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Abstract

This study presents the synthesis of a series of UV-curable polyurethane acrylates (PUAs) derived from
trimethylolpropane (TMP) and hydroxyethyl methacrylate (HEMA) through a one-step polymerization
method. The phase analysis using FTIR reveals distinct vibration bands corresponding to different
functional groups within the polyurethane structure. Thermogravimetric analysis demonstrates two
degradation steps in UV-cured PUAz 4 films, revealing the influence of HEMA content on thermal stability.
Gloss properties exhibit a complex relationship with HEMA content, with initial improvement followed by
a decline, emphasizing the impact on film glossiness. Hydrophilic/hydrophobic properties, measured by
contact angle values, indicate increased crosslinking and less polar surfaces with higher HEMA content.
Microstructure analysis using SEM demonstrates that UV-cured PUA;  films achieve effective chemical
crosslinking and a dense microstructure, contributing to enhanced film properties.

1. Introduction

Polyurethane acrylates (PUAs) synthesized from trimethylolpropane (TMP) constitute a highly versatile
polymer class extensively employed across diverse industrial sectors, including coatings, adhesives, and
foams [1]. TMP's inclusion in PUAs synthesis is acknowledged for its role in improving mechanical
properties and thermal stability in resulting polymers [2]. Various synthesis methods, such as one-step
polymerization, prepolymer method, and solution polymerization, can be utilized to produce PUAs based
on TMP influencing properties like composition, molecular weight, and crosslinking density. Adjustments
to molecular weight and crosslinking density allow for customization of PUA properties, including glass
transition temperature (7g), with higher crosslinking density corresponding to elevated T, values [2].
These PUAs are known for their high tensile strength, chemical resistance, and thermal stability.

There is a growing interest in the development of UV-curable Polyurethane Acrylates (PUAs) derived from
TMP. These formulations present advantages over traditional systems, such as faster curing times and a
diminished environmental impact [3-17]. For instance, Zhu et al.'s research [3] offers valuable insights into
manipulating polyurethane composition parameters for controlling particle size, mechanical
characteristics, and water resistance in cross-linked waterborne polyurethane films. Wen et al. [4]
introduce a novel approach to synthesizing a unique class of PUs with a dual crosslinking network
structure achieved through a chemical pre-polymerization process involving TMP, polyethylene glycol, and
isophorone diisocyanate. TMP acts as a crosslinker connecting with polyurethane main chains, resulting
in a hybrid network structure. Cao et al.'s investigation [5] thoroughly examines the modification of
waterborne polyurethane (WPU) films by incorporating TMP, shedding light on film properties and
emphasizing critical aspects such as particle size, surface characteristics, gloss, transparency,
crosslinking density, tensile properties, and water resistance. The increase in TMP content leads to
observable changes in both film structure and performance parameters. To enhance the processing and
mechanical properties of PUAs based on TMP, researchers have explored the addition of reactive diluents,
such as hydroxyethyl methacrylate (HEMA) [18,19]. In their work, Boton et al. [18] examined the impact of
HEMA on the formulation of UV-curable PUA coatings. The study demonstrated enhanced performance
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of hyperbranched waterborne PUA coatings in comparison to linear coatings. This enhanced
performance was ascribed to the capacity of HEMA to facilitate a greater degree of branching within the
polyurethane structure. Similarly, Manvi and Jagtap [19] explored radiation-cured branched polyurethane
coatings, highlighting HEMA's significance. HEMA played a dual role, contributing to the structure of
branched polyols and imparting distinctive attributes to the coatings. The addition of HEMA enhanced
mechanical properties, reduced the Ty, and improved adhesion properties, promoting interfacial bonding

with the substrate and accelerating curing.

Fourier-transform infrared (FTIR) spectroscopy is commonly employed to investigate the phase
separation characteristics in PUAs. The microphase separation arises when hydrogen bonding is
restricted to the hard segment domains, whereas interphase hydrogen bonding facilitates the phase
mixing. The distinctions in stretching vibrations observed between hydrogen-bonded amine and free
amine, as well as between hydrogen-bonded carbonyl and free amine carbonyl bands, offer valuable
insights into the phase characteristics. The analysis of the phase is made by deconvoluting the stretching
vibrations of hydrogen-bonded and free C=0 as well as N-H groups.

