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Introduction

OLYESTER (PET) fabrics that containing nitrogen can be considered as a potential material

for multipurpose applications. For this purpose, primary attention is given to introduce
nitrogen-containing functional group onto the surface of PET fabrics using synthesized UV-
curable polyurethane acrylate built-in amine. Moreover, the effect of incorporation the amino
groups on the printing behavior of polyester fabric was evaluated. Polyurethane acrylate
built-in amine resins were prepared either by one-shot sonochemical polymerization or by
using conventional thermal synthesis procedure. Then, UV-curable coatings were prepared
by mixing the prepared polyurethane acrylate built-in amine resin with the main components
of UV curable coatings such as monomer as a diluent and 2-Hydroxy-4"-(2-hydroxyethoxy)-
2-methylpropiophenone as photo-initiator. The prepared built-in amine photopolymers were
characterized by (H'-NMR), (FTIR), and (GPC). The morphology of the cured coating was
also examined by using scanning electron microscopy (SEM). In addition, fastness properties
of the printed fabrics and color strength were carried out to assess the effectiveness of the
incorporation of the nitrogen groups on the stability of the coating layer. The results showed
that, the IR Spectra of vinyl terminated PU polymers has a characteristic peak of N-H stretching
at 3326 cm™' accredited to the formation of urethane bond. It was also found that treatment of
PET fabric with polyurethane acrylates resin containing built-in amine results in an increase in
the affinity to acid dyes. The current work opens up a novel opportunity to develop nitrogen-
containing PET fabrics.

Keywords: Coatings, Photocurable resin, Photopolymerization, Polyester, Textile printing.

Molecular oxygen is known to inhibit free radical
polymerizations due to its reaction with the

The market of photocured materials such as
acrylic resins would grow at a rapid pace and
reached approximately US$ 4.94 billion in the
year 2012 [1-4]. The use of UV curable resins
in coating application is growing as a result of
the stringent environmental standards imposed
by many countries. However, restrictions of
the application of UV curable resin such as
polyurethane acrylates could be attributed to the
“tacky” or under-cured surface which resulted
from oxygen air that inhibits radical induced
polymerizations [5]. Thus, in case of oxygen
inhibition, curing needs longer exposure time
and results in partial loss of the surface and other
physical properties of air-cured coatings.

initiator, and the radicals of the growing polymer
to form the peroxy radicals [6, 7]. The peroxy
radicals inhibit the polymerization reaction
and more stable, and thus, the oxygen basically
terminates or consumes radicals [1, 8]. The
presence of oxygen is leading to the development
in the induction time, since the polymerization
cannot continue until the propagation reaction
participates with the inhibition reaction.

Therefore many scientific papers trying to
overcome of oxygen inhibition reaction have
been published in the coating industry [9, 10].
Several techniques have been used for the
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application of high-intensity irradiation sources in
order to increase the rate of initiation. As a result
of enhancing the construction of primary radicals,
it becomes much superior to their consumption
by oxygen [9, 11-13]. Another alternate is to
polymerize the samples in the presence of inert
atmosphere [9], where the oxygen is removed from
the reaction [14-16]. However, higher expenses
for extra equipment and inert gas stream could be
overcomed by high speed curing and reduced photo-
initiator addition. There are also several methods
that include the application of two photo-initiators,
whose absorption properties in accordance the
emission bands of the mercury lamp [17, 18],
the inhibitory effect of oxygen can be decreased
by the addition of molecules, for instance adding
amines and thiols to the polymerization systems is
recognized to decrease the oxygen harmful effects
[19-21] or utilization of wax additives [22, 23].

However, the aforementioned methods
increase the production cost or drawbacks in the
products. For example, excess concentrations
of photo-initiator will decline light penetration
to the bulk of the coating layer, leading to non-
homogeneous and/or low conversion, which
may result to the inferior of adhesion properties.
Many amines are characterized by having low
ionization potentials, such property enables this
amine to participate in a plethora of photoinduced
electron transfer reactions [24], which can react
with peroxyl radicals and produce new reactive
radical capable of propagating the polymerization
process.

In this study, we propose a two different
procedures namely one-shot sonochemical

HsC SO;Na
o) HN CHj,
H,C
HsC
o) HN CHj
HsC SO;Na

C.I. Acid Blue 80

polymerization or by using conventional thermally
synthesis procedure to develop new class of
polyurethane acrylates with built-in amine co-
initiators, which can reduce tacky problems and
enhance substantively of coated surfaces towards
anionic dyes such as acid dyes i.e., modifying
polyurethane acrylate backbone with hydrogen
donor group as anti-oxygen inhibition strategy.
Also, the present research work demonstrates the
comparisons between sonochemical and thermal
polymerization systems to synthesis polyurethane
acrylates with built-in amine co-initiators.

Experimental

Materials

Polyester plain weave fabric (100%) of 165 g/
m? (supplied by private sector Co., Cairo, Egypt)
was treated with a solution containing 0.5 g/L
non-ionic detergent Tissocyl CSB (Zschimmer
and Schwarz, Burgstddt, Germany) and 1 g/L
sodium carbonate at temperature 70 ‘C for 1
h, and then thoroughly rinsed and air dried at
room temperature. Two commercial acid dyes
(Fig. 1) were used in this study kindly supplied from
Bruno Ludewig GmbH (Emsbiiren, Germany).
Polyethylene Glycol 600 (PEG; Mn= 600, Across)
was dried at 80 °C under vacuum for three hours
before used. Isophorone diisocyanate (IPDI, Sigma-
Aldrich), Dibutyltindilaurate (DBTDL, Sigma-
Aldrich), 2-hydroxyethyl acrylate (HEA, Fluka),
and Diethanolamine (DEA, Riedel-de Haeen)
were used as polymerization media. Hydroquinone
(SRLchem) was used as an inhibitor agent of
acrylate. 2-Hydroxy-4'- (2-hydroxyethoxy) -2-
methylpropiophenone (Aldrich) was used as photo-
initiator for acrylates group. Butanone of analytical
grade was used as polymerization media.

