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A B S T R A C T

Lutein, a naturally occurring dihydroxy xanthophyll abundant in plant tissues, is widely recognized for its 
nutritional and antioxidant properties, yet remains underexplored as a synthetic building block. In this study, 
lutein isolated from Tagetes erecta petals was utilized as a renewable lutein-derived synthon and chemically 
transformed via step-growth polymerization reactions with aromatic diisocyanates to afford lutein-derived 
polyurethane (LPU) networks. The conversion of hydroxyl functionalities into urethane linkages was 
confirmed by spectroscopic analyses, demonstrating the successful incorporation of the natural pigment scaffold 
into LPU networks. This work highlights a sustainable strategy for extending the chemical utility of lutein beyond 
its conventional applications.

1. Introduction

Polyurethanes (PUs) represent one of the most versatile classes of 
polymeric materials owing to their excellent mechanical strength, 
chemical resistance, tunable elasticity, and ease of structural modifica
tion [1,2]. Since their discovery, polyurethane materials have found 
widespread applications in coatings, adhesives, elastomers, foams, 
biomedical devices, packaging materials, automotive components, tex
tiles, and advanced functional composites [3,4]. Conventional poly
urethane synthesis is primarily based on the polyaddition reaction 
between polyols and diisocyanates derived from petrochemical re
sources [5,6]. Although these materials possess outstanding perfor
mance characteristics, their dependence on non-renewable feedstocks 
and the environmental concerns associated with fossil-based production 
have stimulated extensive research toward sustainable alternatives 
[5–7].

Recent advances in green polymer chemistry have focused on 
replacing petroleum-derived polyols with renewable biomass-derived 
precursors [8]. A wide variety of natural resources, including vege
table oils, lignin, cellulose, starch, chitosan, natural sugars, terpenes, 

proteins, and plant-derived polyphenols, have been investigated as 
sustainable building blocks for polyurethane synthesis [9]. These 
bio-based materials offer several advantages, including reduced carbon 
footprint, lower dependence on fossil resources, potential biodegrad
ability, and improved environmental compatibility [10]. Consequently, 
bio-based polyurethane systems have emerged as promising candidates 
for the development of environmentally benign coatings, packaging 
materials, biomedical scaffolds, and functional polymer networks [10,
11].

The synthesis of sustainable polyurethane materials has evolved 
considerably during the last decade. Vegetable oil-derived polyols ob
tained from soybean, castor, linseed, sunflower, and palm oils have been 
extensively utilized owing to their availability and ease of chemical 
functionalization [12,13]. Similarly, lignin-based polyurethanes have 
attracted significant attention because of their aromatic structure, high 
rigidity, and abundant hydroxyl functionalities [13,14]. Cellulose, 
starch, and chitosan-based polyurethane materials have also been 
developed to improve biodegradability, mechanical performance, and 
biocompatibility. More recently, amino acid derived diisocyanates, 
non-isocyanate polyurethane (NIPU) systems, and self-healing 
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polyurethane networks have been reported as environmentally safer 
alternatives to conventional formulations [15,16].

Despite these advances, several challenges remain associated with 
currently available bio-based polyurethane systems. Vegetable oil-based 
polyols typically contain long aliphatic chains that generate flexible soft 
segments, often resulting in lower glass-transition temperatures and 
reduced thermal resistance [17]. Lignin-derived systems frequently 
suffer from structural heterogeneity and processing difficulties [14,15], 
while polysaccharide-based materials often require extensive chemical 
modification to achieve adequate solubility and reactivity [18]. 
Furthermore, many renewable polyurethane formulations rely on 
multistep synthetic procedures involving oxidation, epoxidation, hy
drolysis, or transesterification prior to polyurethane formation, 
increasing processing complexity and cost [15,17].

In parallel with developments in sustainable polymer chemistry, 
increasing attention has been directed toward the valorization of natu
rally occurring phytochemicals as renewable molecular synthons. The 
seventh principle of green chemistry advocates the use of renewable 
feedstocks for the development of sustainable materials and chemicals 
[1]. Plant secondary metabolites constitute a structurally diverse 
reservoir of renewable molecules that can be transformed into 
value-added materials through controlled chemical modification [19]. 
However, most phytochemical research continues to focus predomi
nantly on biological activities, whereas their potential as reactive 
building blocks for advanced polymeric materials remains compara
tively underexplored.