In this study, a series of UV-curable PUAs was synthesized through a one-step polymerization method,
using TMP and HEMA. the study aims to provide a comprehensive understanding of the phase behavior,
thermal properties, degradation characteristics, glossiness, and microstructure of PUAs, with a focus on
the influence of HEMA as a reactive diluent during UV curing. The investigation involved the use of
various analytical techniques, such as Fourier Transform Infrared (FTIR) spectroscopy, Differential
Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA), and Scanning Electron Microscopy
(SEM). FTIR spectroscopy was employed to elucidate the impact of HEMA capping on the phase behavior
between hard and soft segments. This was achieved through the deconvolution analyses of the carbonyl
band and free amine band. The formation of hydrogen bonding between urethane N-H and acrylate C=0
further contributed to the improved thermomechanical properties. Thermogravimetric analysis (TG/DTG)
investigated the thermal degradation of UV-cured PUA films, revealing two distinct degradation steps.
While an initial increase in gloss was observed with 40 wt% HEMA, further increases led to a decrease in
gloss, attributed to phase separation and agglomeration. The hydrophilic/hydrophobic properties,
indicated by contact angle values, demonstrated that a higher HEMA content resulted in increased
crosslinking and a more hydrophobic surface. The UV-cured PUA;,, samples exhibited a more uniform
and organized crosslinking structure compared to the PUAz q series, as evidenced by a smoother surface

and reduced micropores.

2. Experimental
2.1. Materials

Chemicals from various suppliers were employed in the synthesis of the urethane prepolymer.

Specifically, Trimethylolpropane (TMP) was sourced from Fluka, Hexamethylene diisocyanate (HDI) from

Sigma-Aldrich, acetone from Merck, and dibutyltin dilaurate (DBTDL) from Sigma-Aldrich. Additionally, 2-
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hydroxyethyl methacrylate (HEMA), the acrylate for endcapping, was obtained from Sigma-Aldrich, and
the photoinitiator doracure from Fluka. All chemicals were utilized in their original state without
undergoing further purification.

2.2. Characterization

EXSTAR Sl 7200 thermal analysis instrument was used to study the thermal behaviours of PUAs. The
samples were heated in the temperature range of 30°C to 1000°C, with an increase at a heating rate of
10°C/min. The glass transition temperature (7,) was measured using the PerkinElmer DSC 6000 under a
nitrogen atmosphere. The analysis was made in the temperature range of -50°C to 150°C, employing a
heating rate of 10°C/min. The investigation of functional groups was conducted using the Perkin—Elmer
Spectrum-100 FTIR spectrometer. Gloss measurements of PUA films were recorded at 20°, 60°, and 85°
angles using a Byk Micro TRI Gloss. Contact angles were determined using an Attension Theta Lite along
with a Hamilton Syringe 1001 TPLT. The ZEISS Supra 40 VP SEM instrument was utilized to examine the
surfaces of PUA films.

2.3. Preparation of PUAs

The preparation of PUA oligomers was achieved in a round-bottom flask under a nitrogen atmosphere
with stirring. Hexamethylene diisocyanate (HDI) at 0.03 mol equivalent and DBTDL catalyst were
introduced, and TMP at 0.01 mol equivalent, diluted with 5 mL of acetone, was added dropwise. This
reaction, conducted at approximately 40°C for 3 hours, resulted in the formation of the polyurethane
prepolymer. End-capping was achieved by adding 0.03 mol equivalent of HEMA, and the reaction was
considered complete when the -NCO peak disappeared entirely from the FT-IR spectra.

2.4. UV curing process

In the formulation of the UV-curable film, a blend of PUA oligomer, Doracure, and HEMA was prepared in a
flask. This process took place under a nitrogen atmosphere while employing stirring. The reaction
occurred at room temperature for 2 hours. The resultant mixtures were coated onto a transparent
polycarbonate sheet to create 50 + 5 um thick films. These films were then exposed to a 2-W UVA light
source (365 nm) at different curing times for monitoring curing behavior and subsequent
characterization. The distance between the sample and the UV light source was maintained at 2 cm.

