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Abstract−The impact of UV aging on the characteristic properties of synthesized polyurethane (PUs) from castor oil
and transesterified castor oil with palm oil based isocyanate and 1,4 butanediol was investigated at different exposure
time of 0, 250, 500, 750 and 1,000 h, respectively. The aging properties of the PU films were analyzed through differen-
tial scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), Scanning electron microscopy (SEM) and Tensile tests. The PU films derived from castor oil showed noticeable
changes in chemical structure after 250 h of UV exposure owing to chain scission of the urethane group. A consider-
able decrease in the thermal and tensile properties of the developed PU films was observed due to the plasticization
phenomenon. SEM micrographs revealed morphological changes through the appearance of cracks and blisters com-
posed of primary amines on the surface of exposed PU films. However, PUs derived from transesterified castor oil with
a higher hydroxyl value exhibited improved UV resistance characteristics due to higher crosslinking and degrade only
after 750 h of exposure. Thus, the synthesized green PUs based on transesterified castor oil with palm oil based isocya-
nate compositions can be candidate materials for developing UV resistant coating material. 
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INTRODUCTION

Polyurethane (PUs) resins have gained enormous interest in the
field of coatings [1-3] owing to excellent chemical as well as abra-
sion resistance, toughness, high tensile and tear strength [4]. How-
ever, these coatings are generally exposed to harsh environmental
conditions that include UV, thermal and hydrothermal exposure,
which leads to degradation and reduces the long-term applicabil-
ity of these materials. Hence, in order to achieve reliable coating for
a long term application the coating formulations of polyurethane
should be extremely resistant to the weathering conditions [5,6].
In spite of being in consideration for past few years, the long-term
properties of polyurethane, specifically derived from biobased
components in terms of UV resistance have not been adequately
addressed and are still in detailed investigation. The influence of
UV aging has attracted huge interest with respect to other envi-
ronmental conditions since it provides molecular level informa-
tion about degradation process as well as determines the service
conditions of tested material within less span of time [7,8-10]. Thus,
extensive information concerning the degradation behavior of poly-
urethane over a prolonged period of time needs to be evaluated to
predict its lifetime reliability [11].

Moreover, the increasing demand of renewable resource based
materials along with reduced volatile organic content (VOCs) emis-
sion renders the utilization of plant based polyol and isocyanate

for polyurethane synthesis [12]. In this context, this study consid-
ers the utilization of castor oil based polyol and palm oil based iso-
cyanate for polyurethane synthesis. Furthermore, since the hydroxyl
functionality of the polyol component plays a vital role towards
deciding the performance of polyurethane [13-16] an attempt to
modify the hydroxyl functionality of castor oil via. transesterifica-
tion was also undertaken and the effect of various amounts of trans-
esterification reagent (i.e., pentaerythritol) was analyzed.

Based on our preliminary study, the polyurethane synthesis was
performed at the optimized NCO : OH molar ratio of 1.4 : 1 [17].
The optimum composition of transesterification reagent was ob-
tained from the physicochemical analysis. Further, a comparative
aspect of the optimum composition of polyurethane prepared with
castor oil and transesterified castor oil was also established in terms
of UV resistant characteristics analyzed on the basis of chemical,
physical, morphological and mechanical changes.

The study reveals that the polyurethane prepared using transes-
terified castor oil exhibits better UV resistant characteristics as com-
pared to unmodified castor oil based polyurethanes.

EXPERIMENTAL

1. Materials and Methods
Partially aliphatic palm oil based polymeric isocyanate (PoIs)

was provided by M/s. Vencorex Chemical, France. Castor oil (CO)
was purchased from M/s.SD Fine chemicals (Kolkata, India). Pen-
taerythritol (PE), Lead oxide catalyst (PbO) and 1, 4 butanediol
chain extender (1, 4 BD) were procured from M/s Himedia, India.
The catalyst dibutyltin dilaurate (DBTDL) was purchased from M/s.
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Sigma Aldrich, Germany.
2. Transesterification of Castor Oil (CO)

The transesterification of castor oil using pentaerythritol was well
described in our earlier literature report [17]. The transesterifica-
tion of castor oil was performed at three different pentaerythritol
(PE) : castor oil (CO) molar ratios, 0.1 : 1, 0.2 : 1 and 0.3 : 1, in pres-
ence of PbO catalyst; and the resulting polyols were designated as
MCO 0.1, MCO 0.2 and MCO 0.3, respectively. The hydroxyl
value of CO, MCO 0.1, MCO 0.2 and MCO 0.3 was found to be
160, 190, 234 and 270 mgKOH/g, respectively, as per ASTM 1957.
The acid value, molecular weight and viscosity of CO, MCO 0.1,
MCO 0.2 and MCO 0.3 [17] are summarized in Table 1.
3. Synthesis of Chain Extended Polyurethane (PUs)

PUs were synthesized at a constant NCO/OH molar ratio of
1.4 : 1, using a well established method as documented in our ear-
lier literature report [18]. Two types of polyurethane were synthe-
sized using raw castor oil and transesterified castor oil as polyol
component with PoIs. PUs synthesized using castor oil, PoIs and
chain extender (1, 4 BD) was referred to as UBPU and that of
synthesized from transesterified castor oil, MCO 0.1, MCO 0.2
and MCO 0.3, PoIs and 1, 4 BD were referred to as MBPU 0.1,
MBPU 0.2 and MBPU 0.3, respectively. The reactions were carried
out in an inert nitrogen atmosphere at 60-75 oC for 1-1.5 h. The
films cast onto Teflon sheets and coated polycarbonate substrate
were allowed to cure at 90 oC for 12 h. Details of composition of
synthesized PUs are given in Table 2.
4. UV Aging

UV aging test was performed using M/s. Q-Lab Corporation,
QUV Accelerated Weathering Equipment following the ASTM
Standard G 53-96. The film samples of dimension (10×10) cm were
alternately exposed to UV radiation of 8 h at 60 oC followed by

water condensation of 8 h at 50 oC in a cyclic manner. The samples
were subjected to UV exposure for 250 h, 500 h, 750 h and 1,000 h
of durations.

CHARACTERIZATION

1. Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectra were recorded and analyzed within the range

of 4,000-400 cm−1 using M/s. Nicolet 6700, Thermo Scientific, USA
with omnic software for data collection and to study the chemical
changes under UV exposure. The FTIR study was carried out at reg-
ular interval of (a) 0 h (b) 250 h (c) 500 h (d) 750 h and (e) 1,000 h
duration to investigate the effect of weathering on the structural
modification. For a precise comparison of the characteristic FTIR
peaks, all spectra were normalized using the -CH band at 2,927
cm−1.
2. Solid State Nuclear Magnetic Resonance Spectroscopy (NMR)

13C NMR studies of the unexposed and exposed PU samples
were carried out using M/s. Jeol Resonance 400 MHZ spectrome-
ter to investigate the nature and effect of UV degradation.
3. X-Ray Photoelectron Spectroscopy (XPS)

XPS surface analysis was performed with ESCA omicron nano-
technology oxford instruments to analyze the elemental composi-
tion using MgKα radiation (λ=1,486.7 eV) operated under 5×10−9

torr. XPS spectra were acquired at 45o with pass energy of 178.9
eV for survey scans.
4. Gel Permeation Chromatography (GPC)

Molecular weight (Mw) and polydispersity index (PDI) of the
respective MCOs and CO polyol were studied by Waters instru-
ment, consisting of a 515 pump and a 410 differential refractometer.
The THF flow rate was maintained at 0.6 mL/min. Samples diluted
in THF (10 mg/10 ml) were filtered through a 0.45μm molecular
sieve.
5. Photo-oxidation Index (PI) and Carbonyl Index (CI)