Carotenoids represent an important class of naturally occurring plant 
pigments characterized by extended π-conjugation, molecular rigidity, 
and unique structural functionalities. Among them, lutein is a naturally 
occurring dihydroxy xanthophyll abundantly present in green leafy 
vegetables and particularly concentrated in marigold (Tagetes erecta) 
petals. Owing to its two terminal hydroxyl groups and highly conjugated 
polyene backbone, lutein possesses intrinsic bifunctionality that makes 
it a potentially attractive renewable precursor for polyurethane syn
thesis [20]. Unlike conventional vegetable oil-derived polyols, which 
primarily contribute flexible aliphatic segments to polymer networks, 
lutein introduces a rigid and highly conjugated molecular framework 
capable of influencing molecular organization, chain packing, thermal 
behavior, and surface properties [20].

To date, research on lutein has focused mainly on its antioxidant, 
anti-inflammatory, photoprotective, cardioprotective, and anticancer 
activities [21–23]. Chemical modifications of lutein have largely been 
limited to esterification reactions aimed at improving stability, storage 
properties, or bioavailability [22–24]. Although carotenoid derivatives 
have occasionally been incorporated into polymer matrices as additives 
or stabilizers, the direct utilization of lutein as a reactive molecular 
synthon for polyurethane network formation has received little atten
tion. Consequently, a significant knowledge gap exists regarding the 
ability of lutein to participate directly in step-growth polymerization 
reactions and influence the resulting physicochemical properties of 
polyurethane materials [20].

From a phytochemical perspective, transforming lutein from a bio
logically active pigment into a structural component of polymeric net
works represents a shift from conventional structure-activity 
relationships toward a structure-reactivity paradigm [20,25]. Such an 
approach expands the functional relevance of naturally occurring me
tabolites beyond their traditional biological roles while creating op
portunities for the development of novel renewable materials [25]. 
Furthermore, the direct utilization of lutein as a diol precursor elimi
nates the need for extensive pre-functionalization steps often required 
for many biomass-derived polyols, thereby providing a comparatively 
straightforward route toward bio-based polyurethane synthesis [20].

In the present study, lutein isolated from marigold (Tagetes erecta) 
petals was employed as a naturally occurring diol and reacted directly 
with aromatic diisocyanates, namely methylene diphenyl diisocyanate 
(MDI) and toluene diisocyanate (TDI), to generate LPU networks. The 

influence of NCO/OH stoichiometry on molecular weight characteris
tics, molecular organization, thermal stability, coating performance, 
and surface-related properties was systematically investigated. 
Compared with conventional vegetable oil-derived polyurethane sys
tems, the present approach introduces a rigid carotenoid-based molec
ular architecture that combines renewable origin with structural 
functionality. The present work demonstrates the feasibility of utilizing 
lutein as a renewable xanthophyll synthon and establishes clear re
lationships between molecular architecture, network formation, thermal 
stability, coating performance, and chemical durability.

2. Materials and methods

2.1. Materials

Lutein was extracted and purified from marigold (Tagetes erecta) 
petals following a modified literature protocol [26–27]. Methylene 
diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) were 
employed as received without further purification. Dibutyltin dilaurate 
(DBTDL) was used as the urethane–forming catalyst. All solvents and 
chemicals were of analytical or synthesis grade and used without addi
tional purification unless otherwise specified.

2.2. Extraction and purification of lutein from tagetes erecta petals

Freshly collected marigold (Tagetes erecta) petals were washed, 
shade-dried, and finely ground into a homogeneous powder. The 
carotenoid-rich fraction was extracted using a tetrahydrofuran (THF)/ 
petroleum ether solvent mixture (1:1, v/v) containing 0.1 wt% butylated 
hydroxytoluene (BHT) to minimize oxidative degradation of lutein 
during processing. The resulting extract was filtered to remove insoluble 
plant residues and subsequently subjected to saponification with 10% 
(w/v) methanolic potassium hydroxide (KOH) at room temperature for 
4 h. This treatment hydrolyzed naturally occurring lutein esters, 
yielding free lutein diol suitable for polyurethane synthesis.

Following saponification, the unsaponifiable fraction was extracted 
with diethyl ether and repeatedly washed with deionized water until a 
neutral pH was attained. The organic layer was dried over anhydrous 
sodium sulfate (Na2SO4) and concentrated under reduced pressure. The 
crude lutein obtained was purified by recrystallization from a hot hex
ane solvent system, affording bright yellow crystalline lutein. The purity 
of the isolated lutein was confirmed by UV–Vis spectrophotometry.