3. Results ans discussion
3.1. Phase analysis of PUAs using FTIR technique

The PUA exhibits various vibration bands in the IR spectrum, which correspond to different functional
groups within the polyurethane structure (Table 1 and Fig. 1). The stretching vibration (v) of the N-H

-1

bonds in the urethane groups occurs at 3325 cm™ ', while the asymmetric stretching vibrations (va) of the

CH2 groups in the aliphatic chains of PUA;,, are observed at 2931 cm™ . The v(C = 0) vibration in the
amide groups occurs at 1683 cm™, and the combined vibrations of 6(C-N-H) + v(C-N) in the amide
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groups are observed at 1517 cm™'. At 1450 cm™ ', the band indicates the CH2 scissoring vibration, and at

1224 cm™ ', it corresponds to amide Ill. The band observed at 1057 cm™ ! represents the C-O-C stretching

1

vibration of the ester group, while 999 cm™ ' is indicative of CH2 rocking. Furthermore, the presence of the

878 cm™ ! band is associated with the C-H bending vibration.

Table 1

FT-IR charecteristic band assigments for PUA synthesis.
Frequency (cm™1)  Group Assignment? In this study
3400-3500 N-H v (N-H), free N-H 3484
3310-3350 N-H v (N-H), bonded (N-H..0 = C) 3334
3260-3300 N-H v (N-H), bonded (N-H...0) -
2890-3050 CH V,(CH,) 2931
2850-2880 C-H U(CHy) 2858
2240-2270 N=C=0 v (NCO) -
1720-1740 C=0 L(C=0),freeC=0 1724
1700-1715 C=0 L (C=0), bonded (N-H..0 =C), disordered 1712
1670-1685 C=0 free urea 1683
1500-1550 Amidell  8(C-N-H) + v (C-N) 1517
1430-1500 CH 6 (CH,) 1469
1360—-1400 C-H w(CH,) 1306
1220-1230 C-N urethane 1228
1200-1300 Amidelll & (N-H) + & (C-N) 1243
1000-1020 CH r (C-H) 1012
@y = stretching, a = asymmetric, s = symmetric, 6 = bending, w = wagging, r = rocking.

The deconvolution of the carbonyl region involved fitting four peaks to elucidate contributions from H-
bonded urethane, free urea, mono-dentate H-bonded urea, and bi-dentate H-bonded urea, as illustrated in
Fig. 2 and summarized in Table 2. The degree of phase separation in PUA3,q was indicated by the ratio of

the absorption bands at 1718 and 1640 cm™ . The former indicated the presence of free urea, while the
latter indicated bidentate urea that interacted through hydrogen bonding with surrounding molecules
(Scheme 2). The v(C = O) vibration of the monodentate urea groups is at 1683 cm™', and the v(C = 0)
vibration of the bidentate urea groups is at 1637 cm™ . Finally, the v(C = O) vibration of the free urethane
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groups is at 1715 cm™ . These assignments are based on references [24—25], which reported similar
observations in their studies of PUA. The aggregation of hard segments, specifically the urea-urea
linkage, can be promoted by bidentate and monodentate H-bonding, leading to microphase separation.

Table 2
Data obtained from deconvolution of N-H bands for PUAs using Gaussian fitting function.

Formulation C=0

Free Ur H-bonded Ur FreeU Bidenatate U
PUA3,o - - 171298 4.5089 1683.50 7.5014 1637.86 3.0337

UV4oPUAz, g 172431 1.5331 1706.76 1.6032 1683.09 59446 1636.60 1.7516
UVgoPUA3z, o 172412 12535 1706.76 1.17517 1683.04 44313 1636.52 1.2980
UVggPUA3, 1723.79 1.6464 1706.29 1.6096 1683.09 5.8700 1636.57 1.7142

Ur = Urethane, U = urea.

