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Abstract

Amphiphilic terpolymers with reactive functionalities serve as versatile precursor materials for
developing functionalized biomaterial networks. In this study, lauryl/stearyl acrylates, N-vinylpyrrolidone
(NVP), and maleic anhydride were employed in radical polymerization to generate two distinct series of
hydrophilic oligomers known as the OLPM and OSPM series. High-resolution proton nuclear magnetic
resonance ("H-NMR) spectroscopy was utilized as an analytical standard to characterize chemical
configurations, map monomer conversion patterns, and quantify trace processing pollutants.
Spectroscopic analysis confirmed the effective integration of hydrophilic pyrrolidone heterocyclic rings,
hydrophobic acrylate domains, and aliphatic backbones across various monomer feed ratios. The
absolute ring-opening hydrolysis of moisture-sensitive maleic anhydride units into active dicarboxylic
acid anchors, which are essential for subsequent covalent cross-linking with gelatin amino networks,
was unequivocally confirmed by a persistent downfield singlet at 6 12.3 ppm. While minor monomer
entrapment and processing solvent residues occurred in mid-tier formulations (OLPM 5 and OSPM 5)
due to long-chain alkyl acrylate steric hindrance, optimizing composition dynamics entirely removed
these impurities in the highest feed ratio variants. Conclusively, the OLPM 10 and OSPM 10 variants
demonstrate refined, impurity-free crosslinking precursors suitable for downstream covalent network
formation due to their structural rigidity and high density of crosslinkable dicarboxylic acid groups.

Introduction and Experimental Overview

An essential class of precursor materials for developing advanced biomedical hydrogels are amphiphilic
terpolymers with hydrophilic segments and reactive functionalities [1]. With the aim to produce
structurally stable networks optimal for cutaneous tissue engineering, two different series of hydrophilic
oligomers known as the OLPM and OSPM series were produced by radical polymerization utilizing
lauryl/stearyl acrylates, N-vinylpyrrolidone (NVP), and maleic anhydride [2]. Briefly, at 70 °C free-radical
polymerization was carried out in 1,4-dioxane for 6 h utilizing azobisisobutyronitrile (AIBN) as the
thermal initiator, followed by repeated precipitation in cold diethyl ether and drying under vacuum at 40
°C to yield the purified oligomeric precursors. Considering that leftover unreacted vinyl monomers induce
localized cytotoxicity and acute inflammation in open cutaneous applications, precise structure
elucidation, monomer incorporation ratios, and chemical purity are vital [3]. High-resolution proton
nuclear magnetic resonance ('H-NMR) spectroscopy was employed as a basic analytical benchmark
before gelatin matrix crosslinking to assure strict quality control and map the critical ring-opening
hydrolysis of moisture-sensitive maleic anhydride units into reactive dicarboxylic acid anchors [4]. For
spectroscopic characterization, approximately 10-15 mg of each produced oligomeric variant (including
OLPM 2.5, 5, 10 and OSPM 2.5, 5, 10 matrices) was entirely dissolved in 0.6 mL of high-purity dimethyl

sulfoxide-d6 (DMSO-dg). All "TH-NMR experiments were cataloged at room temperature on a Bruker

spectrometer operating at a standard resonance frequency (500 MHz) [5]. Chemical shifts (8) were
recorded in parts per million (ppm) and scrupulously calibrated relative to an internal tetramethylsilane
(TMS) reference standard set at & = 0.0ppm. Raw free induction decays (FIDs) were processed utilizing
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Bruker TopSpin software, introducing manual phasing, intensive baseline flattening adjustments to
precisely resolve crowded aliphatic envelopes, and exponential multiplication with a line-broadening
factor of 0.3 Hz to optimize signal-to-noise ratios [6]. Quantitative integrations of specific structural
markers particularly the terminal methyl ends (6 0.85-0.88 ppm), pyrrolidone ring protons (6 1.9-3.5
ppm), and the downfield hydrolyzed carboxylic acid singlets (6 12.3 ppm) were implemented to map
monomer conversion profiles and assess trace solvent or purification processing impurities [7].

Results & Discussion

TH-NMR spectroscopy was employed in both the OLPM and OSPM series to examine the chemical
structure of the synthesized hydrophilic oligomers before gelatin crosslinking. The spectra indicated that
the structural domains essential for hydrogel network development were effectively integrated.

All of the characteristic peaks for the hydrophobic tail fractions of the acrylate and the highly hydrophilic
heterocyclic ring environments are successfully represented in the spectrum for the lowest feed ratio
formulation, OLPM 2.5 (Fig. 1a). The methylene spacer and ester linkage areas significantly broaden as
the monomer ratios shift in OLPM 5 (Fig. 1b), demonstrating the integrated existence of the longer-chain
segments. Minor residual processing and monomer contaminants from late-stage synthesis purification
were also identified in this sample. The signals corresponding to the hydrophilic pyrrolidone ring protons
enhanced in relative strength when the concentration of modifying monomers was raised in OLPM 10
(Fig. 1c). The methine protons that contribute to the primary polymer spine and the nitrogen-adjacent
ring protons were observed to substantially overlap in space at the same time. The formation of the deep
downfield singlet at 6 12.3 ppm indicated that the ring-opening hydrolysis of the maleic anhydride rings
was consistently effective in all three OLPM forms. The crucial free carboxylic acid (-COOH)
functionalities essential for further crosslinking with the amino groups of the gelatin matrix are formed
by this transformation into dicarboxylic acid units.