2.3. Xanthophyll-Derived polyurethane synthesis

Lutein, containing two terminal hydroxyl groups, was utilized as a 
bio-based diol for polyurethane synthesis. LPU networks were prepared 
through step-growth polyaddition reactions between lutein and meth
ylene diphenyl diisocyanate (MDI), toluene diisocyanate (TDI), or their 
combination. Dibutyltin dilaurate (DBTDL, 0.5 wt% relative to lutein) 
was used as the catalyst, and N,N-dimethylacetamide (DMAc) served as 
the reaction medium.

Purified lutein was dissolved in DMAc and added dropwise to a 
stirred solution of the respective diisocyanate. The reactions were car
ried out at room temperature using NCO/OH molar ratios ranging from 
0.5:1.0 to 3.0:1.0 to examine the effect of NCO/OH stoichiometry on 
polyurethane formation and network development. The resulting reac
tion mixtures were cast onto glass substrates and cured under controlled 
conditions to obtain LPU films.

2.3.1. Film casting and curing parameters
The homogeneous dimethylacetamide (DMAc) solution containing 

the lutein-transformed prepolymer mixture was systematically degassed 
under vacuum for 15 min to eliminate entrapped microbubbles. The 
solution was subsequently cast onto ultra-clean, polished steel panels 
and high-density polyethylene (HDPE) molds using a calibrated doctor 
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blade to achieve a uniform wet film thickness of approximately 100 μm. 
The cast films underwent a controlled thermal curing cycle: initial sol
vent evaporation was conducted at 40 ◦C for 4 h under a mild vacuum, 
followed by step-wise temperature ramping to 80 ◦C for 6 h, and a final 
post-curing phase at 110 ◦C for 2 h under an inert nitrogen atmosphere 
to ensure complete chemical conversion of residua l functional groups.

2.4. Characterization

2.4.1. Chemical characterization of lutein and reactive precursors
The chemical structure and purity of lutein were confirmed by 

Fourier-transform infrared (FTIR) spectroscopy, 1H NMR spectroscopy, 
and mass spectrometry. The corresponding spectra are provided in the 
Supplementary Information (Figures S1–S3). The characteristic FTIR 
spectra of methylene diphenyl diisocyanate (MDI) and toluene diiso
cyanate (TDI) are also included in the Supplementary Information 
(Figures S4 and S5).

The isocyanate (NCO) content of MDI and TDI was determined by the 
n-butylamine back-titration method according to ASTM D2572–97. The 
hydroxyl value of lutein was measured by the acetylation method 
following the procedure prescribed by the Indian Standards Institution 
(ISI: 354, 1987). These analyses provided essential compositional pa
rameters for calculating the NCO/OH stoichiometry employed in poly
urethane synthesis.

2.5. Chemical transformation of lutein

Fourier transform infrared (FTIR) spectra were recorded using a 
Shimadzu FTIR spectrometer (Japan) over the range of 4000–500 cm− 1 

to monitor the chemical transformation of lutein during polyurethane 
formation. Polymer samples were prepared as KBr pellets and analyzed 
to identify characteristic functional group changes, with particular 
emphasis on the disappearance of lutein hydroxyl absorptions and the 
emergence of urethane-specific bands, thereby confirming successful 
conversion of lutein into LPU networks.

2.6. Molecular weight determination

The molecular weight characteristics of the LPU networks were 
determined by gel permeation chromatography (GPC) using an Agilent 
GPC-Addon Rev A02.02 HPLC system equipped with a PL-gel Agilent 
column, with tetrahydrofuran (THF) as the eluent under ambient con
ditions, yielding Mn, Mw, and polydispersity index (PDI) values. 
Intrinsic viscosity measurements were carried out at 25 ◦C using an 
Ubbelohde capillary viscometer with THF as solvent to assess the hy
drodynamic volume and solution behavior of the lutein-transformed 
chains and to support molecular weight trends observed from GPC 
analysis.

2.7. Thermal behavior of LPU networks

Thermal behavior of the LPU networks was evaluated by thermog
ravimetric analysis (TGA) using a TA Q500 thermogravimetric analyzer, 
in which approximately 3 mg of sample was heated in a platinum pan 
under a nitrogen atmosphere (10 mL min− 1) from room temperature to 
550 ◦C at a heating rate of 10 ◦C min− 1, and the corresponding mass loss 
was recorded as a function of temperature. Differential scanning calo
rimetry (DSC) was performed using a TA Instruments Q100 calorimeter 
(New Castle, DE, USA) to examine thermal transitions associated with 
the chemically transformed LPU networks.