The analysis of the FTIR spectra revealed a higher percentage of peak area assigned to H-bonded N-H
groups compared to free N—H groups, suggesting a phase-mixed material. This observation is consistent
with the presence of interphase H-bonding between the hard and soft segments of the polyurethane. In
the N-H region, a change in peak shape was observed following UV-cured PUA. To elucidate this change,
three peaks were fitted. The first peak, ranging from 3400 cm™ ' to 3650 cm™ ', was utilized to determine
the presence of free amine groups. The second peak, between 3340 cm™ ' and 3400 cm™ ', accounted for
the carbonyl overtone, while the third peak, ranging from 3250 cm™ " to 3340 cm™ ', identified the
contribution from H-bonded amine groups. Deconvolution was performed by fitting three bands to the
amine region in Fig. 3, aiming to discern the contributions of each type of amine. The summarized data
can be found in Table 3. It can be observed that the peak area attributed to the H-bonded amine group is
greater than that of the free amine group, which supports the phase-mixed nature of the material. The
area of H-bonded amine groups to free amine groups was calculated from the analysis. After UV curing
process, the area of H-bonded amine group for PUA3,q decreased from 8.05 for to 7.18, 5.22 and 6.97 for
UV 49PUA3 0, UVgoPUA3 o, and UVggPUA3 , respectively. As the content of HEMA in the UV cured PUA
samples increased, a shift to lower wave numbers was observed in the u(N—H) region, indicating strong
H-bonding interactions. This shift in the maximum amine absorption band to lower frequencies is
characteristic of free u(N—H) and suggests that the presence of HEMA alters the H-bonding interaction in
UV cured PUA systems.
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Table 3

Data obtained from deconvolution of C = 0 bands for PUAs using
Gaussian fitting function.

Formulation  N-H (Ur+U)

Free C =0 Overtone H-Bonded
cem- 1 Area om-1 Area om-1 Area
PUA,q - - - - 3334.80 8.05

UV,4oPUA3, o  350.44 1.84 3390.62 023 333218 7.18
UVgoPUA;, o 348439 1.66 339072 0.16 3329.80 5.22
UVgoPUA;,,  3485.71 232 339082 0.29 3326.82 6.97
Ur = Urethane, U = urea.

3.2. Thermal behaviors of PUAs

The DSC analysis conducted on both PUA oligomer and its cured films, with varying concentrations of
HEMA as the reactive diluent, has provided valuable insights into the impact of the diluent on the material
properties. The T, of the cured films increased with the higher percentage of HEMA in the films (Fig. 4).

Specifically, the Ty value of the PUA3 4 polymer was determined to be -1.09°C. For films with different
concentrations of HEMA (ranging from 40—-80 wt %), the T value was observed to shift from 35.41 to
48.95°C, respectively (Table 4).

Table 4
DSC data of PUA samples.
Sample T,(°C) AC, (J/(g°C))
PUA3q -1.09 0.377

UVgPUAsq 3541  0.320
UVgoPUAg,o 4196  0.567

UVgoPUAg,, 4895  0.510

Therise in T, values, corresponding to the increased percentage of HEMA, signifies enhanced cross-
linking of the PUA films. This improvement is attributed to the conversion of C = C bonds in the diluent
during UV curing. This phenomenon is primarily a result of the higher cross-link density between HEMA
and hard segments [26—31]. The formation of hydrogen bonding between the urethane N-H and acrylate
C =0 in the reactive monomer phase contributes to this effect. Due to its greater compatibility with the
hard segments owing to their similar polarity, the reactive monomer phase is believed to establish
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stronger bonds and cross-links with the hard segments. The heightened cross-link density restricts the
mobility of the polymer chains, leading to enhanced thermomechanical properties in the UV-cured PUAs.

3.3. Thermogravimetric analysis of PUAs

The thermal behavior of UV-cured PUA;  films was investigated using TG/DTG. Two distinct degradation
steps were identified, occurring approximately between 250°C to 400°C and 400°C to 550°C (Fig. 5). Zhao
et al. [32] conducted a similar study, revealing a two-step thermal decomposition behavior in all films.
Their findings indicated that the thermal degradation process of PUA systems typically initiates with the
breakage of urethane bonds, followed by ester bonds in non-isocyanate urethane acrylate systems.

