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In this study, the functional methacrylate monomers 2,4-dichlorophenyl methacrylate (2,4-DMA) and vanillin methacrylate (VMA) were
synthesized and subjected to free-radical (co)polymerization at controlled feed ratios to generate a compositionally tunable copolymer
series. Monomer-to-polymer conversion and chain microstructure were verified using FT-IR, 'H NMR and HPLC. The disappearance of
vinyl proton resonances and the loss of C=C stretching bands, combined with high chromatographic purity (>99%), confirmed efficient
propagation and minimal side reactions. Compositional variations in the copolymers were further reflected in systematic shifts in carbonyl
and aromatic vibrational domains, consistent with differing contributions of the 2,4-dichlorophenyl and vanillin units to the polymer
backbone. Biological evaluation demonstrated a clear composition-dependent antimicrobial response, with 2,4-DMA-rich copolymers
exhibiting the highest inhibition against both bacterial and fungal strains. To complement the experimental findings, a molecular docking
analysis was also performed against E. coli DNA gyrase (PDB: 1KZN). The selected copolymer fragment displayed a binding affinity of
—5.20 kcal/mol, supported by hydrogen bonding with ASN46 and stabilizing r-alkyl, ©-sigma, and alkyl interactions with residues such
as ALA47, THR165, VAL43 and VAL167, consistent with the observed antibacterial potency. Based on the results, this study establishes
2,4-DMA/VMA copolymers as a structurally adaptable platform with tunable antimicrobial performance enhanced by favorable protein-
binding interactions. These materials show promising aspects for antimicrobial coatings, protective films and biologically responsive
polymer systems.

Keywords: Acrylic copolymers, 2,4-Dichlorophenyl methacrylate, Vanillin methacrylate, Docking studies, Antimicrobial activity.

INTRODUCTION

Acrylic polymers continue to occupy a central position
in modern materials science due to their tunable structural
features and broad application range. Among them, phenyl
acrylate based polymers have emerged as an important class
of functional materials, gaining increasing attention comp-
ared to long-established commercial polymers such as vinyl
derivatives, acrylamides and alkyl acrylates [1,2]. Their homo-
polymers and copolymers exhibit prominent versatility, enab-
ling their adoption across diverse industrial sectors including
films, fibers, protective coatings, lithographic systems, lacquers,
adhesives, printing inks and binder formulations [3,4].

The high reactivity of phenyl acrylates originates from
the presence of an aromatic ring within their molecular arc-
hitecture, imparting unique electronic and steric attributes
during polymerization. Among these, chlorinated phenyl metha-
crylate derivatives and their corresponding polymers have
attracted growing scientific interest due to their structural
diversity and functional adaptability across multiple domains
[5,6]. For instance, copolymers derived from chlorophenyl
acrylate and methacrylate have been successfully utilized as
base coatings in leather processing, demonstrating their suita-
bility for specialized surface-engineering applications [7].

The industrial success of methacrylate polymers is also
linked to their capacity to be precisely tailored for rigid-use
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applications, where properties such as mechanical stability,
optical clarity, dimensional retention and resistance to environ-
mental degradation are essential. This high degree of tunability
has supported their extensive adoption in technologically deman-
ding sectors. In construction materials, incorporation of acrylate
monomers into cementitious composites has been shown to
significantly improve the intrinsic brittleness and limited flex-
ural strength of conventional cement-based systems [8]. In
advanced photonic applications, methacrylate templates such
as poly(methyl methacrylate) (PMMA) have enabled the
development of ultrafast non-linear optical devices, including
high-performance optical phase—frequency synthesizers [9].
In biomedical engineering, the incorporation of bifunctional
monomers with hydrophilic and hydrophobic domains has
improved adhesion and anti-bacterial performance in dental
and medical-grade polymers [10]. Furthermore, acrylic-based
formulations contribute significantly to solar energy conser-
vation systems, where they function as stable protective
coatings for reflective substrates [11].

Acrylic polymers also demonstrate remarkable function-
ality in non-rigid and flexible polymeric systems. Cyano-
acrylate-modified methacrylates remain widely used in high
strength adhesive formulations compatible with metals, cera-
mics, glass and several engineering plastics [12]. In lubrication
technology, long-chain polymethacrylates serve as effective
viscosity modifiers and multifunctional additives, improving
low-temperature performance, dispersion stability and oxide-
tive resistance in lubricants [13-16]. Acrylic dispersions and
solution polymers also support multi-coat deposition techno-
logies used across wood finishing, metal fabrication, can
coating and coil coating applications [17-22]. In the textile
sector, acrylic polymers contribute to smart fabric develop-
ment, enhancing soil repellency, durability and other funct-
ional attributes without compromising tactile properties [23-26].