2.8. Structure-Property relationships and surface characteristics

The cured LPU network coatings were evaluated to relate surface and 
mechanical characteristics to Xanthophyll-derived LPU network for
mation. All measurements were performed under controlled laboratory 

conditions, and reported values represent the average of at least three 
independent experiments. Surface gloss was measured at a 60◦ incident 
angle using a digital gloss meter (BYK Additives & Instruments, Ger
many) after calibration with a standard reference tile. Pencil hardness 
was assessed using a pencil hardness tester (BYK Additives & In
struments, Germany) in accordance with ASTM D3363, employing 
pencils ranging from 9B to 9H Impact resistance was evaluated using a 
falling weight impact tester with a 4.10 lb indenter dropped from 
heights of 5–100 cm, and the coatings were examined for cracking, 
peeling, or loss of adhesion to assess network integrity resulting from 
lutein transformation.

2.9. Chemical resistance and network integrity

The chemical resistance of the LPU coatings was evaluated in 
accordance with ASTM D543–67 (1972) to assess the integrity of the 
chemically transformed networks. Coated panels were immersed for 
seven days in acidic (1 N H2SO4 and 1 N HCl), alkaline (1 N NaOH), and 
organic solvent media. After exposure, the samples were air-dried for 1 h 
and visually examined for changes in appearance, gloss, or film conti
nuity, providing qualitative insight into network stability arising from 
lutein transformation.

The resistance of the LPU networks to aggressive ionic environments 
was further examined by immersion in 3.5 wt% aqueous NaCl solution, a 
commonly used corrosive medium. Both intact and deliberately scribed 
coated steel panels were evaluated alongside uncoated steel substrates, 
with the scribe introduced using a sharp razor blade (10 μm). The panels 
were immersed for up to 144 h and extended to 192 h, with periodic 
visual inspection and photographic documentation used to monitor 
corrosion development and coating degradation, thereby assessing the 
protective integrity of the LPU networks.

2.10. Static water contact angle and surface free energy

Static water contact angle measurements of the LPU films were 
performed using a contact angle goniometer (e.g., Krüss DSA100, Ger
many) under ambient conditions by the sessile drop method, in which a 
~5 μL droplet of deionized water was deposited on the film surface and 
the contact angle recorded after stabilization. Measurements were taken 
at multiple locations on each sample and averaged. Surface free energy 
was calculated from the contact angle data using the Young-Dupré 
approach, with polar and dispersive components determined using at 
least two probe liquids with known surface tension parameters (e.g., 
water and diiodomethane), allowing assessment of surface wettability 
changes resulting from the chemical transformation of lutein.

3. Results and discussion

3.1. Lutein extraction and purification

Lutein was successfully isolated from Tagetes erecta petals following 
the extraction and purification procedure described in Section 2.1.1. The 
extraction afforded bright yellow crystalline lutein with an overall iso
lated yield of 2.6–4.3% (w/w) based on the dry weight of marigold 
petals [26,27]. Following saponification and recrystallization, the pu
rified lutein exhibited a characteristic absorption maximum at 445 nm, 
and UV–Vis analysis indicated a purity exceeding 94%, confirming the 
effective removal of chlorophylls, carotenoid esters, and other 
plant-derived impurities.

The high purity of the isolated lutein ensured the availability of two 
reactive terminal hydroxyl groups required for subsequent polyurethane 
synthesis. The purified lutein was readily soluble in DMAc and partici
pated efficiently in the step-growth polyaddition reaction with aromatic 
diisocyanates, providing a suitable renewable xanthophyll precursor for 
the preparation of lutein-derived polyurethane (LPU) networks.
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3.2. Spectroscopic characterization of lutein

The FTIR and 1H NMR spectra confirmed the structure of lutein and 
the presence of reactive hydroxyl functionalities. The FTIR spectrum 
exhibited a broad absorption band at 3389 cm− 1 corresponding to O–H 

stretching vibrations, along with characteristic bands at 1651–1524 
cm− 1 attributed to the conjugated C––C bonds of the polyene backbone. 
The absorptions at 1267–1068 cm− 1 were assigned to C–O stretching 
vibrations of the secondary alcohol groups [28]. In the 1H -NMR spec
trum, multiplets observed at δ 6.7–5.8 ppm were assigned to olefinic 
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Scheme 1. Schematic representation of the Xanthophyll-derived step-growth polymerization of lutein into LPU networks.