For further quantitative comparison regarding the degree of
aging, the PI and CI were calculated from the FTIR spectra. Photo-
oxidation is the phenomenon of degradation of polymers in the
presence of oxygen/ozone, and carbonyl index assesses the poly-
mer degradation degree by quantification of absorption bands as-
signed to carbonyl groups. These two parameters were determined
by using Eqs. (1) and (2), respectively [19]:

PI=(A/B)aged−(A/B)initial (1)

CI=C/B (2)

Table 1. Details regarding the acid value, hydroxyl number and viscosity of polyols

Sample code PE/CO
molar ratio

Acid valuea

(mg KOH/g)
Viscosityb

(cps) at 25 oC
Mw

c

(g/mol)
Unsaturated
double bond

CO 0 1.96 0890 0933 3
MCO 0.1 0.1 : 1 1.68 0980 3490 1
MCO 0.2 0.2 : 1 1.40 0992 3931 1
MCO 0.3 0.3 : 1 1.21 1020 4081 1

Note: Acid valuea was determined as per ASTM D 1824, viscosityb determined as per ASTM D 7253 and Mw
c was determined using gel per-

meation chromatography (GPC) technique

Table 2. Information regarding the composition and weight of the
reactants for PU synthesis

Sample code CO
(ml)

MCO
(ml)

PoIs
(ml)

1,4 BD
(ml)

Hard segment*

(wt%)
UBPU 30 00 38.3 10 61.6
MBPU 0.1 00 30 40.1 10 62.5
MBPU 0.2 00 30 43.8 10 64.2
MBPU 0.3 00 30 46.1 10 65.1

Note: Hard segment (wt%) *= Wt of 1,4BD  + PoIs( )

Wt of 1,4BD  + PoIs( )

   +  
Wt of CO/MCO( )

----------------------------------------------------
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wherein, A corresponds to υ (-NH) peak area corresponding to
3,720-3,050 cm−1 while, B and C represent the υ (-CH3) and υ
(-C=O) peak area corresponding to 2,926-2,860 cm−1 and 1,780-
1,665cm−1, respectively. For a precise quantitative comparison regard-
ing the degree of aging, the (-CH) peak was taken as the internal
standard. The area beneath the abovementioned peaks was deter-
mined using M/s. Nicolet 6700, Thermo Scientific, USA, omnic
(3.0) software program.
6. Scanning Electron Microscopy (SEM)

For investigating the influence of UV exposure on the morpho-
logical features of polyurethane, SEM micrographs of the samples
fractured under cryo conditions were analyzed using EVO MA
15, M/s. Carl Zeiss, Germany, was employed to obtain the SEM
images.
7. Tensile Properties

Tensile tests were performed using UTM (M/s Instron Instru-
ments Ltd., UK) at 25 oC as per ASTM D882-91 to analyze the
impact of UV exposure on the tensile properties of PUs. The cross-
head speed used was 10mm/min. The presented result was an aver-
age of five tests for each sample.
8. Differential Scanning Calorimetry (DSC Analysis)

Thermal stability of PUs was measured using DSC analysis at a
heating rate of 10 oC/min under nitrogen flow from −70 to 100 oC
to determine the effect of UV aging on the glass transition tempera-
ture (Tg).
9. Cross-linked Fraction

The cross linking fraction (CLF) of the polyurethane samples was
used to assess the impact of UV exposure on the cross linking degree
through sol gel analysis. Rectangular PU film sample with dimen-
sion 12 mm×15 mm×1 mm (length×width×thickness) of known
weight was dipped in 30ml of chloroform solution for 24h at ambi-
ent temperature. Thereafter, the swollen films were removed and
dried in a vacuum oven and weighed to determine Msf (mass of
swollen film). The residual solution from the swollen films was then
evaporated and the remaining polymer residue was again dried in
a vacuum oven to determine Ms (mass of sol fraction). Then the
cross-linked fraction was determined by using Eq. (3),

(3)

10. Yellowness Index (ΔYI) and Color Difference (ΔE*)
The weathering durability test of the exposed PU films was

determined by calculating the yellowness index (ΔYI) and analyz-
ing the color difference. The ΔYI was investigated as per ASTM
E313-98 by placing the free films on black background. The yellow-
ness index of both the films was determined before (0 h) and after
(1,000 h) of UV exposure, respectively, and thereafter subtracted to
determine ΔYI:

ΔYI=YIA−YIB (4)

where YIA is the yellowness index after UV exposure and
where YIB is the yellowness index before UV exposure.

The change in color prior and after UV aging was measured by
spectrophotometer (Gretag Macbeth, Color eye-7000A, USA) as
per the standard CIE 1976. The color parameter values, ΔL*, Δa*

and Δb*, were calculated to determine the surface color difference
(ΔE*) to evaluate the photochemical degradation. The ΔL* depicts
the grey value and ranges from 100 (white) to 0 (black) and higher
ΔL* indicates higher greyness and vice versa, while both Δa* and
Δb* are the chromaticity coordinates. The Δa* value indicates the
redness/greenness and +Δa* value=redness and −Δa* value=green-
ness. On the other hand, Δb* signifies yellowness/blueness and +Δb*
value=yellowness and −Δb* value=blueness. The ΔE* value was
calculated by using the formula [9]

(5)

where, ΔL*=Lf
*

−Li
*,

where, Δa*=af
*

−ai
*,

where, Δb*=bf
*

−bi
*,

i and f denotes the initial and final values.
11. Nanoindentation

Nanoindentation measurement characterizes the surface mechani-
cal and viscoelastic properties of the material to investigate the im-
pact of UV degradation. Nanoindentation was carried out by using
a UMIS Nanoindentation system (M/s. Frisher-Cripps, Australia)
with a Berkovich indenter of tip radius 150 nm and face angle of
63.5o. The test was performed using a load of 5 mN, and for each
specimen at least ten indentations were carried out at different posi-
tions of the film, and the average value was reported. The maxi-
mum load was kept for 30 s in the recovery stage for minimizing
the viscoelastic effect of the polymer during the stage of unload-
ing (creep time).

The composite modulus ‘Er’ required for calculating the elastic
modulus ‘E’ was determined by utilizing the contact stiffness ‘S’
derived from regression function at the beginning of unloading and
contact area ‘A’ as signified in Eq. (6). The value of ‘A’ is obtained
from Eq. (7) by using the calibration function ‘f ’ [20],

(6)

A=24.5hc
2 (7)

where β is the correction factor for the indenter shape (β=1.07).
E is determined by using Eq. (8),

(8)

where Ei is the total elastic compliance and υ is Poisson’s ratio.
Hardness (H) is the resistance against plastic deformation and

which can be determined by using Eq. (9),

(9)

12. Wettability Studies (Contact Angle)
The contact angle and surface free energy were determined to

investigate the effect of UV irradiation on the wettability of the ex-
posed samples. The contact angle was measured at room tempera-
ture using M/s Phoenix SEO instrument with three different probe
test liquids: water, diiodomethane and methanol. For each speci-
men five readings were collected and the average value was re-
ported. These three probe liquids with different surface tension

CLF, wt% = 
Msf + Ms

Msf
------------------- 100×

ΔE* = ΔL*2
 + Δa*2

 + Δb*2[ ]

Er = 
π

2β
-------

S
A

-------

1
Er
---- = 

1− υ
2

E
------------ + 

1− υi
2

Ei
------------

H = 
Fmax

A
----------
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values (γl) were also utilized to determine the surface free energy
by means of Wu and Nancollas [21] and Owens and Wendt model
[22], following Eqs. (10), (11) and (12).

(10)

(11)

(12)

where, γlv is the liquid vapour interfacial tension,
where, Θ is Young’s contact angle,
where, γ p

sv and γ d
sv are the polar and dispersive factor of the surface

free energy of the solid,
where, γ p

lv and γ d
lv are the polar and dispersive factor of the surface

tension of the probe liquid and,
where, γsv is the total surface free energy of solid.

