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Summary

New UV curable methacrylated urethanes (PAPHEN-XIEM) were synthesized by
substituting X percent (e.g., 10, 20, 30 %) of the total OH content of the PAPHEN-301
(Scheme 1) with isocyanatoethyl methacrylate (IEM). These resins were used alone (neat resin
formulation) or as a mixture of 5, 10 and 13 % (w/w) respectively with methacrylated urethane
prepolymer (PTHFUMA) in UV systems. For neat resin formulations, tensile strength and
modulus values were observed to be inversely proportional with the modification degree of
PAPHEN-301 as opposed to what is normally expected. This may be explained as a result of
screening effect of increasing unsaturation. The water absorption capacities for neat resins and
PTHFUMA-included formulations were decreased as the modification degree increased due to
the replacement of hydrophilic OH groups of PAPHEN-301 by the hydrophobic methacrylate
groups. TGA thermograms of neat resin formulation show that, initial weight loss
temperatures are lower; possibly owing to the higher methacrylate content in the formulations.

Introduction

Radiation curable coating applications have been increasing due to the advantages such
as lower energy consumption, less environmental pollution and very rapid curing (1-3). In
general, UV curable coating formulations are consisted of primarily three major components;
namely, a reactive oligomer, end-capped with a functional group such as acrylic or methacrylic,
a mono or polyfunctional reactive diluents, and a photoinitiator. Nonreactive additives such as
pigments, adhesion promoters, surface active agents, may be used in formulations depending on
the specific application. However, reactive oligomers, which govern the mechanical properties
of the UV-cured films, are the major ingredients in these formulations (1-7).

In this study, we used N-vinyl-2-pyrrolidone (NVP) as the reactive diluent (NVP) due to
its powerful solvating effect, diethylene glycol dimethacrylate (DEGDA) as crosslinking agent
and isobutyl benzoin ether (IBUBE) and dibutyltin dilaurate (DBTDL) as photoinitiator and
catalyst, respectively.

PAPHEN-301 (Scheme 1) is a tough, ductile epoxy based thermoplastic resin with good
cohesive strength and good impact resistance. Its ether linkage and pendant hydroxyl groups
promote wetting and bonding to polar substrates and fillers. It is compatible with many polymers
and is an efficient flexibilizer for cross-linked formulations. It improves the performance of
metal primers and coatings for metal, wood, and flexible substrates. It imparts outstanding
properties in magnetic tape, adhesive, molding and extrusion applications (8).
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Scheme 1: PAPHEN-301

In order to transfer the above-mentioned properties to the UV-curable formulations,
PAPHEN-301 was modified with isocyanatoethyl methacrylate (IEM). The amount of IEM
used to modify PAPHEN-301 was varied to consume 10,20, 30 % (w/w) of the total hydroxyl
groups of PAPHEN-301. The respective modified resins thus obtained were coded as
PAPHEN-10IEM, PAPHEN-20IEM, PAPHEN-30IEM (PAPHEN-XIEM) (Scheme 2) and
used as oligomers in the formulations. These oligomers were used either alone (neat resins) or
in a mixture with the methacrylated urethane prepolymer (PTHFUMA). PTHFUMA was
synthesized from IEM and polytetrahydrofurandiol (PTHF) via one step reaction (Scheme 3).
The effect of urethane content on mechanical, thermal and physical properties were investigated
for the two systems.

Experimental

Materials

Isocyanatoethyl methacrylate (IEM, Dow Chemical Co.) was used without further
purification. Purity was determined to be 90.8 % analytically (9). Polytetrahydrofuranediol
(PTHF, BASF Inc.) was vacuum dried before use. Its hydroxyl number was determined to be
104 mg KOH/g (10)N-vinyl-2-pyrrolidone (NVP, GAF Corp.) was dried over 4A° molecular
sieve before use. Diethylene glycol dimethacrylate (DEGDA, Alcolac Int. Inc.), PAPHEN-301
(Phenoxy Associates) having a hydroxyl equivalent weight of 499 were used as received.
Isobutyl benzoin ether (IBUBE, Stauffer Chemicals) and dibutyltin dilaurate (DBTDL, Merck)
were used without further purification.