Fig. 1. FTIR spectra of a) lutein, b) LPU.
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protons of the conjugated polyene chain, while broad signals at δ 3.97 
and 3.83 ppm corresponded to the two hydroxyl protons. Resonances 
between δ 1.7 and 0.9 ppm were attributed to methyl groups attached to 
the polyene backbone and terminal ionone rings [28,29]. The mass 
spectrum exhibited a molecular ion peak consistent with the molecular 
weight of lutein, confirming its molecular composition. These spectral 
features are consistent with the reported structure of lutein and confirm 
the availability of hydroxyl groups for subsequent urethane formation 
during polyurethane synthesis [28,29]. These results establish the 
availability of reactive hydroxyl groups required for subsequent poly
urethane formation.

3.3. Chemical transformation of lutein

The LPU were synthesized through step-growth polyaddition re
actions between the hydroxyl functionalities of lutein and the isocyanate 
groups of aromatic diisocyanates, namely methylene diphenyl diiso
cyanate (MDI) and toluene diisocyanate (TDI), at varying NCO/OH 
molar ratios (Scheme 1). This work extends our previous investigations 
on curcumin-based segmented polyurethanes [30], wherein naturally 
occurring polyphenolic scaffolds were transformed into urethane-linked 
polymeric architectures. In the present study, lutein, a polyhydroxy 
xanthophyll carotenoid, serves as a bio-based synthon whose terminal 
hydroxyl groups undergo selective reaction with diisocyanates to form 
urethane linkages. The influence of diisocyanate structure and NCO/OH 
stoichiometry on chain growth, network development, molecular 
weight evolution, intrinsic viscosity, and coating performance was sys
tematically examined. The results provide insight into the utilization of 
xanthophyll-derived molecular building blocks for the preparation of 
functional polyurethane materials.

FTIR spectroscopy confirms the conversion of lutein into LPU net
works. Native lutein exhibits a characteristic broad -OH stretching band 
centered at 3427 cm− 1, arising from its phenolic and aliphatic hydroxyl 
groups. The complete disappearance of this band in the LPU spectra 
indicates effective consumption of lutein -OH functionalities during the 
polyurethane-forming reaction.

Simultaneously, new absorption bands emerge in the transformed 
materials, characteristic of urethane linkage formation. The broad band 
observed at 3353 cm− 1 is assigned to urethane -NH stretching vibra
tions, while the strong band at 1713 cm− 1 corresponds to C––O 
stretching of the urethane carbonyl group. In addition, the appearance 
of a prominent band at 1230 cm− 1 is attributed to C–O-C stretching 
vibrations, further corroborating the formation of urethane bonds 
within the polymer network [31–33].

Importantly, the characteristic isocyanate absorption band in the 
range 2270–2250 cm− 1, present in the diisocyanate precursors (MDI and 
TDI), is completely absent in the LPU spectra. This confirms the com
plete consumption of reactive -NCO groups, indicating efficient poly- 
addition between lutein hydroxyl groups and diisocyanates [31]. 
Collectively, these spectral changes confirm the successful conversion of 
lutein into LPU networks. Fig. 1

Table 1 
Influence of NCO/OH molar ratio on molecular weight and intrinsic viscosity of 
LPU networks.

Sample NCO/OH Molar 
Ratio

Mna (g 
mol− 1)

Mwa (g 
mol− 1)

PDI Intrinsic 
Viscosityb 

[η] (dL g− 1)

LPU-1 0.5:1 19,236 42,364 2.20 0.22
1.0: 1 24,726 68,772 2.78 0.24
1.5: 1 17,254 26,823 1.55 0.18
2.0:1 12,345 23,670 1.91 0.16
2.5: 1 8632 13,456 1.57 0.10
3.0: 1 5382 11,867 2.20 0.08

LPU-2 0.5:1 20,124 46,307 2.30 0.22
1.0:1 24,186 67,286 2.78 0.24
1.5:1 16,935 27,875 1.65 0.18
2.0:1 13,695 24,521 1.79 0.16
2.5:1 9223 14,849 1.61 0.11
3.0:1 5786 12,468 2.15 0.09

LPU-3 0.5:1 (0.5:0.5) 17,695 43,568 2.46 0.22
1.0:1 (0.5:0.5) 22,015 66,238 3.01 0.24
1.5:1 (0.5:0.5) 17,510 23,658 1.35 0.16
2.0:1 (0.5:0.5) 12,542 21,023 1.68 0.15
2.5:1 (0.5:0.5) 11,253 17,546 1.56 0.13
3.0:1 (0.5:0.5) 7562 11,245 1.49 0.09

ᵃTDI = Toluene diisocyanate; ᵇMDI = Methylene diphenyl diisocyanate; ᶜTDI +
MDI.