The γlv of water, diiodomethane and benzyl alcohol is 72.8, 50.8
and 40 mN/m. The and of water, diiodomethane and benzyl alco-
hol are 51, 0.4, 11.4 mN/m and 21.8, 50.8 and 28.6 mN/m respec-
tively.
13. Matrix Assisted Laser Desorption (MALDI-TOF Analysis)

MALDI TOF MS method was used to confirm the successful
synthesis of MCO. It was done by a comparative analysis between
the components of alcoholysis product present in CO and MCO
respectively. MALDI TOF measurement of raw CO and MCO was
done with M/s. Shimadzu biotech AXIMA performance MALDI/
TOF model. Linear mode was used to detect positive ions, and the
accelerated voltage used was 20 kV. To produce laser desorption
nitrogen laser operating at 107 Hz was used. Dithranol was used
as the matrix and samples were dissolved in the methanol/water
mixture with a concentration of 1 g/ml. The matrix solution and
the sample solution were mixed in 1 : 1 ratio and from this solu-
tion 0.5-1μl was deposited onto stainless steel plate and allowed to
air dry prior to taking the spectra.
14. Properties of the Developed Polyurethane Coating

The optimum composition of transesterification reagent (i.e.,
pentaerythritol) was obtained by investigating the physical proper-
ties of the polyurethane coatings. The abrasion resistance of the
PC coated films was determined as per ASTM D 4060, using (M/s.
Taber Model 530 Abraser) in terms of weight loss per 1000 cycles
using CS 10 wheel with a load of 500 g each [18]. The pot life, vis-
cosity and drying time of the respective polyurethane coatings

were measured as per BIS method [27]. The mechanical proper-
ties of the PU coating were also characterized for determining the
scratch hardness, impact and abrasion resistance, respectively. The
impact strength of polyurethane coatings was measured as per
ASTM D 2794-93 based on the striking height on the coated pan-
els without cracking. The scratch hardness of coated samples was
determined by using (M/s. Sheen scratch hardness tester) as per
BS3900.

RESULTS AND DISCUSSION

1. Physical Properties of the Coating Formulation
It is observed from Table 3 that polyurethane derived from trans-

esterified castor oil exhibits faster drying time as compared to poly-
urethane derived from neat castor oil owing to the high hydroxyl
value of polyol, which provides cross-linking site for the formation
of cross-linked polymer network promoting faster curing reaction
[13]. In case of transesterified polyurethane, as the hydroxyl value
increases the drying time also decreases; however, MBPU 0.3 takes
longer duration for drying as compared with MBPU 0.2 and
MBPU 0.1. This might be due to the increase in the hydroxyl group
per mg of sample and higher molecular weight of the polyol MCO
0.3, which decreases the % NCO content in the polyurethane, lower-
ing the availability of reactive sites and thereby delaying the curing
reaction in MBPU 0.3 [16].

The results in Table 3 show that the viscosity of transesterified
polyurethane increases with a substantial increase in the amount
of PE, which might be due to the increased hydroxyl value of polyol.
Higher viscosity of MBPU 0.3 as compared to UPBPU, MBPU 0.1
and MBPU 0.2 leads to the requirement of higher amount of sol-
vent to obtain desirable viscosity of MBPU 0.3 in order to prepare
the uniform flawless coating. The use of such high amount of sol-
vent not only represents an economic disadvantage, but also in-
creases the VOC emission to the atmosphere since the solvent is
lost by evaporation and does not form a part of the final coating
[24]. Moreover, MBPU 0.3 exhibits shorter pot life as compared
with other compositions due to higher viscosity and higher num-
ber of functional groups [25].

The mechanical properties of polyurethane coatings indicate
that the transesterification of castor oil leads to higher scratch
hardness, abrasion resistance and impact strength as compared to
the unmodified castor oil counterpart. This is due to the increase
in the amount of OH content in transesterified castor oil that leads

γlv 1+ cosθ( ) = 4
γsv

 p
γlv

 p

γsv
 p

 + γlv
 p

---------------- + 
γsv

 d
γlv

 d

γsv
 d

 + γlv
 d

----------------

⎝ ⎠
⎜ ⎟
⎛ ⎞

γlv 1+ cosθ( ) = 2 γsv
 p
γlv

 p
 + 2 γsv

 d
γlv

 d

γsv = γsv
 p

 + γsv
 d

Table 3. Physical and mechanical properties of synthesized PU
Characteristic UBPU MBPU 0.1 MBPU 0.2 MBPU 0.3
Viscosity (cps) 25 oC 2120 3564 3895 4325
Drying time (mins)

• Surface dry 240±0.2 190±0.5 150±0.3 170±0.7
• Tack free dry 600±0.7 170±0.2 120±0.4 160±0.3

Pot life (mins) 300±0.1 250±0.6 220±0.4 170±0.2
Abrasion resistance (mg/1000 cycles) 7.4±0.1 4.6±0.3 2.7±0.7 3.5±0.2
Impact resistance (J) 10.3±0.4 5.06±0.3 3.23±0.3 4.56±0.1
Scratch hardness (kg) 2±0.1 3.5±0.6 4.7±0.1 5.1±0.3



Study of UV aging on the performance characteristics of vegetable oil and palm oil derived isocyanate based polyurethane 527

Korean J. Chem. Eng.(Vol. 34, No. 2)

to increased hydroxyl value and hence higher degree of crosslink-
ing [13,18]. Moreover, it is observed that with an increase in PE
content the rigidity of the system increased in the following order:
MBPU 0.3>MBPU 0.2>MBPU 0.1. This increase in rigidity of the
system results in lowering of abrasion resistance and impact strength
in MBPU 0.3 due to brittle failure [16].

Thus, the results indicate that transesterified castor oil based poly-
urethane exhibits higher mechanical and faster drying properties
as compared with unmodified castor oil based polyurethanes. There-
fore, based on the above observations, MBPU 0.2 (synthesized using
MCO 0.2 and PoIs) was chosen as the optimized composition with
balanced viscosity and coating characteristics amongst the MBPUs
and considered for further investigation.
2. Matrix Assisted Laser Desorption (MALDI-TOF Analysis)

MALDI TOF spectrum of CO in the range of 200-1400 m/z is
represented in Fig. 1(a). The intense peak observed at 972 m/z cor-
responds to to the potassiated ions of the triricinolein, the peak at
m/z 956 corresponds to the sodiated ions of the triricinolein, the
most abundant castor oil triglyceride [26]. This triricinolein ion is
formed by losing three water molecules from the labile protonated
molecular ion and represented as [M+3-H2O] [27]. The peaks de-
tected at 691 m/z corresponds to the potassiated ion of diacylglyc-
erol of CO. The presence of a diacylglycerol peak is attributed to
the loss of one ricinoleic acid molecule as well as one/two water
molecule from protonated diacylglycerol molecular ion [M+2-H2O]
[27]. The less intense peak detected at 372.3 m/z represents the
monoacylglycerol of CO [26]. The mass fraction of the components
present in CO as obtained from MALDI TOF MS analysis are: tri-
acylglycerol (72%) and diacylglycerol (12.5%).