Based on the growing importance of phenyl acrylate-based
polymers across both rigid and flexible material platforms,
the development of structurally tunable derivatives with enh-
anced biological activity represents a promising research
frontier. In this context, the present study focuses on the syn-
thesis, characterization and biological evaluation of functional
methacrylate copolymers designed to combine chemical reac-
tivity with antimicrobial potential.

EXPERIMENTAL

The chemicals and solvents including methacrylic acid,
benzoyl chloride (TCI Pvt. Ltd., India), hydroquinone (Loba
Chemie Pvt. Ltd., India), 2,4-dichlorophenol, toluene (SRL
Pvt. Ltd., India), sodium hydroxide, N,N-dimethylformamide
(DMF, Sisco Chem Pvt. Ltd., India), azobisisobutyronitrile
(AIBN, A.B. Enterprises, India), vanillin (Samir Tech-Chem
Pvt. Ltd., India) and ethanol were of analytical grade with mini-
mum purity of 98%.

General procedure for synthesis of functional copolymers

(i) Synthesis of methacryloyl chloride (MC): Anhydrous
methacryloyl chloride (MC) was synthesized according to a
literature method [27]. In brief, methacrylic acid (1.0 mol)
was reacted with benzoyl chloride (2.0 mol) in the presence
of hydroguinone (0.0025 mol) as a polymerization inhibitor.

The reaction mixture was distilled and the crude product was
further purified by redistillation to yield colourless MC (b.p.
95-96 °C, yield: ~85%).

(i) Synthesis of 2,4-dichlorophenyl methacrylate (2,4-
DMA): Firstly, NaOH (0.2 mol) was dissolved in ethanol,
followed by addition of 2,4-dichlorophenol to form the corres-
ponding phenoxide. The mixture was heated at 60 °C for 30
min and subsequently cooled to 0-5 °C. Freshly distilled MC
(0.21 mol) was added dropwise over 90 min. The reaction
mixture was poured into ice-cold water, leading to precipitation
of the product. The solid was collected by vacuum filtration,
washed with cold water and dried to afford pure 2,4-DMA.

(iii) Synthesis of vanillin methacrylate (VMA): Vanillin
was converted to its alkoxide by adding it to a chilled ethan-
olic NaOH solution (3.0 g in 200 mL ethanol). After cooling
to 0-5 °C, MC was added dropwise over 2-3 h. The reaction
was quenched by pouring into ice-water, resulting in the
precipitation of VMA, which was isolated by filtration and dried.

(iv) Homopolymerization of 2,4-DMA and VMA:
Homopolymers were synthesized via free-radical polymeri-
zation in toluene using AIBN as the initiator. Each monomer
solution was maintained at 70 °C until polymerization
process was complete. Then, the resulting polymers were
isolated and dried.

(v) Copolymerization of 2,4-DMA and VMA: Radical
initiated copolymerization was carried out by mixing defined
amounts of 2,4-DMA, VMA, AIBN and toluene in a reaction
tube. Polymerization was conducted at 70 °C under stirring
and terminated at low conversion (< 10%) to satisfy the copoly-
merization equation. The solution was cooled and precipitated
in excess methanol (Scheme-I). The obtained copolymers
were purified by repeated dissolution in DMF followed by
reprecipitation in methanol and dried to constant weight.

Characterization: The polymeric samples were charac-
terized by utilizing FT-IR spectra (Nicolet 400D) using KBr
pellets. The 'H NMR spectra were recorded on a 60 MHz
Hitachi-R-1500 spectrometer using deuterated chloroform
(CDCls) as solvent and tetramethylsilane (TMS) as internal
standard. Monomer purity for 2,4-DMA was determined by
HPLC on a Waters system equipped with a 510 pump, a u-Bonda
Pak Cig column and a 486-absorbance detector. The analysis
was performed with methanol as the mobile phase, injecting
20 pL of 0.5 mg/mL sample solution.