HO

Na0,S N=—N

N803S

SO;3Na

C.I. Acid Red 18

Fig. 1. The chemical structures of used dyes.
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Methods

Synthesis of polyurethane Acrylates.

Conventional heating synthetic route

For preparation polyurethane acrylate, PEG
and 10 ml solvent (butanone) were initially
mixed in a four-necked flask equipped with a
thermometer, reflux condenser and nitrogen
inlet attached on the mechanical stirrer. IPDI
and DBTDL as a catalyst were added gradually
through a separating funnel at 40-45 °C for 30
min, which replaced with a reflux condenser after
complete addition. After complete addition of
the IPDI, the polymerization reaction was started
using mechanical stirrer at 50 °C for 60 min. HEA
and inhibitor (hydroquinone) were added to the
system gradually through a separating funnel and
left the polymerizations for 3 hours. During the
polymerization, the reaction temperature was kept
constant at 80 °C and under constant N, purging.
More solvent was added to the polymerization
process, till the total amount of solvent (butanone)
in polymerization reaction was 35 ml.

In case of polyurethane acrylate preparation with
build in amine, a similar polymerization reaction
was performed but the amine was added before
HEA where acrylate was added as capping for the
polyurethane build in amine. The obtained polymers
were kept in a dry and dark place. The molar ratio
that may affect the polymerization reaction were
studied, and the parameters for the preparation of
polyurethane acrylate are shown in Table 1.

Sonochemical Synthetic route

The preparation of polyurethane acrylate
resins sonochemically was performed in details
as follows: PEG and 10 mL solvent (butanone)
were initially mixed in a four-necked flask
equipped with an ultrasonic horn, nitrogen
inlet, reflux condenser, and thermometer. The
polymerization reaction was initiated via using
ultrasonic irradiation produced by Hielscher
Ultrasonic device (100 W, 30 kHz), attached with
titanium horn (MS7, @=7 mm, and the length=80
mm). During the polymerization, a constant rate
of N, purging and water-cooling circulation to
decrease the reaction temperature of the system
were both used. IPDI and DBTDL as a catalyst
were both added gradually (30 min) through a
separating funnel, which replaced with a reflux
condenser. After complete addition, we observed
that the reaction temperature was raised to 90 °C,
then the system was cooled down to 40 °C before
adding HEA and inhibitor (hydroquinone) during
10 min and change the ultrasonic parameter to
50% power with 0.5 cycles. The reaction was
finished after 60 min of adding HEA. In case of
polyurethane acrylate with build in amine, amine
was added first before acrylate (HEA). After 30
min, HEA and hydroquinone were added and
the obtained polymer was kept in a dry and
dark place. The polymerization parameters were
summarized in Table 1.

TABLE 1. Codes and molar ratio composition of different polyurethane resins prepared either by the sonochemical

or conventional heating synthetic route.

Molar ratio of monomers Preparation
Sample code
Method
IPDI glycol HEA DEA
PU-1 2 1 - -—- Conventional
route
PUA-2 2 1 2 -
PUA-3 2 1 2 1
PU-4 2 1 - - Ultrasonic
route
PUA-5 2 1 -
PUA-6 2 1 1

UV curing of polyurethane acrylate resins

Various UV-cured coatings have been
formulated using PUA-2, PUA-3, PUA-5
and PUA-6, and a reactive diluent. The UV
cured PUAs films were formed by casting the
formulation with 2 wt % free radical type photo-

initiator  (2-Hydroxy-4"-(2-hydroxyethoxy)-2-
methylpropiophenone) onto polyester fabrics.
Film formation was carried out at room
temperature. The solvent was then allowed to
evaporate at temperature 25°C and 80°C in an
oven. Then it was exposed to medium pressure
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under a mercury lamp (UV 125 W). Properties of
cured films were tested and compared after 48h.

Printing procedure of polyester fabrics

The printing pastes were prepared according
to the following recipe:

Acid dye lg
Guar gum 15¢g
Urea 10g
Ludigol 05g
Water 87¢g
Total 100 g

The aforementioned printing pastes were
applied to unmodified and modified polyester
fabrics by using a conventional flat screen-printing
method. After printing, the printed samples were
dried followed by steaming at 100 °C for 20 min.
The fabrics were then soaped using 3 g/L of non-
ionic detergent (Tissocyl CSB) at 60 °C for 15
min, rinsed thoroughly with hot water, then cold
water in order to remove the unfixed dyes and
finally air dried.

Color strength measurements

The PET fabrics printed under different
conditions of treatments were individually tested
for their color strength. The color strength (K/S)
values of the printed fabrics were instrumentally
determined from reflectance measurements with
the Kubelka—Munk Equation [25, 26]as shown in
equation (1).

K_ (1-p)°
S TS

Where f is the degree of remission = R/100.
Reflectance (R) obtained from software
calculation is expressed as a percent value. (S) is
the scattering coefficient and (K) is the absorption
coefficient of the printed fabrics. This K/S value is
a parameter commonly used to demonstrate how
deep the material color is of given textile fabrics.
The higher the K/S value is, the deeper the color
is [27]. We can use the increase of the K/S value
as a characteristic of the binding dye molecules
onto PET surfaces modified with polyurethane
acrylates either with or without built-in amine [28,
29]. The colorimetric measurement by reflectance
was carried out in ACS imaging system CS-5
Chroma Sensor colorimeter (standard illuminant
D65; 100 standard observer). The reflectance of
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the printed fabrics was measured in the range of
400-700 nm. In the process, the unprinted fabrics
were used as a reference.