The first step involves the decomposition of urethane and urea bonds in the temperature range of 250°C
and 400°C [33]. Urethane linkages decompose within the temperature range of 321°C and 342°C.
Throughout this step, the films undergo a weight loss of 20—-40%, occurring between 300°C and 385°C. In
the second step, occurring between 400°C and 500°C, the main weight loss of 60—90% is observed during
the decomposition of isocyanurate and carbodiimide structures (Table 5). When the HEMA content
increased from 0-80%, the 5% weight-loss temperature (T5) decreased from 204°C to 178°C.

Table 5
The thermal properties of PUA samples.

Sample Thermal TmaX/ (dW/d t)max (% Ts%/ T10%/ T30%/ T50%/
degradation step oC min-1) °C °C °C °C

PUA3 /o I 321 7.36 204 271 324 364
Il 450 11.69

UV4oPUAg o | 330 7.7 164 210 313 379
Il 452 20.57

UVgoPUAz,9 | 339 524 191 246 335 408
Il 442 19.59

UVgoPUAg /o | 342 414 178 241 329 390
Il 442 15.89

The decomposition of PUA at 10 wt% took place at 271°C with 0 wt% HEMA content, at 210°C with 40
wt% HEMA, at 246°C with 60 wt% HEMA, and at 241°C with 80 wt% HEMA. To analyze the thermal
properties of various UV- PUA3 q films, we measured the maximum thermal degradation temperature (Td)
at different mass losses. Td values for UV- PUAg o films were determined at various mass losses (5%,
10%, 30%, and 50%). The UV40 PUA; , film displayed Td values of 204°C, 271°C, 324°C, and 370°C at
mass losses of 5%, 10%, 30%, and 50%, respectively. Similarly, the UV60 PUA; , film exhibited T4 values
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of 164°C, 210°C, 313°C, and 370°C at the same mass losses, while the UV80 PUA; , film showed Td
values of 191°C, 246°C, 335°C, and 362°C.

PUA systems containing 10 wt% HEMA exhibited degradation at 271°C in the absence of HEMA. However,
as the amount of HEMA increased (40 wt%, 60 wt%, and 80 wt%), the temperature at which degradation
initiated decreased to 210°C, 246°C, and 241°C, respectively. The presence of HEMA affected the thermal
stability of the resulting UV-cured films, with an increase in HEMA content correlating with a decrease in
degradation temperature and changes in the shape of weight loss curves. When the crosslink density is
low, the hard segments disperse more evenly in the soft segment, resulting in a less ordered structure and
lower thermal stability. However, as the crosslink density reaches a certain degree, the hard segments
combine more tightly, leading to improved thermal stability. This is attributed to steric hindrance, which
limits the ability of the hard segments to move and interact with each other.

3.4. Gloss properties of PUA films

The film cured from the PUAz , prepolymer exhibited the lowest gloss value compared to other films (refer
to Table 6). Initially, the gloss increased with the addition of 40 wt% HEMA, but it decreased with further
increases to 60—80 wt%. The initial rise in gloss with 40 wt% HEMA addition may result from the
formation of a smoother surface. HEMA enhances polymer chain mobility, improving leveling and
reducing surface roughness, thereby enhancing gloss. PUAz q film gloss values decreased with increasing
HEMA content, especially at 60—80 wt%. Excessive dilution can lead to low viscosity, causing phase
separation or agglomeration, resulting in surface defects and reduced gloss.

Table 6
Gloss and contact angle measurements of PUA films.
Sample Gloss (°) Contact Angle (°)
20 60 85
PUA3q 152 155 102 73

UVyPUAzo 163 159 108 73
UVgoPUAgq 156 154 105 80

UVgoPUAg,, 123 145 96 82

Moreover, excessive dilution of the PUA3,;, prepolymer may lead to incomplete curing and reduced final

product physical properties. For instance, at a 20-degree angle, gloss values for PUAH-3/0 films with
varying HEMA ratios were 163, 156, and 123 for UV40 PUA3,, UV60 PUA3 o, and UV80 PUA;z 4 films,

respectively. This suggests that as HEMA content increases, film gloss decreases, highlighting the
influence of HEMA on film glossiness.