Biocidal potency: The antimicrobial efficacy of acrylic
copolymers against selected bacterial and fungal strains in a
systematical manner. All microbial cultures (Enterococcus
faecium, Bacillus megaterium, Escherichia coli, Salmonella
spp., Aspergillus niger) maintained on enriched nutrient were
procured from the Department of Biosciences at Sardar Patel
University. The growth inhibition assays were conducted
using established protocols with a standardized copolymer
concentration [28]. In brief, a culture (5-10% v/v) inoculum
was aseptically transferred to both control (polymer-free) and
polymer-amended (50 mg/100 mL) N-broth. The cultures
were incubated at 28 + 2 °C with continuous agitation at 200
rpm for 40 h. At regular intervals, 0.5 mL aliquots were
withdrawn, appropriately diluted and the cell growth was
quantified by measuring the optical density at 660 nm
(ODego/mL). The inhibition percentage were derived from:
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where X = ODeggo 0f control culture and Y = ODego Of test
culture.

Docking studies: Molecular docking was performed to
evaluate the interaction of the methacrylate-based copolymer
with bacterial DNA gyrase. The crystallographic structure of
DNA gyrase (PDB ID: 1KZN) was retrieved from the Protein
Data Bank and prepared by removing co-crystallized ligands,
water molecules and adding polar hydrogens. The ligand
structure was energy-minimized prior to docking. Docking
simulations were carried out using standard protocols [29,30]
and the resulting binding poses were ranked based on binding
affinity values. The compound selected for the docking
corresponded to the copolymer component that exhibited the
highest antibacterial activity in vitro.

RESULTS AND DISCUSSION

The newly synthesized 2,4-DMA and VMA monomers
were polymerized and copolymerized at various feed ratios.

Table-1 shows that under low-conversion radical copolymeri-
zation, increasing the mole fraction of 2,4-DMA in the feed
leads to a corresponding increase in its incorporation within
the copolymer, while maintaining consistently high yields.
Their structures, along with the resulting copolymers, were
confirmed using FT-IR, *H NMR and HPLC.

'H NMR: *H NMR spectrum of monomeric 2,4-DMA
(Fig. 1a) confirms the expected proton environments. Despite
the limited resolution of the 60 MHz instrument, all charact-
eristic signals were observed. A singlet at & 2.080 ppm corres-
ponds to the methyl protons. The non-equivalent methylene
protons appear at & 6.416 ppm (Ha) and & 5.581 ppm (Hsg),
with Ha experiencing greater deshielding due to its proximity
to the phenyl ring. Aromatic protons are observed in the &
7.031-7.471 ppm range, showing a downfield shift relative to
2,4-dichlorophenol, consistent with the electron-withdrawing
effect of the vinyl ester group. Integration values support the
proton assignments and stoichiometric ratios within the ester
structure.

'H NMR spectrum of VMA monomer is presented in Fig.
1b. The characteristic monomeric resonances are observed at
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TABLE-1
COPOLYMER COMPOSITION AND YIELD FOR LOW-CONVERSION RADICAL
COPOLYMERIZATION OF 2,4-DMA AND VMA USING AIBN INITIATOR AT 70 °C
| Monomer feed composition Composition of
ci?i??\lg 2.4-DMA VMA 2,4-DMA in Yield (%)
' Mole Wt.% Mole Wt.% copolymer
B-1 1.0 100 - - 100 88
B-2 0.2 20 0.8 80 31.59 81
B-3 0.4 40 0.6 60 53.64 86
B-4 0.5 50 0.5 50 65.71 83
B-5 0.6 60 0.4 40 76.11 78
B-6 0.8 80 0.2 20 93.56 80
B-7 = - 1.0 100 - 85
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Fig. 1. *H NMR spectrum of (a) 2,4-DMA monomer and (b) VMA monomer

6 5.931 ppm (1H, vinyl -CH=), 8 6.307 ppm (non-equivalent
methylene, 1H) and & 7.392-7.583 ppm (aromatic protons, 3H).
Successful polymerization is confirmed by (i) disappearance
of the vinyl proton signals (6 5.931 and 6.307 ppm); (ii)
emergence of broad signals at 6 3.125 ppm (methine proton,
1H) and & 2.736-2.894 ppm (methylene protons, 2H), and
(iii) slight upfield shifts of aromatic protons to 6 7.315-7.515
ppm, indicating changes in the electronic environment upon
polymer formation.