Characterization Methods

'"H NMR spectra data were taken in DMSQting a Bruker AC 200 spectrometer
operating at 200.132 MHz. employing TMS as internal standard. FTIR spectra of the KBr discs
or films of the samples were taken using a Nicolet-510P FTIR spectrometer.

Gel content of the UV-cured films were determined by extraction using acetone-toluene
mixture (1/1, v/v) in a Soxhlet apparatus for 12 hours. The insoluble gel fraction was vacuum-
dried at 60°C for 24 hours and was weighed to calculate the gel content by difference. In all
formulations, gel contents were found to be greater than 95 %.

Stress-strain measurements were performed on UV-cured free films using an Instron
tensile testing machine according to ASTM D 882-91 (11). All stress-strain measurements were
carried out uniaxially at ambient conditions.

Test samples were initially conditioned at 8D before immersing them in deionized
water at 25 + 0.5C for 24 h. The water absorption capacities of the samples were calculated
from the weight differences between the dry films and those soaked in deionized water (12).

Thermal characterization of UV-cured polymeric films with PTHFUMA and without
PTHFUMA was carried out using a DuPont 990 modular thermal analyzer system.
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Thermogravimetric analyses (TGA) were performed using a DuPont 951 thermogravimetric
analyzer with a heating rate of 10 °C/min in air.

Preparation of PAPHEN-XIEM prepolymers (X=10, 20 and 30 % IEM)

PAPHEN-301 (40.00 g) was charged into a flame-dried three-necked 250 ml round-
bottom flask, equipped with a nitrogen inlet and a dropping funnel, and it was dissolved in 57.14
ml NVP (40 % w/w). DBTDL (0.08 % by weight) was added into the reaction flask as catalyst.
Then, IEM (1.367 g, 0.008 mol, equivalent to 10 % of the total hydroxyl content of PAPHEN-
301) was added dropwise to the well-stirred reaction mixture over a period of 1 h. the reaction
was kept at 15-20 °C for 8 h. At the end of the reaction, the disappearance of the -NCO peak at
2275 cnt and the OH peaks at 3500 tneonfirmed that the reaction was completed.
Furthermore, NH peaks at 3400 tappeared.

The preparation of IEM modified PAPHEN-301 urethane methacrylate (PAPHEN-
XIEM) is shown in Scheme 2. Resin thus obtained was precipitated in methanol and vacuum-
dried in an oven at 30 °C, and characterized by FTIRMMR techniques.

FTIR (KBr): 2275 (-N=C=0), 3350 (-NH, stretching), 1730 (C=0, amid I, stretching) 1520 (-
CNH) *H NMR (DMSO-d): 8=1.6 (s, 3H,CH 4.0 (m, 4H, OCHCH,-N), 5.2 (s, 1H, NH),
5.36 (m, 2H,CH)
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Scheme 2: Preparation of PAPHEN-XIEM prepolymer

PAPHEN-20IEM and PAPHEN-30IEM were also prepared according to this procedure using
2.734g, 0.016 mol and 4.102 g, 0.024 mole of IEM, respectively.

Preparation of PTHFUMA prepolymer

PTHFUMA prepolymer was prepared from IEM and PTHF as described previously (7) as
shown below (Scheme 3).
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Scheme 3: Preparation of PTHFUMA prepolymer