The mass spectrum of MCO 0.2 for the range 200-1400 m/z is
represented in Fig. 1(b), and it can be seen that the peak intensity
at 956 m/z is lowered as compared to CO. The peaks at 676 m/z
and 395 m/z representing diacylglycerol and monoacylglycerol,
respectively, for pentaerythritol were more intense as compared to
that of CO, confirming the transesterification of CO with pen-
taerythritol [26]. This also signifies the higher loss of ricinoleic acid
moiety, which bears secondary OH group in CO and the forma-

tion of the molecular groups with higher content of the primary
OH group. Additional peaks at 720 m/z (low intensity) and 411
m/z (high intensity) correspond to the sodiated diricinoleate and
monoricinoleate of pentaerythritol [27]. This indicates that the
transesterification of CO has led to the introduction of the pri-
mary OH group to CO since the monoricinoleate and diricinoleate
represent three to two OH groups in terminal position. The medium
intensity peaks at 395 and 337 m/z correspond to the pottasiated
ions of mono-pentaeryhtritol ricinoleate-2H2O and pentaeryhtri-
tol mono ricinoleate peaks of pentaerythritol [28]. The mass frac-
tion of various components in MCO obtained from the MALDI
MS analysis is as follows: diacylglycerol (20.5%), monoacylglyc-
erol (39.9%), diricinoleate of pentaerythritol (8.5%) and monorici-
noleate of pentaerythritol (19.5%). Thus, on the basis of these ob-
servations it can be claimed that the transesterification of CO using
pentaerythritol was successful since the obtained MCO 0.2 con-
tains monoricinoleates, diricinoletaes and monoacylglycerol com-

Fig. 1. Mass spectra of (a) CO and (b) MCO 0.2 for the range of 200-1400 m/z.

Fig. 2. FTIR representation of UBPU samples at (a) 0 h (b) 250 h
(c) 500 h (d) 750 h (e) 1,000 h.
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ponents with higher intensity [26].
3. Structural Changes During UV Aging through FTIR Analysis

For analyzing the impact of transesterification on the UV resis-
tance of polyurethanes, FTIR pattern of UBPU (polyurethane from
castor oil and PoIs) and MBPU 0.2 (polyurethane from transester-
ified castor oil and PoIs) is summarized in Figs. 2 and 3. For a bet-
ter insight regarding the chemical degradation mechanism, FTIR
analysis was carried out after every 250 h of UV exposure. The FTIR
spectrum of unexposed UBPU and MBPU 0.2 film showed char-
acteristic absorption bands at 3,720-3,050 cm−1 (-NH stretching),
1,780-1,665 cm−1 (-C=O of urethane stretching vibration, Amide I),
1,531 cm−1 (υC-C+C-N, Amide II) and 1260-1,252 cm−1 (υC-N, -NH
bending, Amide III), respectively. The peak at 3,351 cm−1 in case
of UBPU indicates the -NH group stretching vibration of non H-
bonded urethane linkage, while the shift of the peak to 3,288 cm−1

in case of MBPU signifies -NH group vibration for H-bonded ure-
thane linkage [NH....O=C] [29]. For UBPU the peak at 1,741 cm−1

represents the presence of non H-bonded free carbonyl group,
while the presence of peak at 1,714 cm−1 indicates H-bonded car-
bonyl in disordered form [29]. On the other hand, the FTIR spec-
trum of MBPU 0.2 reveals a single peak at 1,713cm−1 corresponding
to the H-bonded carbonyl in disordered form. This shifting of -NH
and C=O peak towards lower wavenumber might be due to the
formation of H-bonds in different magnitude between the respec-
tive segments [30]. The formation of H-bonds in MBPU 0.2 depends
upon the higher hydroxyl (OH) group and higher intermolecular
interaction within the mutually attractive groups, i.e., OH of MCO
and PoIs of NCO [31]. Being aliphatic and flexible with primary
NCO group, PoIs can undergo higher reactivity towards the pri-
mary OH group in 1, 4 BD, resulting in higher H-bonded urethane
linkages in MBPUs [32]. However, in case of UBPU the second-
ary OH group of CO, large amount of dangling chains and lower
hydroxyl value create steric hindrance for the formation of com-
plete H-bonded urethane linkages. Presence of peak at 2,260 cm−1

in case of UBPU indicates unreacted NCO group of PoIs; however,
these bands were absent in case of MBPU 0.2, revealing a complete
polymerization reaction.

However, a variation in FTIR peak and their intensities after

UV exposure of the samples was recorded. In case of UPBU, a dras-
tic reduction in the peak area of the -NH band at 3,351 cm−1, was
observed, after 250 h, which decreased further with the increase in
aging time. A steady decrease in the peak height corresponding to
amide I, II and III peak nearly at 1,741 cm−1, 1,531 cm−1 and 1,260
cm−1 respectively, was also observed after 250 h of UV exposure,
revealing the chain scission of the urethane linkages. The reduc-
tion of C-C, C-O and C-H stretching vibration at 1,460 cm−1, 1,238
cm−1 and 1,100 cm−1 respectively, suggests film erosion effect [1].
Additionally, a similar trend of decrease in the intensities was noticed
at 2,926cm−1 and 2,860cm−1 peak that corresponds to CH2 stretch-
ing, vibration. More interestingly, the peak corresponding to the
unreacted NCO group at 2,260 cm−1 (noticed in unexposed UBPU)
disappeared completely after UV exposure of 250 h, which might
be due to the consumption of some remaining NCO group as a
consequence of UV light. This particular observation corroborates
the findings reported by Yang et al. [7]. However, for MBPU 0.2,
the lowering of peak area and intensity corresponding to -NH vibra-
tion, amide bonds (i.e., I, II and III) and CH2 stretching was initi-
ated at around 750 h of UV exposure, which was higher than that
of UBPU.

On the basis of the above observations, the possible mechanism of
degradation of the PU systems used in this study is presented in
Fig. 4. The substantial decrease in the intensity of the -NH band at
3,351-3,288 cm−1 signifies the loss of urethane structure due to the
oxidation of -NH bonds under UV irradiation [9,34,35]. The UV
irradiation provoked oxidation on the methylene group (-CH2) in
α position to the -NH group [36,37]. Subsequently, this oxidation
reaction led to the formation of hydroperoxide (I), secondary per-
oxides (II), carbamic acid (III), disintegrated products (IV) and
(V) [38,39]. The formation of this hydroperoxide compound led
to the consumption of CH2 group, resulting in a decrease in the
intensity of absorption band at 2,926 cm−1 and 2,860 cm−1 respec-
tively, for exposed UBPU and MBPU 0.2 films [37] as observed in
Scheme 1. The hydroperoxide (I) group undergoes subsequent oxi-
dation reaction in Scheme 2 resulting in the evolution of carboxyl-
ated products such as carboxylic acid (VI), aldehyde (VII), acetyl
urethane (VIII), primary urethane (IX) and carbon dioxide gas (X)
[33]. The reduction in peak height at 1,741-1,713cm−1 correspond-
ing to amide I band indicates decomposition of aliphatic ester
structure (XI) on UV exposure as shown in Scheme 3 [1,9]. The
steady decrease in the C-H, C-O and C-C stretching vibration can
be attributed to the decomposition of instable carbamic acid (III)
into an amine (XIV) and CO2 gas (XV) (Scheme 4) [33,39]. The
evaporation of CO2 gas from the surface led to the decrease in the
peak intensity of C-O, C-H and C-C groups [1,33].

Das et al. [40] reported that under UV aging the double bonds
or allylic hydrogen present in the ricinoleic acid (XVI) of castor oil
can undergo McLafferty type rearrangement reaction through a
free radical mechanism to form heptalaldehyde (XVII) and unde-
cylenic acid (XVIII) (Scheme 5). This imparts additional degrada-
tion reaction within the polyurethane system. From the MALDI-
TOF analysis, it was confirmed that the amount of ricinoleic acid
decreased after transesterification of castor oil, and that may cause
the inhibited degradation of the MBPU 0.2 system as compared to
that of UBPU. This is attributed to the relatively lesser ricinoleic

Fig. 3. FTIR representation of MBPU 0.2 samples at (a) 0 h (b)
250 h (c) 500 h (d) 750 h (e) 1,000 h.
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acid content in MBPU system, synthesized from transesterified
castor oil.