A corresponding structural development toward a functionalized hydrophilic precursor was illustrated by
the OSPM series. The projected overlapping configuration of the NVP ring segments with the
polymerized maleic backbone was observed in the OSPM 2.5 spectrum (Fig. 2a). As the formulation
shifted to OSPM 5, the quantitative integration of the downfield carboxylic acid singlet generated a
relative value of 4.23, which steadily declined to 2.86 (Fig. 2b). Trace indications associated with residual
processing chloroform and mild monomer unsaturation were observed in both mid-tier formulations.
Conversely, the OSPM 10 spectrum (Fig. 2c), which was calibrated using an internal TMS reference, had
a very distinct baseline. The saturated backbone of the oligomer was clearly distinguished because this
sample was processed utilizing a pure DMSO-d6 system. The adjacent NVP ring fractions provided for
the full resolution of the real backbone methylene and methine connections. The entire absence of
alkenic impurities in this final sample reveals a highly pure, effectively hydrolyzed oligomeric matrix
employed in hydrogel formulation, which is crucial for downstream biomedical applications requiring
high chemical purity.
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The spectroscopic profiles of the OLPM and OSPM series confirm the effective integration of
functionalized hydrophilic oligomeric precursors, representing how systematic monomer variations
influence precursor composition prior to network crosslinking. The continuous saturation of vinyl
monomers into a covalent network is verified by the wide aliphatic backbone envelopes. Steric hindrance
significantly impacts the propagation kinetics in random radical terpolymerizations utilizing long-chain
alkyl acrylates|[8]. The preservation of small unreacted vinyl fragments and the entrapment of processing
solvent in the dense cores of mid-tier formulations (OLPM 5 and OSPM 5), where extensive stearyl
chains restrict local macromolecular mobility and hinder solvent removal, are mediated by this steric
shielding [9]. Contrarily, optimizing the hydrophilic and carboxylic constituents in OLPM 10 and OSPM 10
shifts the equilibrium to eradicate residual unsaturation and build pure matrices by balancing reactivity
ratios.

Regulating the hydrogel swelling kinetics and wound exudate absorption demands adjustment of the
hydrophobic-hydrophilic balance within the crosslinking precursor [10]. When N-vinylpyrrolidone (NVP) is
incorporated, hydrophilic pyrrolidone heterocyclic rings emerge as excellent water-binding coordinates
[11], scaling up dynamically across the formulations. Additionally, a highly confined, stiff local
conformation is demonstrated by the spatial overlap between the methine protons in the polymer spine
and the nitrogen-adjacent ring protons. This localized structural rigidity gives a stable macromolecular
framework that can influence the mechanical stability of resulting polymer networks [12].

The ring-opening hydrolysis of maleic anhydride fractions into dicarboxylic acid units, which is marked by
a substantial downfield carboxylic acid singlet in all variations, is the most important chemical change
that has been validated. Moisture-sensitive anhydrides are converted into stable, incredibly reactive free
carboxylic acid (-COOH) functionalities in this phase [13]. Changes in this peak's integration reveal that
water accessibility to the anhydride ring during hydrolysis is regulated by the local steric environment.
These released carboxyl groups are vital for hydrogel production because they serve as chemical
anchors essential to heat or carbodiimide-mediated (EDC/NHS) crosslinking with the free e-amino
groups of lysine residues along the gelatin backbone [14]. Because unreacted acrylic or vinyl monomers
pose known biocompatibility risks [15], quantitative spectroscopic monitoring of residual unsaturation
provides an essential quality-control parameter before clinical translation [16].

The ideal, impurity-free baseline achieved for OSPM 10 indicates that a pure, effectively hydrolyzed
oligomeric matrix can be obtained, even while trace monomer impurities in mid-tier formulations
emphasize the demand for strict vacuum extraction for bulkier terpolymers. The highest feed-ratio
formulations act as optimal candidates for hydrogel fabrication owing to their high chemical purity,
water-binding pyrrolidone content, and abundant crosslinkable carboxylic acid sites [4].

Conclusion

The synthesized OLPM and OSPM amphiphilic oligomeric series' structural configurations, monomer
insertion kinetics, and composition profiles were successfully verified by high-resolution "TH-NMR
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spectroscopy. By precisely tracing the complete ring-opening hydrolysis of moisture-sensitive maleic
anhydride rings into active dicarboxylic acid units across all configurations, spectroscopic profiling
produced an essential chemical baseline for subsequent covalent cross-linking with gelatin amino
networks. Furthermore, purity tracking identified critical kinetic discrepancies, revealing that while long-
chain alkyl acrylate steric hindrance leads to trace monomer entrapment and processing solvent
residues within the mid-tier matrices (OLPM 5 and OSPM 5), optimizing the precursor compositions
entirely eliminates these impurities in the highest feed ratio formulations. Ultimately, due to its highly
pure baseline, high density of crosslinkable dicarboxylic acid groups, and water-binding pyrrolidone rings
the optimized OSPM 10 variant represents a structurally refined crosslinking precursor for hydrogel
synthesis.
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a: Terminal Methyl (0.88 ppm), b: Aliphatic Chain (1.26 ppm), c: Methylenes (2.1-2.4 ppm), d: DMSO-d6 (2.50 ppm), ¢: Pyrrolidone (3.3-3.5 ppm), f: Ester (4.1 ppm), g: Carboxylic Acid (12.3 ppm)
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Figure 1