Polymeric Film Preparation

The UV-curable methacrylated urethane formulations were prepared by mixing PTHFUMA
and PAPHEN-XIEM (PAPHEN-10IEM, PAPHEN-20IEM and PAPHEN-30IEM) with NVP
and IBUBE homogeneously. The amount of PAPHEN-XIEM in the formulation was varied from
5to 10 and to 13-wt. %. IBUBE concentration was kept constant as 2-wt. % in all formulations.
Air bubbles formed during mixing were removed under moderately reduced pressure at room
temperature. Approximately 2Q0thick polymeric films were obtained by pouring the viscous
liquid resins onto a Tefldd-coated mold. In order to decrease the viscosity and obtain better
flow, the mold was kept at 3%. Moreover, to prevent oxygen inhibition, resin in the mold was
covered with a 2% thick transparent Teflon film. Before irradiation, a quartz plate was placed
over the Tefloal film to obtain a smooth surface with desired thickness. Finally, the formulation
on the mold was irradiated for 210 s, under high pressure UV lamp (OSRAM-300W), placed 15
cm above the film. The exposure time of 210 s, necessary for the disappearance of unsaturation
of methacrylates, was pre-determined from a test experiment. For quantification, 76aran
which was raised by aromatic rings within IBuBE, was used as an internal standard against the
810 cm' band of unsaturation of methacrylate.

Results and Discussion

New UV-curable methacrylated urethane resins were synthesized from the epoxy
based commercial resin PAPHEN-301 and IEM (isocyanatoethyl methacrylate) which was
used to consume 10, 20 and 30 % of the total hydroxyl groups of PAPHEN-301. UV-curable
methacrylated urethane resin formulations were prepared by varying the amount of PAPHEN-
XIEMs resins while keeping the other components (NVP, IBUBE, and DEGDA) constant. In
both Tables, the numbers in front of the designation codes represent the wt % of each
component in the final formulation.

As seen from Table 1, an increase in the (PAPHEN-XIEM) (Scheme 2.) content caused
an increase both in tensile strength and elongation values of UV-cured polymeric films (1,2,3-
5,6,7-9,10,11), except film 7. Maximum stress, stress-strain slope and maximum strain values
found to be increasing with the ratio of modified PAPHEN-XIEM and PTHFUMA. As seen
from the bold lines in Table 1 (4, 8, 12), tensile strength and modulus (slope) values decrease
whereas maximum strain (elongation) increases with the increasing IEM content of the neat
resins. This could be attributed to increasing unsaturated acrylic functionality that was resulted
from replacement of -OH by IEM; the higher amount-@H replaced by IEM, the higher
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unsaturation. This higher than normal unsaturation at and/or close to the surface of the film
leads to fast curing that eventually prevents light from penetrating into deeper areas, which
may be termed as screening effect, resulting in decreased mobility of growing chains and
insufficient crosslink density. Therefore, these abnormal elongation and tensile strength values
shown in Table.1 can be eminently explained by presence of insufficient crosslink density of
the produced films.

Table 1. Mechanical and water absorption values for PAPHEN-XIEM included films

NO COMPOSITION Tensile Elongation [Modulus| Water
Strength (%) (N/mm)| abs.

(MPa) (%)

PAPHEN-301 - - - 0.22

0 |68PTHFUMA/20NVP 3.04 19 18.73 8.8
1 |63PTHFUMA/5PAPHEN-10IEM/20NVP 6.67 42 3.13 9.0
2 |58PTHFUMA/10PAPHEN-10IEM/20NVP 7.76 44 332 8.9
3 |55PTHFUMA/13PAPHEN-10IEM/20NVP 8.05 46 3.99 9.1
4 |0PTHFUMA/35PAPHEN-10IEM/53NVP 13.55 36 66.07 33.7
5 |63PTHFUMA/SPAPHEN-20IEM/20NVP 6.05 34 2.72 8.3
6 |S8PTHFUMA/10PAPHEN-20IEM/20NVP 7.39 39 2.82 8.1
7 |SSPTHFUMA/13PAPHEN-20IEM/20NVP 7.22 39 3.38 7.4
8 |0PTHFUMA/35PAPHEN-20IEM/53NVP 9.14 59 24.33 20.6
9 |63PTHFUMA/SPAPHEN-30IEM/20NVP 8.33 43 222 8.6
10 |SSPTHFUMA/10PAPHEN-30IEM/20NVP 8.43 44 3.59 8.0
11 [SSPTHFUMA/13PAPHEN-30IEM/20NVP 8.72 45 5.34 7.6
12 (0PTHFUMA/35PAPHEN-30IEM/S3NVP 7.49 69 20.99 19.5