The difference in initiation time towards degradation, 250 h for
UBPU and 750 h, for MBPU 0.2 can be explained on the basis of
the structural arrangement of the polymer. This observation can be
correlated with the effective crosslinked network structure formed
in MBPU 0.2 on account of higher OH number, increased ure-
thane content and higher intermolecular interactions caused by H-

bonding [32,41] thereby improving the anti-aging resistance charac-
teristic against weathering. Therefore, a diminished chain scission
effect was apparent in case of MBPU 0.2 which, although, occurred
but started only after 750 h of UV exposure. While in case of UBPU
the presence of relatively higher dangling series, longer fatty acid
chain along with lower OH number in CO creates imperfections
and plasticizing effect, which hinders the complete cross-linking
reaction between the mutually attractive groups: OH of CO and

Fig. 4. UV aging mechanism of synthesized PU samples.



530 S. Das et al.

February, 2017

NCO of PoIs. This results in the formation of defective network
structure in UBPU, resulting in higher degradation under UV aging.

The FTIR results indicate that the photo-oxidative stability of
PUs depends upon the intermolecular interactions, OH number
of polyol and H-bonding. Hence, taking into account the above
factors, it can be concluded that photo-oxidative stability of PUs in
presence of transesterified CO based polyol with higher hydroxyl
number is better as compared with PUs derived from raw CO
with lower hydroxyl number. Further, the chemical interaction
between POIs and 1, 4 BD can be advantageous for the develop-
ment of UV-resistant bio-based coating materials.
4. Solid State Nuclear Magnetic Resonance Spectroscopy (NMR)

To better understand the degradation mechanism, solid state
13C NMR studies were performed for PU samples before and after
UV exposure. Fig. 5(a)-(b) represents the 13C NMR spectra of un-

exposed and exposed UBPU, while Fig. 6(a)-(b) represents the 13C
NMR spectra of unexposed and exposed MBPU 0.2 film samples.
The 13C spectra of unexposed UBPU and MBPU 0.2 film samples
showed the appearance of ester (-C=O) at δ=172.894 ppm, ure-
thane (-C (O) ONH) peak at δ=157.084 ppm, unsaturated (C=C)
linkage at δ=132.729 ppm, -OCH2 linkage at δ=74.449 ppm, 71.458
ppm, -CH2COO linkage at 62.920 ppm, (C (O) OCNH) at 66.758
ppm and 62.998 ppm, saturated (-CH2) linkages- at δ=38.031-
23.517 ppm and -CH3 peak at 14.886 ppm [42,43]. The 13C NMR
spectrum of unexposed UBPU revealed a single peak at δ=125.893
ppm for unreacted NCO linkages, which is consistent with that
reported earlier in the FTIR studies. On the other hand, no such
peak was observed in the 13C NMR spectrum of unexposed MBPU
0.2, indicating the complete conversion of NCO groups during the
polymerization reaction as discussed earlier.

Fig. 6. 13C NMR spectra of (a) Unexposed MBPU 0.2 and (b) Exposed MBPU 0.2.

Fig. 5. 13C NMR spectra of (a) Unexposed UBPU and (b) Exposed UBPU.
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After UV exposure of 1,000 h the -NCO peak at δ=125.893 ppm
completely disappeared in the exposed UBPU spectrum due to the
similar reason as discussed in the FTIR section [7]. Also, the ester
peak at 172.894ppm totally vanished in case of exposed ones, which
might be related to the disintegration of ester structure during UV
exposure as observed in Fig. 4 [42]. Furthermore, the peak corre-
sponding to urethane (-C (O)ONH) functional groups shifts to
156.657ppm, with reduced intensity for both the exposed samples as
compared to the unexposed ones. This confirms the loss of urethane
structure in exposed PUs on account of oxidation of -NH bonds
with the evolution of degradation products such as hydroperoxide
[33,34]. Also, the peaks corresponding to the -OCH2, -CH2COO
and (C (O) OCNH) linkage completely disappeared under UV
exposure with the appearance of a single peak at 71.287 ppm for

Fig. 8. C1s spectra of (a) unexposed MBPU 0.2 and (b) exposed MBPU 0.2.

Fig. 7. C1s spectra of (a) unexposed UBPU and (b) exposed UBPU.

both the exposed PU samples. This single peak might be related
to -CHO group, which is formed as an oxidation product during
the UV degradation process as seen in Fig. 4. The intensity of satu-
rated linkages at δ=38.031-23.517ppm revealed noticeable decrease
for both the exposed PU samples, which can be due to consump-
tion of methylene linkages (-CH2), during hydroperoxide forma-
tion as discussed in the earlier section. Thus, the above result was
found to be in good agreement with the FTIR analysis and con-
firms the UV aging mechanism as discussed in the earlier section.

However, it can be observed from 13C NMR spectra that the
exposed MBPU 0.2 film sample is less prone to oxidation, since
they exhibit lower reduction in the intensity of the aforementioned
peaks. This can be explained on the basis of its higher crosslink-
ing density and intermolecular interactions that improves its anti-
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aging resistance characteristics. Hence, it is further proved that
MBPU 0.2 can be used as UV-resistant coating with exceptional
properties.
5. X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis of the PU samples was performed before and after
UV exposure for gaining better insight about the degradation mech-
anism of PU systems. Figs. 7 and 8 represent the C1s XPS spectra
for UBPU and MBPU 0.2 before (0 h) and after (1,000 h) of UV
exposure. Table 4 shows the changes in the surface elemental com-
position in terms of variation in carbon, oxygen and nitrogen con-
tent as well as the atomic ratios of carbon to oxygen (C1s/O1s)
and nitrogen-to-carbon (N1s/C1s).

The C1s spectra of UBPU and MBPU 0.2 were characterized
quantitatively before and after aging to assess the variation in the
concentration of different functional groups, investigate the type of
chemical bond and to identify the changes in chemical structure
due to UV exposure [43,44]. It can be observed from Fig. 5(a) and
6(a) that before UV exposure (at 0 h) the C1s spectra of UBPU and
MBPU 0.2 showed two prominent peaks. The first peak at 285 eV
corresponds to C-H, C-C, C-N, C-O bonds and is assigned as C I.
The second peak at 288.9 eV represents either N-C=O group ob-
tained from urethane or carboxyl group (-COO) formed due to
oxidation and is assigned as C II [45]. It was revealed from Fig.
5(b) and 6(b) that after UV exposure of 1,000 h the intensity of C
1s peaks at 285 eV and 288.9 eV decreases for both UBPU and
MBPU 0.2. The reduction in the intensity of C 1s peak is due to
the instability of carboxyl groups (-COO) which undergo chain scis-
sion resulting loss of oxidation products [45,46]. This corroborates
well the degradation mechanism and FTIR results discussed ear-
lier, confirming reduction of C-C, C-O and C-H groups after UV
exposure.

Table 4 indicates that the nitrogen-to-carbon (N1s/C1s) ratio
increases, while the carbon-to-oxygen (C1s/O 1s) ratio decreases
after UV exposure for both UBPU and MBPU 0.2, respectively. For
instance, the C 1s/O 1s ratio of UBPU after UV exposure decreases
from 1.74 to 1.49, while for MBPU 0.2 it decreases from 1.96 to
1.58. The decrease in C 1s/O 1s ratio might be due to the loss of
volatile oxidation products formed during the UV exposure [33].
On the other hand, the increase in the N1s/C1s ratio might be
attributed to the formation of amide linkages after the oxidation of
-NH bonds under UV irradiation. It is also observed from Table 4
that the atomic % decreases for carbon and increases for nitrogen
as well as oxygen, respectively, after UV exposure for both the PU
samples. This indicates that the surface of UBPU and MBPU 0.2
is oxidized after UV exposure as discussed in the FTIR studies.
Furthermore, the UV irradiation causes scission of the long molecu-

lar chains present on the surface to form low molecular weight oxy-
gen containing groups [43]. With increase in the irradiation time
the number of chain scissions also increases, resulting in a signifi-
cant increase in the atomic% of oxygen content. On the other hand,
the decrease in the atomic% of carbon is due to the UV aging that
initiates the chain scission and degradation of PU. The loss in car-
bon atomic wt% can also be attributed to the migration and vola-
tility of oxidation products obtained from the degradation of car-
bonaceous products [44]. These results further correlate with the
earlier discussion. Similar observations have been reported by Yuhan
et al. and Wang et al. [43,44]. Thus, it is clear that UBPU and MBPU
0.2 films exhibit degradation due to UV exposure: however, the