3.5. CA studies of PUA films
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The contact angle (CA) value of a PUA prepolymer increases with a higher HEMA content. This
observation suggests that the polyurethane film undergoes increased crosslinking, indicating the
interconnection of polymer chains into a three-dimensional network. Generally, such a crosslinked
network is more stable and less reactive compared to an uncrosslinked polymer, resulting in a less polar
surface and a higher contact angle. Therefore, the rise in the CA value with increasing HEMA content can
be attributed to changes in the polymer structure and the presence of hydrophobic groups on the surface.

In the case of a PUA prepolymer, the increase in CA value with higher HEMA content can be explained by
the diluent effect of HEMA on the polymer structure. HEMA monomers act as spacers between PUA
prepolymer chains, causing an expansion in the average distance between the chains. This expanded
spacing reduces the density of the polymer network, resulting in a more open and porous structure.
Consequently, this more open and porous structure leads to a larger surface area and more available
hydrophobic groups on the polymer surface, contributing to an elevated CA value.

3.6. Microstructure analysis of PUA films using SEM
technique

SEM images were examined to analyze the fracture surfaces of PUA samples, providing insights into the
microstructure of PUA films, as shown in Fig. 6. The surface of the PUA;,, sample (Fig. 6a-c) exhibited
roughness characterized by micropores and irregularities, indicating a lower crosslinking density. In
contrast, the surface of UV60 PUA; , (Fig. 6d-f) appeared comparatively homogeneous and smooth,

suggesting that the branched structures of HEMA chains contribute to a more uniform and organized
crosslinking structure.

The microstructure of UV60PUA3, samples exhibited increased smoothness in comparison to the PUAz g
series samples. The absence of cavities on the surface at the 20 and 10 nm scale suggests that the UV-
cured PUAz,q series samples attained effective chemical crosslinking and a dense microstructure.

4. Conclusions

The effect of HEMA content as the reactive diluent on the film properties of UV-curable PUAs has been
investigated in this study. FTIR and deconvolution techniques were employed to examine the H-bonding
and microphase separation characteristics of UV-curable PUAs. The ratio of absorption bands at 1718
and 1640 cm " indicated the degree of phase separation in PUAz 4. UV curing led to a decrease in the
area of H-bonded amine groups in PUA; q, indicating changes in H-bonding interactions with reactive
diluent components. Ty of cured PUA films increases with higher HEMA percentage, indicating enhanced
cross-linking. Ty values for PUA films with 40—-80 wt% HEMA shift from 35.41 to 48.95°C, demonstrating
a direct correlation. Formation of H-bonding between urethane N-H and acrylate C = O contributes to
increased cross-link density. Greater compatibility of reactive monomer phase with hard segments results
in stronger bonds and cross-links. The study on the thermal behavior of UV-cured PUA; q films revealed a
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two-step decomposition process and provided insights into the specific decomposition steps involving
urethane, urea, isocyanurate, and carbodiimide structures.

The introduction of an initial 40 wt% HEMA led to an enhancement in gloss, possibly attributed to the
creation of a smoother surface. However, an excessive addition of HEMA resulted in phase separation
and surface defects, leading to a decrease in gloss. Specifically, the gloss values of PUA; 4 films

exhibited a decline with higher HEMA content, especially within the range of 60—80 wt%.

The observed increase in the CA value of the PUA prepolymer with higher HEMA content is attributed to
structural changes in the polymer. This increase is linked to enhanced crosslinking, resulting in a more
stable and less polar surface. Additionally, the diluent effect of HEMA contributes to an expanded and
porous polymer structure, leading to a larger surface area and more available hydrophobic groups.

The microstructure of UV60 PUA;3,, sample showed increased smoothness compared to PUA3,; samples.
UV60 PUA3,o sample demonstrated effective chemical crosslinking and a dense microstructure.
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Figure 1

FTIR spectra PUAg,q (a), and UV,ogPUA3 o (b) samples.
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Figure 2

Deconvoluted FT-IR spectra of PUAs in the C=0 stretching region.
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Figure 3

Deconvoluted FT-IR spectra of PUAs in the N-H stretching region.
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Figure 4

DSC curves of different PUA samples.
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Figure 5

TG curves for studied PUA samples.
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TG curves for studied PUA samples.
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