Fig. 2. Thermogravimetric analysis (TGA) curves of LPU networks.
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3.4. Molecular weight determination and intrinsic viscosity

The GPC results (Table 1) demonstrate the characteristic behavior of 
step-growth polymerization, where molecular weight reaches a 
maximum only at near-stoichiometric reactant ratios. Accordingly, all 
three LPU systems exhibited their highest molecular weights at an NCO/ 
OH ratio of 1.0:1. LPU-1 showed the highest Mn and Mw values of 
24,726 and 68,772 g mol− 1, respectively, followed by LPU-2 (24,186 
and 67,286 g mol− 1) and LPU-3 (22,015 and 66,238 g mol− 1). These 
samples also displayed the highest intrinsic viscosity (0.24 dL g− 1), 
confirming efficient chain extension and the formation of longer poly
mer chains under balanced stoichiometric conditions [34,35].

At lower (0.5:1) or higher (1.5:1–3.0:1) NCO/OH ratios, both Mn and 
Mw decreased substantially, accompanied by a reduction in intrinsic 
viscosity to 0.08–0.18 dL g− 1. This behavior is consistent with step- 
growth polymerization, where any deviation from stoichiometric bal
ance limits the probability of functional group coupling, resulting in 
premature chain termination and shorter polymer chains [34,35].

The highest polydispersity indices (PDI) were also observed at the 
1.0:1 ratio, reaching 2.78 for LPU-1 and LPU-2 and 3.01 for LPU-3. 
Rather than indicating poor reaction control, these values reflect the 
heterogeneous nature of network formation during the later stages of 
step-growth polymerization. Lutein contains two structurally distinct 
secondary hydroxyl groups on the β- and ε-ionone rings, whose unequal 
steric accessibility and reactivity toward aromatic diisocyanates pro
duce non-uniform chain extension and localized network formation [34,
35]. The slightly higher PDI of LPU-3 suggests that the combined use of 
TDI and MDI introduces additional kinetic heterogeneity owing to their 
different isocyanate reactivities. Similar broad molecular weight distri
butions have been reported for other rigid phytochemical diols, 
including curcumin-based polyurethane systems, where structural 
asymmetry governs network evolution during step-growth polymeriza
tion [30,34,35].

Fig. 3. DSC thermogram of LPU networks.

Table 2 
Effect of NCO/OH molar ratio on coating properties of LPU.

Sample Diisocyanate system NCO/OH molar ratio Touch Dry Timea (h) Gloss 60◦ Pencil hardness Impact Resistance b,c

LPU-1 TDI 0.5:1 10 78.6 1H 1.2 kg m
1.0: 1 9 81.6 2H 1.5 kg m
1.5: 1 9.5 74.5 1H 1.0 kg m
2.0:1 8 75.2 1H >0.5 kg m
2.5: 1 6 68.4 1H >0.5 kg m
3.0: 1 4 62.9 1H >0.5 kg m

LPU-2 MDI 0.5:1 11 77.3 1H 1.0 kg m
1.0:1 9.5 82.4 2H 1.2 kg m
1.5:1 8.2 75.9 1H 0.8 kg m
2.0:1 7 75.1 1H >0.5 kg m
2.5:1 6 66.3 1H >0.5 kg m
3.0:1 5.5 64.5 1H >0.5 kg m

LPU-3 TDI + MDI 0.5:1 (0.5:0.5) 9.5 78.8 1H 1.2 kg m
1.0:1 (0.5:0.5) 8 80.9 2H 1.4 kg m
1.5:1 (0.5:0.5) 7 76.4 1H 0.9 kg m
2.0:1 (0.5:0.5) 6 73.6 1H >0.5 kg m
2.5:1 (0.5:0.5) 5 70.3 1H >0.5 kg m
3.0:1 (0.5:0.5) 3 68.6 1H >0.5 kg m

a Touch Dry time in hours; bDirect Impact Resistance; cReverse Impact resistance.
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3.5. Thermal behavior of LPU networks

The thermogravimetric analysis (Fig. 2) revealed that the LPU net
works possess good thermal stability, with negligible mass loss below 
approximately 250 ◦C, primarily due to the removal of residual solvent 
or absorbed moisture. All formulations exhibited a two-step degradation 
profile. The first degradation stage is attributed to the cleavage of ure
thane linkages, while the second corresponds to decomposition of the 
lutein-derived xanthophyll backbone. Approximately 60% mass loss was 
observed up to 550 ◦C, after which further degradation was minimal, 
indicating the formation of a thermally stable char residue [36]. The 
enhanced thermal stability correlates well with the higher molecular 
weights and improved network integrity obtained at the optimum 
NCO/OH ratio (1.0:1), confirming efficient chain extension during 
polyurethane formation. This improved network integrity also corre
lates with the superior mechanical properties observed for these for
mulations, including higher coating hardness and impact resistance.