Table 4. Surface elemental composition of UBPU and MBPU 0.2 obtained from XPS analysis

Sample code
Atomic percentage (%) Atomic ratio

C 1s N 1s O 1s N1s/C1s C1s/O1s
Unexposed UBPU (0 h) 0945.2 57.90 541.8 0.06 1.74
Exposed UBPU (1,000 h) 0929.9 77.80 621.9 0.08 1.49
Unexposed MBPU 0.2 (0 h) 1018.2 59.60 517.3 0.05 1.96
Exposed MBPU 0.2 (1,000 h) 1005.1 90.45 636.1 0.09 1.58

Fig. 9. (a) PI and (b) CI index of UBPU and MBPU 0.2 films as a
function of UV exposure time.
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latter indicated better UV aging resistance characteristics as com-
pared to the former. This statement can be exemplified through
the observed higher C 1s/O 1s ratio in case of exposed MBPU 0.2
film, which signifies its good anti-oxidation behavior against UV
radiation [44]. The effective crosslinked network structure formed
in MBPU 0.2 as explained in FTIR section resists the penetration
of UV light, resulting in less damage to the molecular chain [44].
This further explains the observed less reduction in the intensity of C
1s peaks and atomic% of carbon respectively, in exposed MBPU
0.2 as compared to the corresponding UBPU ones.
6. Degradation Index (PI and CI)

The PI and CI indexes were evaluated to quantify the aging
extent in UBPU and MBPU films, by taking into account the change
in the intensity of peak area corresponding to υ (-NH) and υ
(-C=O) band after UV exposure, keeping -CH peak as the inter-
nal standard. The higher the PI and CI index with respect to aging
time higher is the degradation rate. It can be observed from Fig. 9
that both the PI and CI of UBPU increase linearly with increment
in the UV exposure time, indicating chain scission. However, the
change in CI and PI with increase in UV exposure time is much
less in MBPU films as compared to UBPU film. For instance, at
250 h of UV aging, the PI of MBPU 0.2 is (1.075), which is much
lower in comparison to that of UBPU film (1.13), respectively. Simi-
lar increasing trend with respect to UV exposure was noticed for
CI values of MBPU 0.2 and UBPU. This confirms that the enhanced
chemical interaction between the primary OH groups in MCO
and aliphatic primary NCO groups in POIs along with higher hy-
droxyl number results in rigid and highly crosslinked structure,

which shields the passage of UV light, thereby prohibiting the deg-
radation of MBPU films. Moreover, the higher number of H-bonds
formed in MBPU can act as physical crosslinks, thereby increas-
ing the intermolecular interaction, which can effectively suppress
the rate of photo-oxidation reaction [32]. The above result corrob-
orates the FTIR observations which revealed the presence H-bonded
urethane carbonyl group peak in MBPU 0.2. Moreover, the OH
number of the polyol has a linear relationship with the crosslink-
ing density of the polyurethane [41]. Hence, the higher OH num-
ber of MCO 0.2 provides crosslinking site necessary for the for-
mation of denser crosslinked network structure in the MBPU 0.2
film, resulting in suppression of photo-oxidative degradation rate.
Further, the decrease in the intensity of peaks corresponding to the
stretching vibration of -NH, urethane C=O observed in case of FTIR
studies also validates the PI and CI results of UBPU and MBPUs,
respectively.

Thus, it is suggested that the highly crosslinked structure of
MBPU delays the rate of degradation process and the subsequent
aging progression within it.
7. Morphological Analysis (SEM)

Figs. 10 and 11 show the SEM images of UV unexposed and
exposed UBPU and MBPU 0.2 samples as a function of UV expo-
sure. The unexposed film samples of UBPU and MBPU 0.2 at 0 h
demonstrate a highly smooth surface with layered arrangement.
However, after UV exposure morphological changes were observed
due to photo-oxidative degradation, which is in line with the work
reported earlier by Gulmine et al. and Cascaval et al. [47,48]. After
UV exposure of 250 h blisters of diameter 250-300 nm were seen

Fig. 10. Morphological changes in UBPU at (a) 0 h (b) 250 h (c) 500 h (d) 750 h and (e) 1,000 h.



534 S. Das et al.

February, 2017

to protrude from the surface of exposed UBPU. The appearance
of blisters is basically a physical mechanism which reveals the ini-
tial stage of the degradation process [7]. The possible reason behind
blister formation is the alternating cycle of wet phase (i.e., conden-
sation) and dry phase (i.e., UV) during the aging process [49].
During the dry phase the UV light provides radiation energy (hυ)
to initiate the degradation process. During the condensation/wet
phase, water, moisture and oxygen oxidize the PU surface, thereby
forming oxidation products like hydroperoxide [49,50]. These oxi-
dation products pierce through the PU surface, resulting in the
formation of osmotic cells/blisters. An inhomogeneous osmotic pres-
sure is created on the PU surface, and as a consequence the degra-
dation products and water formed during the condensation phase
cannot easily escape out during the dry phase. Owing to this osmotic
pressure effect, blisters are formed on the PU surface under alter-
nating UV and condensation process [7]. On the other hand, the
noticeable blister formation began to form on the MBPU 0.2 sur-
face only after 500 h of UV exposure with diameter ranging from
150-200 nm. The difference in exposure time required to initiate
blister formation might be due to the stiffer and highly crosslinked
network structure formed in case of MBPU 0.2 derived from MCO
and POIs. As observed from FTIR the interurethane H-bonds
formed in MBPU 0.2 act as physical crosslinks [51], which rein-
forces the amorphous phase and retards the degradation process.
As a consequence, MBPU 0.2 surface provides a better barrier
effect to the penetration of water, oxygen, free radicals and other
side products like carbon dioxide, primary amine and hydroperox-
ide formed during the alternating UV and condensation process
essential for accelerating photodegradation process. At the same
duration of exposure, 500 h, the UBPU surface indicated the ap-

pearance of polymer fragments due to the breakage of blisters and
loss of polymeric material, thereby damaging the surface layer. Later,
after 750 h of UV exposure, holes and voids on the UBPU surface
were observed, which might be due to molecular chain scission of
urethane, carbon and ether bonds [44] generating polymer radi-
cals under the influence of UV atmosphere and external stress like
temperature and humidity. However, at the same time of exposure
(i.e. 750 h) no noticeable crack propagation was observed in the
MBPU film, while the appearance of polymer fragments was noticed
due to the breakage of blisters as discussed above. Further, at 1,000
h of prolonged UV/condensation exposure it was revealed that
there were deep voids with diameter ranging from 120-150 nm in
UBPU surface. The formation of voids might be correlated with
the excessive embrittlement caused due to the generation of radi-
cals. These polymer fragments may give a branched chain struc-
ture of high molecular weight after getting attached to the main
chain of the neighboring molecule, resulting in embrittlement and
formation of cracks [10]. In addition, clustering of polymer frag-
ments in the form of aggregates was observed covering the entire
UBPU surface, which signifies higher rate of degradation due to
huge loss of polymeric material. These aggregates are supposed to
be the outcome of degradation products formed [7] as a conse-
quence of exposure as indicated in the FTIR studies. On the other
hand, for the same exposure time of 1,000 h the surface of MBPU
0.2 depicts no voids but rather shallower cracks with depth rang-
ing from 40-50 nm This difference can be ascribed to the excel-
lent barrier properties of stiffer polymer chains in MBPU 0.2 film
that hinder the diffusion of species like free radicals and oxygen
into the polymer surface to initiate the photo-degradation process.
As a consequence, these species accumulate on the top surface,

Fig. 11. Morphological changes in MBPU 0.2 at (a) 0 h (b) 250 h (c) 500 h (d) 750 h and (e) 1,000 h.
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causing degradation of the surface layer. Thus, shallower crack prop-
agation occurs in MBPU 0.2 film surfaces as compared to UBPU.
Further, there was less clustering of polymer fragments in the
MBPU 0.2 surfaces.