* All formulations contain 10 % DEGDA and 2 % IBuBE

For PTHFUMA included formulations, tensile strength and elongation values first
decrease as the IEM modification increases from 10 % to 20% than increase as the
modification degree increases from 20 % to 30 % (1,5,9-2,6,10-3,7,11). Similar behavior was
also observed previously (13). For samples 1,2,3 - 5,6,7- 9,10,11, as modified PAPHEN-
XIEM content increased both tensile strength and elongation values showed an increasing
trend except for sample 7. Additionally, as seen from Table 2., tensile strength, elongation and
modulus values of 20 % IEM modified formulations (5,6,7) are slightly lower than 10 and 30
% modified counterparts (1,2,3 and 9,10,11). Cooper et all (14) and Oraby and Walsh (15)
noted that when urethane content was kept constant and soft segment molecular weight
increased, Young modulus, and tensile strength decreased in acrylated urethane oligomers. On
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the other hand, Dai et al. (16), and Yu et al. (17), showed that when the hard segment content
of the polyurethane acrylate samples increased, tensile strength also increased.

As far as water absorption characteristics of these films are concerned, it is clear from
the Table.l that water absorption values decrease drastically as the degree of IEM
modification increases (4,8,12) for neat resin formulations. This could be due to the
replacement of hydrophilic OH groups of PAPHEN-301 by the hydrophobic methacrylate
groups (IEM). However, when these modified PAPHEN resins are used in the formulations
with PTHFUMA (1,2,3-5,6,7-9,10,11) water absorption affect is not as strong as neat resin
formulations (4, 8, 12) because of the small amounts (% 5, %10, % 13) of modified resins in
the formulations. As shown from Table 1, water absorption value of original PAPHEN-301 is
0.22 %. However, when this resin is used as a non-reactive resin (making 5-20 % of the
formulation) in the formulation, water absorption values are observed to increase up to 18.8
%. This increase in the water absorption of the formulation is probably due to OH groups and
O linkages in the structure of PAPHEN-301 leading to strong H-bonding and resultant high
water absorption of the formulation.

TGA thermograms showed no significant differences at the initial weight loss
temperatures for any resin combinations (Figure 1, A, B, C). On the other hand, due to the low
decomposition temperature of polymethacrylates, approximately around 160 °C, higher
methacrylates containing neat resins have greater initial weight loss values (Fig 1-D). All the
films showed approximately 5 % weight loss at around ZD0and decomposed rapidly at
around 300 °C (Figure 1, A, B, C, D).
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As seen from Table 2, although it is difficult to suggest a strong relation between the
modification degree of IEM and  Tvalues, it is observed that increasing the |IEM
modification degree caused a decrease in PAPHEN-30]’svalues. However, while
PTHFUMA-free formulations having only Tm, others have ds well. This could be
explained by phase separation in the network.

Table 2. Glass Transition Temperatures for PAPHEN-XIEM included films

COMPOSITION DSC (°C)
PAPHEN-10IEM | PAPHEN-20IEM | PAPHEN-30IEM

(Ty) (Tw) (Ty) (Tw) (Ty) (Tw)
63PTHFUMA/SPAPHEN-XIEM//20NVP -8 48 -4 42 -3 42
58PTHFUMA/10PAPHEN-XIEM//20NVP -5 45 -8 46 -6 46
55PTHFUMA/13PAPHEN-XIEM//20NVP -4 45 -4 43 -1 40
OPTHFUMA/35PAPHEN-XIEM/53NVP - 43 - 38 - 40
PTHFUMA (T, -11
PAPHEN (Tp) 56

* All formulations contain 10 % DEGDA and 2 % IBuBE
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