FT-IR: The IR spectrum of 2,4-DMA monomer (Fig. 2a)
exhibits characteristic absorption bands corresponding to its
functional groups. Aromatic C—H stretching vibrations appear
at 3106 cm, while aliphatic C—H stretches are observed at
2980 cm™ and 2850 cmt, with these bands remaining largely
unchanged in the homopolymer spectrum. The vinyl C=C
stretching vibration produces a distinct peak at 1640 cm™,
complemented by a characteristic C—H out-of-plane bending
mode of the vinyl group at 970 cm™. The spectrum reveals
asymmetric CH3 bending and CH- deformation vibrations at
1450 cm, with symmetric CH3 bending appearing at 1400
cmL. A strong carbonyl stretching at 1762 cm confirms the
ester functionality, while C—-O stretching vibrations contribute
to bands at 1217 cm™, 1247 cm™ and 1089 cm™*. Aromatic
C-H out-of-plane bending vibrations appear at 805 cm™ and
871 cm?, with C-Cl stretching vibrations producing a medium
intensity band at 675 cm™. The FT-IR spectrum of poly(2,4-
DMA) shows the characteristic absorption bands correspond-
ding to aliphatic C—H stretching vibrations at 2980 cm* and
2850 cm*, demonstrating the minimal spectral shifts relative

to the monomeric form. Remarkably, the diagnostic C=C stret-
ching vibration at 1640 cm™, prominent in the monomer
spectrum, undergoes complete disappearance upon polymeri-
zation, confirming the consumption of vinyl groups during
the chain propagation. Similarly, the characteristic out-of-
plane C-H deformation mode of the vinyl moiety at 970 cm™
is conspicuously absent in the polymer spectrum, providing
further spectroscopic evidence for the complete incorporation
of double bonds into the polymeric backbone.

The vibrational spectrum of VMA monomer exhibits the
characteristic infrared absorptions corresponding to its mole-
cular structure as shown in Fig. 2b. The aromatic C—H stret-
ching vibration appears at 3024 cm?, while aldehyde C-H
stretches were observed at 2747 cm and 2841.83 cm™. The
carbonyl stretching frequency of the ester group produces a
strong band at 1691 cm™. Aromatic C=C skeletal vibrations
are evidenced by multiple absorptions at 1596, 1506.75 and
1460.62 cm™. The asymmetric and symmetric stretching
modes of the C-O—C linkage appear at 1273 and 1207 cm?
respectively. Key bands include (i) vinyl C-H out-of-plane
deformation at 890 cm and (ii) a characteristic absorption at
733.87 cm™ confirming the ortho-disubstituted benzene ring
configuration. The infrared spectrum of poly-VMA confirms
its successful polymerization and structural features. Key
evidence for polymerization includes the complete disapp-
earance of the monomer’s vinyl C—H bending vibration at
953 cm™ and the C=C stretch at 1634 cm™. The spectrum
verifies the presence of an ortho-disubstituted benzene ring
indicated by a sharp peak at 732 cm* and supported by phenyl
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Fig. 2. FT-IR spectrum of (a) 2,4-DMA monomer and (b) VMA monomer

ring absorptions at 1597, 1503 and 1465 cm*. Carbonyl funct-
ionalities are confirmed by a prominent C=0 stretch at ~1735-
1702 cm (comprising overlapping aldehyde and ketone/ester
groups) and aldehyde-specific C—H stretches at 2849 and
2736 cm™. The preservation of the methoxy group is evid-
enced by a C-O-C bending mode at 1270 cm~ and methyl
deformation modes at 1390 and 1465 cm™. The gradual decr-
ease in carbonyl band intensity with decreasing VMA content
in the copolymers provides additional evidence for their com-
positional variation.

The absorption spectrum of poly(2,4-DMA-co-VMA)
copolymer exhibits distinct vibrational features indicative of
its compositional characteristics. A prominent absorption
band at 1735 cm™ arises primarily from the ester-carbonyl
(C=0) stretching vibration, with a potential minor contri-
bution from ketonic groups. Notably, the relative intensity of
this band exhibits a systematic reduction correlating with
decreased VMA incorporation in the copolymer series. Other
key bands include (i) a well-defined absorption at 1390 cm™,
characteristic of methyl group deformations and (ii) a strong
vibrational mode at 1465 cm, attributable to the asymmetric
bending vibrations of methyl groups. These spectral features
collectively provide compelling evidence for the successful
formation of the copolymer structure with composition-depen-
dent vibrational characteristics.