The DSC thermogram (Fig. 3) exhibited a glass transition tempera
ture (Tg) of 21.46 ◦C without a distinct melting endotherm, confirming 
the predominantly amorphous nature of the LPU networks. The low 
enthalpy change (ΔH = 0.03586 J g− 1◦C− 1) indicates restricted 
segmental mobility resulting from urethane bond formation and phys
ical network interactions. The absence of crystalline domains is consis
tent with the broad molecular weight distribution obtained from GPC, 
where the asymmetric structure of lutein and heterogeneous step- 
growth polymerization hinder regular chain packing. This amorphous 
morphology contributes to the balanced combination of flexibility, 
thermal stability, and mechanical performance exhibited by the LPU 
coatings [37].

3.6. Structure–Property relationships and surface characteristics

The influence of functional group (NCO/OH) stoichiometry on the 
surface and mechanical characteristics of the LPU networks is summa
rized in Table 2. Variations in the NCO/OH molar ratio directly affect 
the extent of lutein transformation, molecular organization, and 
network density, thereby governing the observed structure-property 
relationships.

Near-equimolar compositions (NCO/OH = 1.0:1.0) consistently 
exhibited the highest gloss values (80–82), maximum pencil hardness 
(2H), and superior impact resistance across all diisocyanate systems. 
These trends can be attributed to efficient chemical transformation of 
lutein hydroxyl groups under near-stoichiometric conditions, which fa
vors optimal chain extension and network formation, as supported by 
the higher molecular weight and improved network architecture 

obtained under near-stoichiometric conditions.
At higher NCO/OH ratios, a progressive reduction in gloss and me

chanical performance was observed, despite shorter drying times. Excess 
isocyanate limits effective chain growth, leading to lower molecular 
weights and reduced hydrodynamic volume, which in turn diminishes 
cohesive strength within the LPU network [33,37]. The faster drying 
behavior at elevated NCO/OH ratios reflects increased isocyanate 
reactivity rather than enhanced network integrity.

These results demonstrate that the macroscopic surface and me
chanical characteristics of the coatings are governed by the extent and 
efficiency of lutein transformation, highlighting how NCO/OH stoichi
ometry controls network architecture and emergent material properties 
[37].

3.7. Chemical resistance and network integrity

The chemical resistance and network integrity of the LPU networks 
were evaluated by qualitative solvent resistance (Table 3) and quanti
tative swelling and gravimetric mass-loss measurements (Table 4). All 
formulations were insoluble in 1 N H2SO4, 1 N HCl, and 1 N NaOH, 
confirming the formation of chemically stable urethane linkages 
through successful transformation of the lutein hydroxyl groups [39]. In 

Table 3 
Qualitative chemical resistance of LPU networks in organic solvents and corrosive media.

Sample Diisocyanate system NCO/OH molar ratio Acetone DMSO DMAC NMP THF 1 N H2SO4 1 N HCl 1 N NaOH

LPU-1 TDI 0.5:1 - - - - - - - -
1.0:1 # # # # # - - -
1.5:1 # # # # # - - -
2.0:1 # # # # # - - -
2.5:1 # # # # # - - -
3.0:1 - - - - - - - -

LPU-2 MDI 0.5:1 - - - - - - - -
1.0:1 # # # # # - - -
1.5:1 # # # # # - - -
2.0:1 # # # # # - - -
2.5:1 # # # # # - - -
3.0:1 - - - - - - - -

LPU-3 TDI + MDI 0.5:1 (0.5:0.5) - - - - - - - -
1.0:1 (0.5:0.5) # # # # # - - -
1.5:1 (0.5:0.5) # # # # # - - -
2.0:1 (0.5:0.5) # # # # # - - -
2.5:1 (0.5:0.5) # # # # # - - -
3.0:1 (0.5:0.5) - - - - - - - -

Note: ‘+’ soluble, ‘–’ insoluble, ‘#’ swelling.

Table 4 
Quantitative swelling ratio and chemical stability of LPU networks after 7-day 
immersion.