Color fastness properties

The color fastness properties of the printed
fabrics to washing and crocking were assessed by
DIN EN 20105-C01:1992 and DIN EN ISO 105-
X12:2002, respectively.

Characterization

Infrared Spectroscopy (FTIR)

The infrared spectra for the prepared polymeric
resins were measured to analyze its chemical
structure. The polyurethanes were conducted to
infrared Spectrometer (JASCO FTIR 6100, made
in Japan), attached with a detector of deuterated
triglycine sulfate (TGS). The transmission spectra
(T %) were collected in the scanning range of 4000—
400 cm™! using a resolution of 4 cm™ with 1 cm™
interval scanning and scanning speed of 2 mm/sec.

Gel Permeation Chromatography (GPC)

The average number molecular weights (Mn),
the average molecular weights (Mw) and the
molecular weight distribution (Mw/Mn) were
all measured for the prepared polymer by using
Agilent Gel Permeation Chromatography (GPC).
The measurements were performed using water
peristaltic pump HPLC (flow rate of DMF 1 mL/
min) and water 410 refraction index detector.

Rheological behavior

The rheological properties of the polyurethane
acrylates were determined by using an AR2000
Rheometer (TA Instruments, New Castle, DE) at
a constant temperature (25°C). For each solution,
average values were obtained from at least three
measurements.

Scanning electron microscopy & EDAX

The morphological structure of photocurable
polyurethane acrylate films was investigated with
scanning electron microscopy. All samples were
mounted on aluminum stubs, and sputter coated
with gold in a 150 A sputter (coated Edwards) and
examined by Quanta FEG 250. Electron Probe
Microanalysis (Japan) equipped with Energy-
Dispersive X-ray facility (EDAX), magnification
range 35-10,000, accelerating voltage 20 kV.

NMR

All prepared samples were examined by
Proton NMR spectroscopy was performed with
a Varian Gemini 400 MHz instrument. The tests
were carried out at Microanalytical Center,
Faculty of Science, Cairo University, Egypt.
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Mechanical properties

Tensile strength (kg) and elongation at break
(%) of UV cured films of the prepared resins were
measured using Instron Series 2701 Pneumatic
Grip Control, Assembled in the USA. Dual
clamps and 40-mm samples with 10 mm width
and 1 mm thickness were used. The tests were
carried out at Clothing and Knitting Department,
Textile Research Division, National Research
Center, Egypt.

Results and Discussion

Synthesis of UV-curable polyurethane acrylates
resins with built-in amine

UV-curable polyurethane acrylates resins were
synthesized via shorter reaction time ultrasonic
synthetic route compared to conventional heating
two-step synthesis process in case of polyurethane

acrylates, or three-step synthesis process in
case of synthesis built-in amine counterpart.
These resins were synthesized by the reaction
of Isophorone diisocyanate (IPDI), polyethylene
glycol (PEG), 2-hydroxyethyl acrylate (HEA),
and diethanolamine (DEA) in the presence of
dibutyltin dilaurate (DBTDL). The free radical
inhibitor was applied to avoid free-radical
initiated polymerization via acrylic groups. The
reactants stoichiometry of each synthetic route is
mentioned in Table 1.

The UV-curable polyurethane acrylate resins
were prepared according to the schematic outline
as shown in Scheme 1 &2.

The UV-curable polyurethane acrylate built-
in amine resins were prepared according to the
schematic outline as shown in Scheme 3-5.

Step 1: Synthesis of isocyanate (NCO) terminated polyurethane (PUX) pre-polymer

H3C CHs

HO~OH 4+ » Nnco —8°C
DBTDL
0CN

CH;

(Glycol) ( ll’Dl)

CH; H;C
0

1]
) 'H(‘—O—O—ﬁ NH

CH;

Scheme 1. PUX = PU-1, PU-4

Step 2: Reaction of isocyanate (NCO) terminated polyurethane (PUX) with HEA

HC._,
0 0 .
50°C I I \ /
PUX »  C—OCHCH,0CNH.
HEA I “ CHy
CHy+CH

CH;

NCO
CH; PUX cu!

HC
. o T\ CHy
Il

»—NHC—-0—-0—~CNH— ) (6] CH=CH,
f ] \ | [
0 : NHC OCH,CH,0C
CH; 0
PUAZ

Scheme 2. PUAZ = PUA-2, PUA-5

Step1: Synthesis of isocyanate (NCO) terminated polyurethane (PUX) prepolymer

me. B
o
HO~OH | » NcO —%°¢
DBTDL
OCN
CH;
{ Glycol } ( - )

CH; HsC
O

[l
NHC—O0— 0—(|{NH
NCO
CH3 CH3

Scheme 3
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Step 2: Synthesis of built-in amine polyurethane pre-polymer

O O
500 C Il Il
OCN NCO HO OH _ >~ _ i
H H
(DEA)
Scheme 4
Step 3: Reaction of built-in amine polyurethane prepolymer with HEA
1 v - ¥ o o 0 0 (H=CH

I I | I | f
OONawNHO, o~ o~ OONHs NCO . » C-OHHOMNHWNHO, -~ ~ OCNHwNHCOCH.(HOC
t;l ¥ 2.HEA | N W T
- H 0

CHy=CH

PUAY

Scheme 5. PUAY = PUA-3, PUA-6

FTIR spectrum analysis of the polyurethane ac-
rylate resins

Fourier-transform infrared (FTIR) spectral
study of prepared polymers provides useful
information about their structural features as
it gives the idea about the nature of functional
groups and the skeletal structure of the
polymers. In suitable cases, the IR spectral study
proved a useful understanding in the course of
a polymerization reaction. PU-1, PUA-2, PUA-
3, PU-4, PUA-5, and PUA-6 have been well
considered by FT-IR spectroscopy as shown in
Fig. 2-6 and the summary of their characteristic
absorption peaks is represented in Table 2.

