 4.48
P1 256, 313 349 3.55
P2 260, 292, 327, 342 351 3.53
P3 261 278 4.46
P4 258 280 4.43
P5 253 279 4.44
P6 251 274 4.53

#Polymer samples were determined in THF solution.
b The optical bandgap was calculated using the absorption onset from solution
phase UV-visible spectroscopy, employing the relationship (E;°® = 1240/ Asnse0)-
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rigid norbornene framework. The adamantyl group limits chain motion
but enlarges free volume; the phenyl ring enhances rigidity via n—x in-
teractions; pentafluorophenyl substituents increase steric and electronic
repulsion, disrupting packing; and the flexible cyclohexyl ring contrib-
utes moderate steric and free-volume effects, yielding an intermediate T,
decrease. DSC analysis reveals that side-chain structure and attachment
mode critically affect Ty. Copolymers (P3-P6) with side chains directly
bonded to the norbornene core show Ty values close to the parent ho-
mopolymer, while those with long spacers (P1, P2) exhibit markedly
reduced T due to enhanced chain mobility and decreased packing. The
high T; of spacer-free homopolymers underscores the influence of spacer
length and polymer architecture on thermal properties [71]. Except for
P1 and P2, all copolymers exhibited remarkably high Ty values, sur-
passing previously reported systems such as NDI-cyclohexyl (129 °C)
and indole-based polyesters (55-99 °C) [72,73]. Additionally, the homo-
and copolymers showed distinct endothermic peaks at 256-258 °C,
reflecting melting transitions associated with well-ordered crystalline
domains in the polymer backbone.

—0.2- B
=0 -
%" —0.4- s ., T,=168°C
= ] |
>
= S
I
Q 061 N
w
a
—0.8+ T, =257°C et
50 100 150 200 250 300
T(°C)

Fig. 11. (A) TGA and (B) DSC profiles of the poly(Et-Hex-NDI) homopolymer.
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Fig. 12. TGA and DTG profiles of the copolymers: (A) P1, (B) P2, (C) P3, (D) P4, (E) P5, and (F) P6.

Table 6

Thermal properties of the synthesized homo and copolymers.
Samples * W, Loss ” Tq ¢ Total wt Loss Residual Tg T

(%) Q) (%) (%) (9] [§9)

Poly (Et-Hex-NDI) 84.5 454 84.5 15.5 168 257
P1 35, 46.4 393, 447 81.4 18.6 86 257
P2 27.2,58.4 358, 446 85.6 14.4 102 257
P3 86.3 451 86.3 13.7 158 256
P4 72.7 444 72.7 27.3 143 257
P5 88.5 456 88.5 11.5 155 256
P6 87.4 459 87.4 12.6 145 258

& Tgs values were determined from DTG curves.
Y In copolymers P1 and P2, two distinct Tgs are observed.

¢ For P1 and P2, two weight loss values are identified, each corresponding to the respective Ty.

3.6.3. Morphological properties

Thin films of the synthesized copolymers were prepared, and the
detailed procedures for film preparation are provided in the Supporting
Information (Section 2.2). Fig. 14 (A-G) presents FESEM micrographs
illustrating the surface morphologies of the poly(Et-Hex-NDI) homo-
polymer and its copolymers (P1-P6), obtained through ROMP of
ethylhexyl-substituted norbornene dicarboximide. Clear differences in
surface features are evident among the samples, underscoring the
impact of side-chain variations on polymer microstructure. These
morphological divergences across P1-P6 underscore the significant
impact of comonomer choice on phase characteristics and structural
organization. A densely packed and relatively smooth morphology is
observed for the homopolymer poly(Et-Hex-NDI), which aligns with its
high glass transition temperature (Tg = 168 °C) arising from the rigid
backbone and restricted segmental mobility. P1 displays a loosely
packed, irregular morphology with open domains, which corresponds to
enhanced chain mobility and is consistent with its lower T, (86 °C)
arising from the phenothiazine side groups. In contrast, P2 exhibits a
moderately rough and less compact surface, aligning with its
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intermediate thermal stability and the observed T of 102 °C, attributed
to the carbazole substituents. Among P3-P6, T, values remain relatively
high (143-158 °C), accompanied by more ordered morphologies. P3,
containing simple phenyl side groups, presents a smooth and compact
surface. P4, functionalized with pentafluorophenyl moieties, shows a
finely textured, slightly granular morphology, reflecting the electronic
effects of fluorinated substituents. P5, with sterically bulky adamantyl
groups, exhibits a robust, tightly packed surface with well-defined
domain boundaries. P6, bearing cyclohexyl units, demonstrates a
moderately compact surface with slight roughness, representing an in-
termediate structural state. Overall, the compactness and density of
P3-P6 morphologies are mirrored in their high T, values, nearly
matching the homopolymer, highlighting the strong correspondence
between polymer structure and thermal transitions. Also, Fig. S6
showed the FESEM micrographs of homo and copolymers at higher
magnification.
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Fig. 13. DSC thermograms of the copolymers: (A) P1, (B) P2, (C) P3, (D) P4, (E) P5, and (F) P6.

Fig. 14. ESEM micrographs of poly(Et-Hex-NDI) homopolymer (A) and its copolymers: (B) P1, (C) P2, (D) P3, (E) P4, (F) P5, and (G) P6.

4. Conclusion

This study provides a fundamental framework for the molecular
engineering of norbornene dicarboximide polymers with tailored
properties. We establish that the synergistic copolymerization of rigid
norbornene cores with flexible ethylhexyl units is key to achieving the
crucial balance between thermal stability and solution processability.
The efficacy of G1 catalysis in producing well-defined polymers via a
living ROMP mechanism was unequivocally confirmed, enabling precise
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synthetic control. Most significantly, we have decoded how side-chain
functionality, specifically its steric bulk and electronic character,
directly commands both the thermal and optoelectronic landscape of the
resulting material. This ability to predictably manipulate properties
through monomer design positions the Et-Hex-NDI platform as a highly
versatile and rational starting point for developing next-generation
functional polymers across diverse application domains.
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