Sample Diisocyanate 
System

Stoichiometry 
(NCO/OH)

Swelling 
Ratio in THF 
(‘Qm %‘)

Mass 
Loss 
in 1 N 
HCl 
(‘WL 
%‘)

Mass 
Loss in 
1 N 
NaOH 
(‘WL 
%‘)

LPU-1 TDI 0.5:1.0 Dissolved / 
Disintegrated

4.2 ±
0.3

5.8 ±
0.4

1.0:1.0 18.4 ± 1.2 0.3 ±
0.05

0.6 ±
0.09

2.0:1.0 12.1 ± 0.9 0.1 ±
0.02

0.2 ±
0.04

LPU-2 MDI 0.5:1.0 17.2 ± 1.0 0.6 ±
0.03

0.8 ±
0.04

1.0:1.0 14.2 ± 1.1 0.2 ±
0.04

0.4 ±
0.07

2.0:1.0 13.1 ± 1.2 0.7 ±
0.08

0.3 ±
0.02

LPU-3 TDI + MDI 1.0:1.0 16.1 ± 1.3 0.2 ±
0.03

0.5 ±
0.08
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polar aprotic solvents (acetone, DMSO, DMAc, NMP, and THF), the 
near-stoichiometric formulations (1.0:1.0–2.5:1.0) exhibited controlled 
swelling without dissolution, indicating the formation of continuous, 
highly associated LPU networks [40].

The quantitative data (Table 4) showed low swelling ratios 
(12.1–18.4%) and negligible mass loss (<1%) for the near- 
stoichiometric networks after 7 days of immersion, whereas the LPU-1 
sample prepared at an NCO/OH ratio of 0.5:1.0 dissolved in THF and 
exhibited higher mass losses (4.2–5.8%), indicating an incompletely 
developed network [41]. These results correlate well with the GPC 
analysis, where the highest Mn, Mw, and intrinsic viscosity were ob
tained at the 1.0:1.0 ratio, confirming efficient step-growth polymeri
zation and the formation of longer polymer chains with greater network 
integrity [42].

These observations agree well with the GPC, thermal, and coating 
performance results, confirming that the near-stoichiometric formula
tions develop the most robust LPU networks through efficient step- 
growth polymerization.

3.8. Static water contact angle and surface free energy

Static water contact angle measurements were employed to probe 
the influence of lutein incorporation on the surface characteristics of the 
resulting urethane networks. Representative contact angle images of 
LPU films are shown in Fig. 4. LPU-1, LPU-2, and LPU-3 prepared at an 
NCO/OH molar ratio of 1.0:1.0 exhibited contact angles of 106.2 ± 1.8◦, 
98.6 ± 2.3◦, and 96.3 ± 1.9◦, respectively, indicating predominantly 
hydrophobic surfaces [38]. The observed hydrophobicity can be 
attributed to the rigid polyene backbone of the xanthophyll moiety and 
the effective consumption of polar hydroxyl groups during urethane 
formation.

Apparent surface free energy values calculated using the Young
–Dupré equation (Fig. 5) increased from 52.6 mN m− 1 for LPU-1 to 64.1 
mN m− 1 for LPU-3, reflecting systematic modulation of surface ener
getics arising from variations in diisocyanate composition and phyto
chemical integration. These results demonstrate that chemical 
transformation of lutein not only governs bulk molecular organization 
but also enables tunable surface wettability, highlighting the role of 

xanthophyll-derived structures in controlling interfacial properties. The 
improved hydrophobicity is also consistent with the excellent chemical 
resistance of the LPU networks, as reduced water affinity limits solvent 
penetration and enhances long-term durability.

4. Conclusion

This study demonstrates that lutein can serve as an effective 
renewable bifunctional xanthophyll synthon for polyurethane synthesis 
through step-growth polymerization with aromatic diisocyanates. Near- 
stoichiometric formulations produced the highest molecular weights, 
improved network integrity, superior thermal stability, enhanced 
coating performance, and excellent resistance toward acidic, alkaline, 
and solvent environments. The strong correlation between molecular 
architecture, thermal behavior, mechanical properties, and chemical 
durability confirms that the LPU networks possess characteristics com
parable to conventional polyurethane coatings. These findings highlight 
the potential of naturally occurring xanthophylls as sustainable building 
blocks for advanced coating and polymer applications. Overall, the 
present work demonstrates that naturally occurring xanthophylls can 
serve as sustainable molecular building blocks for developing high- 
performance bio-based polyurethane coatings.
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