Thus, these observations provide an insight that the highly cross-
linked MBPU 0.2 film surface provides better photo-oxidation resis-
tance to aging phenomenon for a long duration. Further, the above
result corroborates the finding revealed in the FTIR section.
8. Differential Scanning Calorimetry (DSC)

The thermal analysis results (Tg) of the UV exposed UBPU and
MBPU 0.2 samples are summarized in Table 5. The synthesized
PUs exhibit two well defined glass transition temperatures, one
corresponding to the soft segments (at negative temperature range,
Tgs), and the other corresponding to the hard segment (at positive

temperature range, Tgh) [17,18]. There is a change in the Tgs and Tgh

for both UBPU and MBPU 0.2 before and after UV exposure. This
phenomenon might be due to the increase in flexibility and molecu-
lar mobility of the PU chain after UV exposure. As explained in the
FTIR analysis, the oxidation reaction induced through UV light
causes chain scission, which breaks the urethane linkage within
the PU macromolecule. This breakage of the urethane linkage assists
the facile movement of hard and soft segments within the poly-
mer structure, and hence allows segmental mobility to form aggre-
gates [34]. Thus, the UV exposed PUs show a remarkable decrease
in Tgs and Tgh in comparison with the unexposed PU samples. More-
over, the decrease in tensile properties of the UV exposed PUs bears
testimony to the increase in segmental mobility, while the forma-
tion of aggregates is well consistent with the SEM micrographs of
the exposed PUs samples as discussed in the earlier sections. How-
ever, the drop in Tgs and Tgh values for exposed UBPU was com-
paratively higher than MBPU 0.2, which can be correlated with
the higher crosslinked network structure formed in the latter, which
effectively restricts the mobility of molecular chains even resulting
in relatively difficult movement of hard and soft segments.
9. Tensile Tests

The effect of UV aging on the tensile properties of the PU films
was analyzed and the results are summarized in Table 6. It is dis-
tinct that the tensile properties were relatively affected during the
aging time for UBPU and MBPU 0.2 film.

Tensile modulus and tensile stress were found to be 18.6 MPa

Table 5. Glass transition temperature (Tg) of unexposed and exposed
PU samples

UV exposure
(h)

UBPU
(Tgs)
(oC)

UBPU
(Tgh)
(oC)

MBPU 0.2
(Tgs)
(oC)

MBPU 0.2
(Tgh)
(oC)

0000 −25.1 59.7 −19.9 72.6
0250 −34.8 46.7 −19.9 72.6
0500 −42.5 44.8 −24.7 71.7
0750 −44.4  41.8 −34.0 68.8
1000 −46.8 40.5 −39.6 56.2

Table 6. Effect of UV exposure on different properties of UBPU and MBPU 0.2

Characterization
Duration of UV exposure (h)

0 250 500 750 1000
(a) Tensile properties

• Tensile stress UBPU 14.2±0.1 10.1±0.3 9±0.4 8±0.4 5.5±0.1
• Tensile modulus UBPU 18.6±0.4 14.1±0.1 12±0.5 10±0.2 6±0.3
• Tensile stress MBPU 0.2 17.9±0.3 17.2±0.6 16.5±0.3 14±0.2 12±0.1
• Tensile modulus MBPU 0.2 24.7±0.2 24±0.2 23.5±0.2 22.6±0.1 20.1±0.4

(b) Cross-linked fraction
• CLF UBPU (wt%) .059±0.3 48±0.6 40±0.4 37±0.2 30±0.1
• CLF MBPU 0.2 (wt%) .075±0.2 74.8±0.5 74.1±0.2 68±0.3 60±0.2

(c) Nanoindentation
• E UBPU (GPa) 0.98±0.4 1.54±0.4 2.74±0.5 3.56±0.3 4.89±0.4
• E MBPU 0.2 (GPa) 1.05±0.2 2.34±0.3 4.67±0.3 5.08±0.2 6.43±0.3
• H UBPU (GPa) 0.18±0.1 0.23±0.6 0.45±0.2 0.56±0.2 0.75±0.2
• H MBPU 0.2 (GPa) 1.23±0.3 1.42±0.1 1.65±0.1 1.87±0.5 2.01±0.5

(d) Wettability analysis
• ΘUBPU 83.5±0.4 78.9±0.3 70.3±0.5 65.4±0.4 65±0.5
• ΘMBPU 0.2 89.9±0.1 89±0.3 88.2±0.5 87±0.5 86.8±0.2
• SFEUBPU .065±0.3 63.4±0.2 62±0.1 60.1±0.4 58.3±0.4
• SFEMBPU 0.2 70.1±0.4 69.4±0.6 68.3±0.3 62.1±0.1 60.1±0.5

(e) Aesthetic analysis
• ΔE*UBPU 0 3.8±0.3 4.6±0.4 6±0.3 6.4±0.1
• ΔE*MBPU 0.2 0 3±0.4 3.4±0.5 4.1±0.2 5.8±0.2
• DYI UBPU 0 4±0.1 4.6±0.1 5.3±0.4 6.9±0.2
• ΔYI MBPU 0.2 0 2.1±0.3 2.9±0.3 3.2±0.3 3.9±0.1
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and 14.2 MPa and 10.1 MPa, and for MBPU 0.2 it was 24.7 MPa
and 17.9MPa, respectively. After UV exposure of 250h, tensile mod-
ulus and tensile stress of UBPU were found to decrease to the tune
of 24% and 28.8%; however, no noticeable reduction was observed
in the case of MBPU 0.2. Moreover, a reduction in tensile stress
and modulus of UBPU and MBPU 0.2 was noticed with an in-
crease in the exposure time, wherein MBPU 0.2 exhibited relatively
less reduction in the mechanical properties. With the increase in
the duration of UV exposure to 1,000h, UBPU exhibited a decrease
of 67% and 61.2% in the tensile stress and modulus, whereas a
small reduction of 18.6% and 32.9% was noticed in the tensile
stress and modulus of MBPU 0.2.

This lowering in the tensile properties is attributed to the light-
induced chemical degradation, which includes chain scission and
oxidation of the polymer [52], which is in accordance with the
FTIR results. The chain scission phenomenon breaks the polymer
chain and reduces the intermolecular interaction. This leads to
easy penetration of water molecules [53] during the wet phase,
which increases the molecular chain flexibility. As a result, the sec-
ondary links liable for material cohesion get destroyed, thereby
weakening the internal structure. In fact, this plasticization effect
can also lead to the rupture of secondary links (H-bonding inter-
actions) within the polymer chains, leading to an increase in molec-
ular mobility [54,55]. Thus, the above factors are conducive for in-
creasing the free volume and decreasing the tensile strength, mod-
ulus with increment in duration of UV exposure.