In the two-steps reaction process, the peaks
assignment of the important functional group
of synthesis isocyanate (NCO) terminated
polyurethane (PU-1) and (PU-4) are presented
and interpreted in Fig. 2, respectively. It was
observed that there is no significant difference
between sonochemical and conventional heating
in the first step.

Figure 1 shows the FT-IR spectrum of the
formation of isocyanate terminated polyurethane
pre-polymer. It can be obviously detected from
the spectrum that the NH groups appeared at
3328 cm™!. Another peaks detected in the FT-IR
graph of polyurethane prepolymer were allocated
at 2930 cm™' (the C-H symmetric stretching of

Egypt. J. Chem. 63, No. 3 (2020)

-CH,); 2877 cm™' (the C-H asymmetric stretching
of -CH, groups); 2240 cm™' (N=C=0 group);
1112 cm™ (-C=0O stretching band of the soft
segment). The PU prepolymer has shown some
characteristic absorption peaks, were assigned
at 1535 cm™!, 1495 cm™' for (-N-H and -C-N,
bending and stretching bands), 1720 cm™ (CO
stretching band) and 3328 cm™' (N-H stretching).

Figures 3 and 4 show the IR Spectra of vinyl
terminated PU polymers namely the PUA-2
and PU-5 respectively. It is obviously detected
from the FT-IR spectrum of vinyl terminated PU
prepolymers that the isocyanate (-N=C=0) peak
at 2240 cm ! has been vanished, which indicates
a complete consumption of the -N=C=0 contents
during the reaction with 2-hydroxyethyl acrylate
to form vinyl terminated PU prepolymer. In
addition, FT-IR graph of polyurethane with
terminated vinyl groups show N-H stretching
peak at 3334 cm™!, which could be regarded
to the formation of urethane linkage in the
polyurethane prepolymer. The -C-H stretching
of the CH, group was detected at 2879 cm™
(asymmetric -C-H) and 2944 cm™ (symmetric
-C-H). The FT-IR graph demonstrations sharp
peaks at 1718 cm™ and 1641cm™ which could
be assigned for the -C=O stretching and C=C
stretching of the prepared polymer, respectively.
1193 cm™ assigned to -C-O, -C-C stretching.
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In the three-steps reaction process, the peaks
assignment of the important functional group of
synthesis built-in amine polyurethane terminated
with vinyl groups (PUA-3 and PUA-6) are
presented and interpreted in Fig. 5 and Fig. 6
respectively. It is clearly observed in the FT-
IR spectrum of the formation of built-in amine
groups between isocyanate (N=C=0) terminated
polyurethane C-O, C-C stretching at 1193 cm™!
has been disappeared indicating the formation of
the built-in amine group. After that capping the

product with HEA, FTIR graph of polyurethane
containing vinyl terminated groups show a
distinct peak of N-H stretching at 3326 cm’!
ascribed for the generation of urethane linkage in
the polyurethane prepolymer. The C-H stretching
of the methylene group was detected at 2900 cm ™.
The FT-IR graph shows sharp peaks at 1712 cm™!
and 1635 c¢cm!, which are ascribed to the C=0O
stretching and C=C stretching of the prepared
polyurethane.

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)
Fig. 2. IR spectrum of Polyurethane (PU-1 &PU-4).
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm)

Fig. 3. IR spectrum of Polyurethane Acrylate (PUA-2)

Egypt. J. Chem. 63, No. 3 (2020)
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4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm!)

Fig. 4. IR spectrum of Polyurethane Acrylate (PUA-5).

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm)

Fig. 5. IR spectrum of Polyurethane Acrylate (PUA-3).

Egypt. J. Chem. 63, No. 3 (2020)
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4000 3500 3000 2500

2000 1500 1000 500

Wavelength (cm™)

Fig. 6. IR spectrum of Polyurethane Acrylate (PUA-6).

TABLE 2. FTIR peaks and its chemical composition for polyurethane acrylate resins.

PU-4 & PU-1 PUA-2 & PUA-5 PUA-3 & PUA-6
Absorption Functional Absorption Functional Absorption Functional
peak (cm™) groups peak groups peak groups
3328 -NH 3334 -NH 3326 -NH
2930 -CH 2944, 2879 -CH 2900 -CH
2240 -NCO 2240 -NCO 1712 -C=0
1720 C=0 1718 -C=0 1635 C=C
1535 -N-H 1641 C=C -- --
1495 -C-N 1193 -C-0 -- --
1112 C-0 -- -- -- --

The extensiveness of the polymerization
could be guaranteed by the disappearance or
appearance of some distinguished peaks. In the
present work, the FT-IR graph of isocyanate
(N=C=0) peak at 2240 cm™' was vanished and a
new peak was detected at 3334 cm™ ,which may
be belongs to the N-H

!H NMR characterization of the polyurethane
acrylate resins

Spectroscopic characterization of polyurethane
acrylates resins with and without built-in amine
has been carried out using 'H-NMR. Fig. 7

shows the '"H-NMR spectrum of the synthesized
polyurethane PU-4 peaks at 7.00 and 7.2 ppm due
to the urethane protons of (-NHCOO-).