Multi-panel TH-NMR spectroscopic characterization of the synthesized OLPM copolymer series across

varying monomer feed ratios. a The "H-NMR spectrum of the lowest feed ratio formulation (OLPM 2.5)
demonstrates a baseline composition where successful synthesis is confirmed by distinct lauryl acrylate
terminal methyl (6 0.88 ppm) and long aliphatic methylene chain (6 1.26 ppm) indicators, alongside its
characteristic ester linkage (-0-CH2-) at 6 4.1 ppm. Successful incorporation of N-vinylpyrrolidone is
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verified by isolated ring methylene signals (6 2.1-2.4 ppm) and the downfield -N-CH2- ring environment (&
3.3-3.5 ppm). b In the mid-tier formulation (OLPM 5), the spectrum reflects a shift in structural
development characterized by significant broadening of the methylene spacer and ester linkage
resonances (6 3.4-4.2 ppm) representing the integration of longer-chain stearyl segments. This panel
explicitly captures late-stage purification limits, where trace monomer unsaturation at 6 5.7 ppm and a
residual chloroform processing solvent signal at 6 8.2 ppm appear due to steric entrapment. ¢ The
terminal formulation spectrum (OLPM 10) showcases a substantial increase in modifying monomer
density, marked by enhanced relative signal intensities for the hydrophilic pyrrolidone rings. At this
concentration, steric crowding leads to an increased spatial overlap between the primary polymer
backbone methine protons and the nitrogen-adjacent ring protons (6 3.2-3.3 ppm). Across all three
panels (a-c), a consistent downfield singlet at & 12.3 ppm confirms successful ring-opening hydrolysis of
moisture-sensitive maleic anhydride units into reactive dicarboxylic acid crosslinking anchors, while
residual DMSO-d6 solvent remains stabilized at 6 2.50 ppm.
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a: Terminal Methyl (0.88 ppm). b: Methylene Chain (1.1-1.4 ppm), ¢: Ring Methylene (1.5-2.0 ppm), d: Ring Methylene (2.1-2.4 ppm), ¢: DMS0-d6 (2.50 ppm), f: Methylene (3.2-3.3 ppm),
g2 Ester Linkage (4.1-4.2 ppm), h: Vinyl Unsaturation (5.7 ppm), i: Residual Chloroform (8.12), j: Carboxylic Acid (12.3 ppm)
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Figure 2

Multi-panel "H-NMR spectroscopic characterization of the synthesized OSPM terpolymer precursor
series under varying monomer ratios. a The TH-NMR spectrum of the lowest feed ratio formulation
(OSPM 2.5) displays a baseline confirming successful synthesis via characteristic lauryl and stearyl
acrylate terminal methyl (6 0.88 ppm) and long methylene chain (6 1.1-1.4 ppm) indicators, alongside
the ester linkage (-O-CH2-) at 6 4.1-4.2 ppm. N-vinylpyrrolidone incorporation is verified by ring
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methylene environments (6 2.1-2.4 ppm), which overlap closely with the methine protons of the
polymerized maleic anhydride spine (6 3.2-3.3 ppm). This panel tracks an initial pronounced carboxylic
acid resonance at 6 12.3 ppm with a quantitative integration value of 4.23, while noting trace monomer
unsaturation (6 5.7 ppm) and residual chloroform solvent (8 8.12 ppm). b In the mid-tier formulation
(OSPM 5), the spectrum preserves an identical macro-structural environment but exhibits a distinct
kinetic shift, marked by a contraction of the hydrolyzed carboxylic acid singlet integration at 6 12.3 ppm
down to 2.86. Persistent minor monomer residuals (6 5.7 ppm) and trapped chloroform processing
impurities (6 8.12 ppm) remain visible due to localized long-chain steric shielding. ¢ The terminal
formulation spectrum (OSPM 10) showcases a highly refined, impurity-free baseline calibrated directly
against an internal tetramethylsilane (TMS) standard at 6 0.0 ppm. The spectrum isolates pristine
structural indicators: backbone methylene segments (6 1.6-1.8 ppm), backbone methines (6 2.2), and
resolved pyrrolidone ring environments (6 1.9-2.1 ppm, 6 2.3-2.4 ppm, and & 3.3 ppm). Across all three
panels (a-c), the continuous presence of the downfield carboxylic acid singlet at 6 12.3 ppm documents
the absolute ring-opening hydrolysis of maleic anhydride units into active dicarboxylic acid anchors,
while residual DMSO-d6 solvent remains anchored at 6 2.50 ppm.
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