The less reduction in the tensile properties of MBPU 0.2 can be
attributed to the shorter chain length between the crosslink points
of MBPU 0.2, which overshadows the relative rate of chain scission
effect in comparison to the UBPU film sample. Also, the inter-
locked network structure formed in MBPUs owing to a greater
association of MCO and POIs accounts for the higher crosslink-
ing density and stronger interactions within the segments, result-
ing in the formation of effective barrier to the external destroying
forces. Therefore, it may be concluded that transesterification of
castor oil imparts enhanced UV resistance to the polyurethane. Fur-
ther, the results obtained are in agreement with that observed in
DSC studies as discussed in earlier section.
10. Cross-linked Fraction (CLF)

To further validate the impact of UV aging on the observed ten-
sile and thermal behavior of exposed PU samples, the cross-linked
fraction was calculated through sol-gel study and the findings are
depicted in Table 6. The sol gel analysis of the unexposed MBPU
0.2 films indicates a CLF value of 75%, while the unexposed UBPU
film reveals a CLF value of 59%. At 1,000 h of UV aging the CLF
of UBPU and MBPU 0.2 was found to decrease to 30% and 60%,
respectively, indicating breakage of long macromolecular chain into
short chain. This may be due to photodegradation effect, which
accelerates the chain scission and oxidation of PU bonds, resulting
in diminished cross-linking density and loss of network integrity
under exposure. However, it is clear from Table 5 that the loss in
CLF wt% for exposed MBPU 0.2 films was less as compared with
the exposed UBPU films, which supports the rigid network struc-
ture formed in the former and hence its UV resistant behavior. The
decrease in CLF values after exposure to UV radiation validates
the observed lowering of tensile properties and glass transition

temperature (Tg) for both MBPU 0.2 and UBPU film.
11. Nanoindentation

Table 6 shows the hardness (H) and elastic modulus (E) values
of unexposed and exposed PU samples with respect to the dura-
tion of UV exposure. With UV irradiation the hardness (H) and
elastic modulus (E) values of both the PU samples increase with
subsequent increment in the exposure time. However, the unex-
posed MBPU sample exhibits higher hardness and elastic modulus
value as compared with the corresponding unexposed UBPU sam-
ple. This observation can be correlated with the higher OH value
of MCO, which favors higher cross-linking density and stiffness in
MBPU 0.2, thereby increasing the resistance against penetration of
indenter [55,56]. The UBPU film based on the lower OH value of
CO has a higher plasticity index, which facilitates more plastic defor-
mation as compared to elastic deformation, leading to lower hard-
ness and elastic modulus value [55,56]. The results obtained are in
agreement with that reported previously by Azvedo et al. and
Yahyaei et al. [8,57].

Eventually, for the exposed UBPU and MBPU film the reduc-
tion in crosslinking density should lead to lower values of elastic
modulus and hardness, respectively, but the reverse phenomenon
is observed in case of nanoindentation. UV irradiation promotes a
significant increase in the elastic modulus and hardness value for
both the exposed UBPU and MBPU film, respectively, with an in-
crease in exposure time, which can be ascribed to the formation of
higher number of chemical bonds at the surface on account of the
oxidation reaction [8] that resist the penetration of the indenter. The
increase in elastic modulus for the exposed UBPU and MBPU films
can be attributed to the physical aging mechanism that occurs in
polymers subjected to UV weathering [58]. Physical aging increases
the stiffness of the polymer both at the surface and the bulk as
well as reduces the number of elastically inactive chains, i.e., dan-
gling chains in the exposed polymer samples [59,60]. The prefer-
ential reduction of the dangling chains decreases the molecular
mobility and promotes relaxation of the polymer network into a
conformation that can accommodate the loss in material, result-
ing, in an increase in the elastic modulus of the exposed PU sam-
ples [60].
12. Wettability Analysis

Table 6 shows the calculated contact angle and surface free
energy values of PU films before and after UV exposure. The un-
exposed MBPU 0.2 film exhibits higher contact angle as compared
to the unexposed UBPU film due to higher crosslinking density in
the former, which decreases the absorption of probe liquids within
its surface [61]. However, with exposure the contact angle value
decreases for both the exposed PU samples being more promi-
nent in UBPU. The lowering of contact angle is due to the influ-
ence of UV irradiation, which is linearly proportional to the ex-
posure time, resulting in alteration of the surface chemistry through
the appearance of cracks and holes as observed in SEM studies
[62]. These cracks and holes on the surface of exposed PU films
promote absorption of probe liquids, resulting in higher wettabil-
ity and lower contact angle. Additionally, the lowering of surface
energy values (SFEs) in the exposed PU samples provides evidence
that certain chemical changes might have occurred on the film
surface due to degradation of polyurethane polymers during UV
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exposure [63,64]. Hence, the surface becomes more hydrophilic
after UV exposure.
13. Aesthetic Analysis (Color Difference and Yellowness Index)

To access the impact of UV exposure on the aesthetic behavior,
the color difference (ΔE*) and the yellowness index (ΔYI) of UBPU
and MBPU 0.2 film as a function of exposure time were investi-
gated. Lower the value of ΔE* and ΔYI, the higher is the resistance
of the film against discoloration and vice versa. It is evident from
Table 6 and Fig. 12 that there is change in color for both the PU
samples after UV exposure from being colorless to yellow. This
color change is attributed to the oxidation reaction leading to the
loss of urethane structure [9]. A satisfactory agreement between
the calculated ΔE* and FTIR observation was found in both the
exposed PU samples. An appreciable change in ΔE* value was ob-
served for UBPU samples at 250 h of UV exposure, which increased
with increase in UV exposure time. While for MBPU 0.2 samples
the change in ΔE* value was prominent after 750 h of UV expo-
sure. This indicates that MBPU 0.2 showed less deterioration to-
wards UV exposure as compared to UBPU, which may be attributed
to the highly interconnected molecular structure formed in the
former during polymerization reaction. Due to the rigid network
structure and higher urethane content in MBPU 0.2 the rate of
photo-oxidation is reduced, resulting in improved resistance against
discoloration. However, in UBPU the lower crosslinking as dis-
cussed above and weaker interactions within castor oil and POIs
enhance the rate of photo-oxidative degradation, leading to more
oxidation and subsequent yellowing of films. Similar trend of lin-
ear increase in ΔYI was observed for both the PU films. However,
the lower ΔYI observed for MBPU 0.2 as compared to UBPU indi-
cates higher crosslinking in the former, which improves the light
resistance of the material by delaying the aging process. For conve-
nience, we have represented the images of both the PU samples
before UV exposure, 0 h and after 1,000 h of UV exposure, in Fig.
8 to show the color change.

Thus, the markedly lower values of ΔE* and ΔYI for MBPU 0.2
confirm its enhanced photo-oxidative stability.

CONCLUSION

Green polyurethane was successfully synthesized using biobased

castor oil and transesterified castor oil with palm oil based isocya-
nate (PoIs) in presence of 1, 4 butanediol as chain extender. The
respective green polyurethanes were investigated to assess the UV
aging characteristics at different exposure times of 0 h, 250 h, 500
h, 750 h and 1,000 h, respectively. On the basis of physicomechani-
cal properties, MBPU 0.2 was considered to be the optimum com-
position with balanced solvent consumption and viscosity essential
for easy coating applicability. The FTIR results provide evidence
regarding the UV degradation of the exposed polyurethane sam-
ples through lowering of υ (-NH), υ (C=O) and υ (-CH2) stretch-
ing vibration peaks. However, MBPU 0.2 films indicated lowering
of peak intensities after 750 h of prolonged exposure, which was
higher as compared to UBPU. XPS and 13C NMR studies also sug-
gested noticeable changes in the chemical linkages of the polyure-
thane films subjected to UV irradiation. SEM micrographs revealed
the appearance of blister and crack on the exposed film surface
due to chalking out of the polyurethane binder. However, MBPU
0.2 indicated shallower crack propagation which might be due to
higher hydroxyl value of the precursor transesterified castor oil
(i.e., MCO 0.2) that led to the formation of highly crosslinked
structure.

Thus, castor oil can be effectively modified by transesterifica-
tion reaction to synthesize green polyurethane coatings and films
with improved UV aging resistance characteristics. Future studies
will focus on the development of durable UV resistant green poly-
urethane coatings from transesterified castor oil and palm oil based
isocyanate. In addition, a comparative analysis will be carried out
between the developed durable UV resistant green polyurethane
coatings with the commercial ones in our next study.
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