While three characteristics peaks at 5.9,
6.1, and 6.3 ppm are clearly observed in Fig. 8,
which demonstrate the presence of acrylic groups
(-CH,=CH—COO—) in the molecular structure
of PUA-2 and PUA-5. The peaks 7 and 7.2 ppm
are given to the urethane groups (— NHCOO —),
demonstrating that the structure of —NH— is
formed due to the reaction between—N=C=0 of
the IPDI with hydroxyl groups.

Egypt. J. Chem. 63, No. 3 (2020)
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Fig. 7. NMR chart of PU-4.

.Jff J
. .. It
‘1‘2 1‘1 10 5‘ Br o 7r ’ ‘ é 5 A

2.408
2,061
0.907

Fig. 8. NMR chart of PUA-2 and PUA-S.

In Fig. 9 the peaks at 2.8 and 3.8 ppm 6
are due to the methylene proton (CH, (b)-
CH, (c)) of the long alkyl side chain formerly
existing in diethanolamine and peak at 4.8-5.0
ppm is characteristic to the -NH (a) group in
diethanolamine Scheme 6. These peaks prove
the formation of built-in amine in the molecular
structure of PUA-3 and PUA-6.

Egypt. J. Chem. 63, No. 3 (2020)

Three characteristics peaks at 5.9, 6.1, and 6.3
ppm are clearly observed in Fig. 9, which verify
the presence of acrylic groups (-CH,=CH—
COO—) in the chemical composition of PUA-
3 and PUA-6. Also, the characteristic peaks are
summarized in Table 3.
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Fig. 9. NMR chart of PUA-3 and PUA-6.
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Scheme 6.

TABLE 3. 'TH-NMR spectral data of polyurethane acrylates resins.

} )
(I:plfnl;m single peak PU-1 and PU-4 PUA-2 and PUA-5 PUA-3 and PUA-6
7-7.2 — NHCOO— — NHCOO— — NHCOO—
5.9-6.3 - CH,=CH—COO— CH,=CH—CO0—
4.8-5.0 - - NH
2.8-3.8 - - -CH,
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Molecular Weight Determination

Gel permeation chromatography can
determine several important parameters such as
(Mn), (Mw) and (Mw/Mn). The results of GPC
analysis comprising average number molecular
mass (Mn), average molecular mass (Mw), and
polydispersity (Mw/Mn) were presented in
Table 4.

The GPC data in Table 4 showed that all
the prepared polyurethane-acrylate possess a
higher molecular weight than those of poly-
urethane alone. For instance, in sonochemical
synthetic route, the (Mw) and (Mn) were both
dramatically increased from 5000 and 1980 for
polyurethane (PU-4) to 156200 and 2800 for
polyurethane-acrylate (PUA-5), respectively.
On the other hand Mw and Mn increased to
4200 and 21800 respectively for polyurethane
acrylate built-in amine (PUA-6). Also, the
PUA-5 has a polydispersity of 5.6, indicat-
ing that the molecular weight distribution of
the PUA-5 is wide. These results indicate that
there is some degree of oligomerization taking
place under the sonochemical reaction condi-
tions employed.

Rheology characterization

The variation in the rheological behaviors
is an essential factor in determination of the
processability and cured films properties.
Viscosity of synthesized resins is related to the
dynamic extension and segment density, which
depends on intermolecular chain entanglement
and the volume of a molecule. Fig. 10 shows the
viscosity profiles of polyurethane acrylate resins
PUA-5 and PUA-6 versus share rate.

Also, Fig 10 shows that, the viscosity of
PUA-5 and PUA-6 resins decrease severely
as the shear rate rises (1 to 5), also decreases
steadily from 5 to 50. As the shear rate increases,
the physical crosslinks are broken down, therefor
a remarkable decrease in viscosity. This suggests
that PUA-5 and PUA-6 exhibit shear thinning or
pseudo-plastic behavior. Figure 10 shows that,
the rate of PUA-6 viscosity is higher than those
of PUA-5 resin implying less entanglement in
case of built-in amine resin.

UV-curing of polyurethane acrylate resins
on polyester fabrics

Regarding to the processing techniques of
thermosetting polymers, the curing process is
proposed in which the polyfunctional reactive
groups in the oligomer or the polymer are
modified into a cross-linked macromolecular
three-dimensional structure. Scheme 7 describes
the main processing steps for the production of
UV-curable polyurethane acrylate films with and
free of the built-in amine group.

In order to study the potential of polyurethane
acrylate resins after synthesis of built-in amine
resin for their utility in UV-cure coatings, a number
of UV-cure coatings formulas at Table 5 were
formed and their characterizations were studied.

Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray analysis (EDX)

SEM was used to full characterize the surface
morphology of the UV-cured films. Fig. 11a, b
and c illustrates the SEM images corresponding
to the morphology of UV cured films of poly-
urethane UVPU-4, polyurethane acrylate resins
UVPUA-2 and UVPUA-5 respectively.

TABLE 4. Molecular weight data of sonochemically prepared polyurethane-acrylate resins.