HPLC analysis: The chromatographic purity of the
synthesized monomers was evaluated using HPLC analysis.
The chromatogram of 2,4-DMA exhibited a single dominant
peak, indicating a high purity of approximately 99%, confir-
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= =] II*—‘
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ming the successful preparation of the target ester with mini-
mal impurities. Similarly, the VMA monomer displayed a
singular dominant peak with an integrated area correspond-
ding to 99.86% purity, demonstrating that the synthetic and
purification procedures were highly effective. These results
collectively verify the high polymer integrity and reproduci-
bility of the synthesized monomers.

Biocidal efficacy: The synthesized acrylic copolymer of
VMA and 2,4-DMA were evaluated against bacterial strains
including B. megaterium, E. coli, E. faecium and Salmonella.
The antimicrobial efficacy of the synthesized copolymers was
found to be composition-dependent. For bacterial strains, the
VMA homopolymer restricted B. megaterium growth to 55%
of the polymer-free control, whereas 2,4-DMA homopoly-
mer was more potent, limiting growth to 25%. Copolymers
poly(VMA-co-2,4-DMA) exhibited intermediate activity, per-
mitting 20-45% growth depending on the monomer ratio
(Fig. 3a). In fungal assays, Fig. 3b show a clear dose-
dependent inhibition of A. niger and A. flavus by VMA and
2,4-DMA, consistent with the strong antifungal effects observed
in the assays. VMA homopolymer already suppresses A. niger
growth to 58% of the control, while the copolymers further
enhance inhibition (25-60% growth). The superior antimicro-
bial performance of chlorine-substituted 2,4-DMA copolymers
aligns with their enhanced activity in the plots, likely due to
the presence of 2,4-dichlorophenyl groups that strengthen anti-
fungal efficacy, making these materials promising for appli-
cations requiring sustained microbial protection.

1201

(b) B A. niger
HA

1001 . flavus

0—

Cl... 1 2 3 4 5
Fig. 3. Effect of VMA and 2,4-DMA on the growth (%) of bacteria (a) and fungi (b)
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Molecular docking: Based on in vitro antibacterial
screening, the most active compound was subjected to mole-
cular docking analysis with DNA gyrase (PDB ID: 1KZN) to
evaluate its binding interactions and affinity. The compound
demonstrates a substantial interaction with DNA gyrase,
exhibiting a binding affinity of —5.205 kcal/mol (Fig. 4). A
conventional hydrogen bond was detected, characterized by
a bond distance of 3.23 A between the carbonyl oxygen of
the ligand and the protein amino acid ASN46. Visual analysis
suggests that the pi-alkyl interactions of the phenyl ring with
amino acids ALA47 enhance the protein binding, with bond
distances of 4.58 A. Additionally, there is one pi-sigma inter-
action between the ligand’s phenyl ring and the amino acid
THR165, with a bond distance of 3.68 A, along with two alkyl
interactions of the chlorine atom in the ligand with amino
acids VAL43 and VAL167, exhibiting bond distances of 3.69
Aand 4.50 A, respectively.

A8

Interactions

|| Carbon hydrogen bond
771 Halogen (Cl, Br, I)

I Pi-Sigma

1 Alkyl
L1 Pi-Alkyl

Val71

F \
Hydrophobicity g
3.00
2000
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-2.00
-3.00

S

Conclusion

A novel vinyl acrylic copolymer comprising 2,4-dichloro-
phenyl methacrylate (2,4-DMA) and vanillin methacrylate
(VMA) was successfully synthesized via controlled radical
polymerization. Comprehensive characterization using FT-IR,
'H NMR and HPLC confirmed the structural integrity, high
purity and reproducibility of the monomers and their copoly-
mers. The copolymers exhibited composition-dependent anti-
microbial activity against both bacterial and fungal strains,
with chlorine-substituted 2,4-DMA units enhancing the biocidal
efficacy. Molecular docking studies supported these findings,
revealing strong interactions of the copolymer component
with DNA gyrase (PDB ID: 1KZN), which is consistent with
its observed antibacterial activity. Overall, the study demon-
strates that these copolymers possess significant potential for
applications requiring sustained antimicrobial protection,
including biomedical materials, coatings and packaging.

Val71

H-Bonds

Donor
- Vald3

Acceptor

Fig. 4. Molecular docking assessment of methacrylate copolymers
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