Sample code Mn (x 10%) (g mol™) Mw (x 10%) (g mol™) Mw/Mn
PU-4 1.98 5.00 2.5
PUA-5 2.80 15.62 5.6
PUA-6 4.20 21.80 5.19

Egypt. J. Chem. 63, No. 3 (2020)
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Fig. 10. Rheological curve behavior of PUA-5 and PUA-6.
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TABLE 5. Composition of UV-curable of polyurethane resins

UVPUA-2 UVPUA-3 UVPUA-5 UVPUA-6 UvPU-4

Polyurethane
acrylates built-in
amine resin

Polyurethane
acrylates built-in Polyurethane resin
amine resin

Polyurethane
acrylates resin

Polyurethane
acrylates resin

photoinitiator

Reactive diluent

20.00 kV . 10.5 mm 2:05:12 PM National Research Center ( QUANTA FEG 250)

EdSeEtD 13Ha: ﬂm 2:1 National Research c:ﬁt‘é:? QUANTA FEG 250)
Fig. 11. SEM images of UV-cured films, (a) UVPU-4; (b) UVPUA-2 and (¢) UVPUA-5. Cured film composition:
prepolymer/reactive diluent = 50/50 (wt %); photo-initiator 2 wt %.
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Cured films composition: prepolymer/reactive
diluent = 50/50 (wt %); photoinitiator 2 wt %.

The UVPU-4 (Fig. 11a) possesses an irregular
and rough surface structure due to the rubbery
character of PU-4, which can be produced by
incomplete UV curing even after a long time.
We can understand this surface morphology a
result of the absence of acrylate group in the
molecular structure of UVPU-4, which may
lead to crosslinking and complete curing. On the
other hand, UVPUA-2 and UVPUA-5 (Fig. 11b
and c) have a less irregular surface and exhibits
continuous phase morphology in comparison
with that of UVPU-4. The overall net effect of
UV curing on polyurethane acrylate resins has
been known to depend on the concentration of the
terminal-CH=CH, group.

The surface morphology of UVPUA-6 was
investigated as shown in Fig. 12. It was found
that the UV cured film morphology depends on
the viscosity of the resin and in turn the type of
applied UV zone. Fig. 13 shows the relationship
between UV light penetration depth and UV light
wavelength, as the UV wavelength decrease its
effect is limited to the film surface and vice ver-
sa. For this reason, as the viscosity increase, it is

: HY mag [ | spot WD de
= | 20.00kv | 3000 | 5.0 | 13.7 mm | BSED

HPW

138 pm

useful to apply UV light with higher wavelength
to obtain through cure. Also, there is another hy-
pothesis that is built-in amine may be plasticized
UV curable and reduce the strength of UV curable
film. Then, show some surface irregularities as in
Fig 12.

To further elucidate the nature of UV cured
film surface, the elemental composition was mea-
sured by energy dispersive X-ray spectroscopy
(EDX). In comparison with UVPU-4, UVPUA-2,
UVPUA-5 and UVPUA-6, it was found that
UVPUA-6 has the highest carbon contents (Fig
14), this may result from the existence of extra
four carbons of diethanolamine in the molecular
structure of polyurethane acrylate resin built-in
amine UVPUA-6.

Mechanical properties

The mechanical properties for UVPUA films
were listed in Table 6. Which show the influence
of formation built-in amine in polyurethane acry-
lates resin on its elasticity by measuring Young
Modulus (YM). Young’s modulus can be used
to predict the elongation or compression of UV
cured films when exposed to force, YM evaluated
from stress-strain curves.

7/9/2018
2:33:57 PM | National Research Center { QUANTA FEG 250)

T D —

Fig. 12. SEM image of UVPUA-6 cured film.
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Light wavelength, nm

Surface cure Through cure

Penetration depth, pm

Fig. 13. The relation between light wavelength and penetration depth during the curing process of polyurethane
acrylate resins on PET fabric surface.
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Fig. 14. The carbon weight (%) of different UV curable polyurethane films.

TABLE 6. The effect of chemical composition on the mechanical properties.

Stress at max. load (KgF/ Young Modulus (KgF/

Sample code Strain at max. Load (%) mm?) mm?)
UVPUA-2 27.167 0.354 1.565
UVPUA-3 109.000 0.014 0.017
UVPUA-5 22.667 0.099 0.496
UVPUA-6 107.569 0.013 0.015
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It is clearly observed that the elastic modulus
of the UV curable polyurethane acrylate resins
decreased with the introduction of amine group
regardless of the applied synthetic approach.
This result may be attributed to crosslinking den-
sity formed during UV curing. For this reason,
UVPUA-2 and UVPUA-5 have high crosslink-
ing density, on contrast UVPUA-3 and UVPUA-6
have high viscosity as shown on rheology charac-
terization, which prevents through cure and for-
mation low density crosslinking films.

Printing behavior

The color strength (K/S) for the untreated
polyester fabric (PET), PUA-3 and treated PET
fabrics with PUA-6 printed with C.I. acid blue
80 and C.I. acid red 18 dyes was represented in
Fig. 15. Obviously, it can be observed that, the
K/S values of treated fabrics were enhanced for
two dyes used in comparison with the unmodi-
fied printed fabrics. It was expected that polyure-
thane acrylates built-in amine layer contains free
amino groups. This improvement in K/S values
of modified PET fabrics with polyurethane acry-
lates built-in amine is related with the presence of
amino groups into the fiber building matrix which
affords a high substantively to acid dyes via corre-
sponding electrostatic attractions. The coloration
of untreated polyester fabric with acid dyes class

1.2

is not possible, since unmodified polyester fabric
does not include amino groups in their building
matrix, which is essential for the dye-fiber inter-
action.

Fabrics are exposed to regular washing and
rubbing during their custom. Hence, the color
fastness of printed treated fabrics were evaluated
to evaluate the tendency of wash down and cross
staining between the adjacent fabrics. Optically
assessment of all samples was contacted using
the gray scale. The gray scale value 5 indicates
no shade change (no stain on the adjacent fab-
ric), whereas gray scale value 1 indicates a se-
vere shade change (staining). Table 7 shows the
evaluations of diverse color fastness of the printed
fabrics with the aforementioned acid dyes. The re-
sults are ranging from very good (4-5) to moder-
ate (2-3) change in color for staining of adjacent
fabrics. The resistance toward abrasion was also
evaluated, and it found to be moderate (2-3).

It is worth noting that, the color fastness
evaluations for the untreated PET are not given
since there is no interaction between PET surfaces
and acid dyes. Though, the discoveries obviously
determine that the molecules of acid dyes were
reserved on the matrix of polyurethane acrylates
built-in amine.

0.8

0.6

K/S

0.4

0.2

0 FFrr] ress

R C.1. acid blue 80 (at 645 nm)

RC.1. acidred 18 (at 530 nm)

T

T

Unmodified Polyester Modified Polyester
Fabric fabric with PUA-3

Modified Polyester
fabric with PUA-6

Fig. 15. Color strength (K/S) of untreated PET and PET fabrics treated with PUA-3 (conventionally prepared
polyurethane acrylates built-in amine) and PUA-6 (sonochemically prepared polyurethane acrylates

built-in amine) printed fabrics.
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TABLE 7. Color fastness properties of polyurethane acrylates built-in amine treated PET fabrics modified with

PUA-3 and PUA-6.

Washing fastness

Rubbing fastness
Dye Staining on
alteration
cotton wool Dry wet
C.I. acid Red 18 4-5 4-5 2-3 2-3 2-3
C.I. acid Blue 80 4-5 4 2-3 3 2-3

Conclusions

In the current work, several UV-curable poly-
urethane acrylates resins with different molecu-
lar structures were synthesized and the effects
of the synthetic approach on their chemical and
physical properties were investigated. The func-
tion groups of -NHCOO, -NCO and content of
unsaturated double bonds (-CH=CH,) were con-
firmed by FT-IR and 'H-NMR. The combination
of acrylate groups was confirmed by 'H-NMR
due to the appearance of the peaks at 5.9, 6.1,
and 6.4 ppm. The sonochemical process produc-
es low viscosity product UVPUA-5 with a very
high degree of acrylation under mild reaction
conditions hence offer systems with significantly
reduced environmental impact. The results indi-
cated that the synthetic resin possess excellent
UV curing performance when (-CH=CH,) exist-
ed in the molecular structure. On the other hand,
this performance decreased in the case of poly-
urethane acrylate resins containing amine group
as built-in amine due to increasing the viscosity
and low efficient through cure process by using
UV lamp from UV Zone-C with the tested thick-
ness. The UV-cured film properties of suggested
UV curing composition were studied. The effect
of formation built-in amine group on thermal
and mechanical properties of cured films was
examined. The results exposed that polyurethane
acrylates resin containing built-in amine pos-
sessed medium photopolymerization efficiency
under UV curing system and UV curing compo-
sition. However, treatment of PET fabric with
polyurethane acrylates resin containing built-in
amine results in an enhancement of the print-
ability of PET with acid dyes via complementary
electrostatic attractions at neutral printing condi-
tion. This word can be considered as an impor-
tant step toward substrate independent coloration
of polyester.

Egypt. J. Chem. 63, No. 3 (2020)

Acknowledgment: The authors wish to thank the
National Research Center (Egypt) for the financial
support of the project no. NRC-11090118.

References

1. Kloosterboer, J.G. Network formation by

chain crosslinking  photopolymerization —and
its applications in electronics, in Electronic

applications, Springer. pp. 1-61 (1988).

2. Yagci, Y., Jockusch, S., Turro, N. J. Photoinitiated
polymerization: — advances, challenges, and
opportunities. Macromolecules, 43(15), 6245-
6260 (2010).

3. Salem, T. Salama, M., Atef El-Sayed,
A. Ultrasound Assisted Synthesis and
Characterization of Polyurethane for Coating
Applications. Indian Journal of Science and
Technology, 9(17), (2016).

4. Atef El-Sayed, A., et al. Synergistic Combination
of Reduction and Polymerization Reactions
to Prepare Silver/Waterborne Polyurethane
Nanocomposite for Coating Applications. Indian
Journal of Science and Technology, 9(17) (2016).

5. Decker, C. The use of UV
polymerization. Polymer International,
133-141 (1998).

irradiation in
45(2),

6. Miller, C.W., et al. N-vinylamides and reduction
of oxygen inhibition in photopolymerization of
simple acrylate formulations. ACS Publications
(2003).

7. Lee, T., et al. The effect of monomer structure
inhibition of (meth) acrylates
photopolymerization. Polymer, 45(18), 6155-
6162 (2004).

on oxygen

8. Bhanu, V., Kishore, K. Role of oxygen in
polymerization reactions.
91(2), 99-117 (1991).

Chemical Reviews,



DEVELOPING A NEW CLASS OF UV-CURABLE POLYURETHANE ... 991

10.

12.

14.

15.

16.

17.

18.

19.

Ligon, S.C., et al. Strategies to reduce oxygen
inhibition in photoinduced polymerization.
Chemical Reviews, 114(1), 557-589 (2013).

UVLED efficient curing. 21.11.13;

Available from: http://www.fp7-uvled.eu/.

energy

. Belon, C., et al. Overcoming the oxygen inhibition

in the photopolymerization of acrylates: A study
of the beneficial effect of triphenylphosphine.
Journal of Polymer Science Part A: Polymer
Chemistry, 48(11), 2462-2469 (2010).

O’Brien, A. K., Bowman, C. N. Impact of oxygen
on photopolymerization kinetics and polymer
structure. Macromolecules, 39(7), 2501-2506
(20006).

. Oster, G., Yang, N.-L. Photopolymerization of

vinyl monomers. Chemical Reviews, 68(2), 125-
151 (1968).

Studer, K., et al. Overcoming oxygen inhibition in
UV-curing of acrylate coatings by carbon dioxide
inerting: Part II. Progress in Organic Coatings,
48(1), 101-111 (2003).

Krongauz, V. V., Chawla, C. P., Dupre, J. Oxygen
and radical photopolymerization in films. ACS
Publications (2003).

Studer, K., et al. Overcoming oxygen inhibition in
UV-curing of acrylate coatings by carbon dioxide
inerting, Part 1. Progress in Organic Coatings,
48(1), 92-100 (2003).

Dietliker, K., A compilation of photoinitiators
commercially available for UV today. SITA
(2002).

Slawinski, J., Elbanowski, M., Slawinska, D.

Spectral characteristics and mechanism of
chemiluminescence from tryptophan solutions
induced by UV-irradiation. Photochemistry and

Photobiology, 32(2), 253-260 (1980).

Cramer, N. B., Bowman, C. N. Kinetics of thiol—
ene and thiol-acrylate photopolymerizations with

real-time fourier transform infrared. Journal of

Polymer Science Part A: Polymer Chemistry,
39(19), 3311-3319 (2001).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ahn, K.D., et al. New aromatic tert-amines for
application as photoinitiator components in
photocurable dental materials. Macromolecular
Chemistry and Physics, 204(13), 1628-1635
(2003).

Fouassier, J.-P., Rabek, J. F. Radiation curing
in polymer science and technology: Practical
aspects and applications. Vol. 4. Springer Science
& Business Media (1993).

Bolon, D. A., Webb, K. K. Barrier coats versus
inert atmospheres. The elimination of oxygen
inhibition in free-radical polymerizations. Journal
of Applied Polymer Science, 22(9), 2543-2551
(1978).

Zhao, Y., et al. Utilization of DSC, NIR, and NMR
for wax appearance temperature and chemical
additive performance characterization. Journal of
Thermal Analysis and Calorimetry, 120(2), 1427-
1433 (2015).

Davidson, R. The role of amines in UV curing.
Radiation  curing in polymer science and
technology. 3, p. 153-176 (1993).

Anmirshahi, S. H., Pailthorpe, M. T. Applying the
Kubelka-Munk equation to explain the color of
blends prepared from precolored fibers. Textile
Research Journal, 64(6), 357-364 (1994).

Alvarez, J., Lipp-Symonowicz, B. Examination
of the absorption properties of various fibres in
relation to UV radiation. Autex. Res. J. 3(2), 72-
77 (2003).

Allen, E., Grum, F., Bartelson, C. J. Optical
Radiation Measurements. Academic Press New
York (1980).

Salem, T., et al. Modification of plasma pre-treated
PET fabrics with poly-DADMAC and its surface
activity towards acid dyes. Progress in Organic
Coatings, 72(1-2), 168-174 (2011).

Salem, T., et al. Different plasma-based strategies
to improve the interaction of anionic dyes with
polyester fabrics surface. Applied Surface Science,
264, 286-296 (2013).

Egypt. J. Chem. 63, No. 3 (2020)



992

T. SALEM, M. SALAMA

Apudld) (358 4ndNL Alaiall culy S) Gile Aol Cladily) e B g sk
sMal) ciliylas B Lgaliin

MMW«@SL“&JLL

e 5yl - gall )5Syl — el eliall & gy e

13 Caagy colaladiud) saanie colindaill asulid 33 Gua g il o & ginall yiced gl Al liie) (Say
s ) e Aty jad o) A8 sl e Gl o A siae s s A sane JUa3) ) i)

sl Dlagil ) ppdasd b Gaal) Cle ganay (il g dpmadiall (§ 58 423V0 alualall culy 81 G 5 (s O
phasiuly ol agiseall (558 o gall aladindy 5l Bk e Ll Y] e gene Laadll by SV 0 )5
Gab e il 358 AxY) e leaill ALEN il I jumad o ¢l aay il (5] al) juaadl)
(s it Jlo S il oda Jial i 1 U sSall e oy ST Oy s 2 (sl (e gete el i) 7 e
H1-) @55l abalinall )l aladiuly 5 jumnal) 45 suall &l jadd gl ailiad dul 50 Caad 5 gaall Jelill
gl pailiad (asd 21 LS (GPC) (e siles SU Juaills « (FTIR) s seall cni 223315 « (NMR
L8 i) & 8 i ) s el e @iy DALY 5 SV muld) jeaall alainly caliaial) gl )l
By e Mall Aide il IS5 g sl e 4 sinal) Cile sanall ed 4gleld e anl 5l 5585 e sadadll
Jeid e gana o byl (g sinall s yumaall (s sl el sl o) peall Can and) il < ekl
i) A5 Gy sl Al (585 () b (5 5mag -1 w3326 (o sall Jshall die N-H 4o sene sea
Aaede (el e sana o 4 ginall ) 50 (Jsall Clasil ) aladiuly el gl 48l dallee o) SIS L)
il gl Al o skl saan dia b Jlal) Gl iy Apmeall flaall debuall 4L 85 ) a5
Gkl Leahadin) ool Ll Al dpcaeall ¢ LuaVUL deluall alldls gan g il e 4 gisdll
Aalia ) e liall

Egypt. J. Chem. 63, No. 3 (2020)



