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Abstract: A novel blocked isocyanate crosslinker was synthesized, and its applicability was
investigated for the low-temperature curing of automotive clearcoats. Various pyrazole derivatives
were prepared as blocking agents in isocyanate crosslinkers, which strongly affect the deblocking
and curing properties of the urethane-bonded coating systems. The thermal curing properties of
clearcoat samples containing a pyrazole-based blocked isocyanate crosslinker and polyol resin were
characterized under two different temperature conditions (120 and 150 ◦C). The decrease in the amount
of hydroxyl groups in the polyol before and after curing was expressed by the change in OH stretching
frequency in the Fourier transform infrared (FT-IR) spectra. The real-time rheological storage moduli
of the bulk clearcoat mixtures were measured via a rotational rheometer to determine the effect of
pyrazole-based blocking agents on the curing dynamics. In addition, a rigid-body pendulum tester
(RPT) was employed to investigate the curing behavior in the thin film form. The nano-indentation
and the nano-scratch tests were conducted to examine the surface hardness and scratch resistance
characteristics of the cured clearcoat films. The results show that a low-temperature curing system of
clearcoats can be realized by tuning the curing temperature and reactivity of isocyanate crosslinkers
blocked with pyrazole-based substituents.

Keywords: low-temperature curing; automotive clearcoat; blocked isocyanates; pyrazole blocking
agents; urethane reaction; crosslinking dynamics; surface resistance

1. Introduction

Coatings for the outer surface of an automotive body have been steadily developed to improve
their mechanical strength, chemical resistance, and gloss properties [1–3]. Conventional automotive
coatings protect the inner frames from corrosion or physical damage and enhance the exterior
aesthetics of the automotive. They consist of multiple layers, including electrocoats, primers, basecoats,
and clearcoats [4–6]. Among them, the clearcoat on the top of the coating layers effectively secures
the inner parts of the automotive from external damages such as those caused by acid rain etching,
scratching, oxidation, staining, and bird droppings [7–9]. As the first line of defense for automotive
bodies, the demand for high-quality clearcoat materials with long endurance and high performance is
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increasing rapidly. In recent years, smart coating systems having self-healing [10,11], self-cleaning [12],
and light-sensitive [13,14] characteristics has been explored to achieve the specialized functionality
required for automotive coating systems. Therefore, it is very important to properly develop
clearcoats to impart desired characteristics, which sufficiently can satisfy the current industrial
and environmental standards.

In automotive original equipment manufacturer (OEM) coating processes, typical thermal curing
conditions for clearcoats include curing at 150 ◦C for 30 min to induce the formation of a highly
crosslinked coating layer [15–17]. Such curing conditions are most suitable for initiating and propagating
urethane polymerization between a polyol binder and a thermal crosslinker. However, the current
curing temperature is relatively high that requires excessive curing energy and process cost. The recent
paradigm shift in the automotive industry with the advent of electric or autonomous vehicles has
accelerated the development of lightweight automotive bodies that can withstand harsh thermal
conditions [18–20]. Therefore, typical reactive clearcoat systems, based on urethane polymerization
between hydroxyl (OH) groups in a polyol binder and isocyanate (NCO) groups in a crosslinker, must
be improved so that they can be cured under comparatively low temperature conditions (<150 ◦C).

It is also mentioned that the photo-induced ultraviolet (UV) curing process for forming a clearcoat
layer can be industrially implemented through the radical reaction between C=C double bonds in
an acrylic resin and a photo initiator. This process offers many benefits, i.e., tunable mechanical
properties, less emission of volatile organic compounds (VOCs), and a high processing speed [21–23].
However, the UV curing technology would exert a synergistic effect when accompanied with the
above-mentioned thermal curing process to make up for the disadvantage that the UV light cannot
completely cover the shadow regimes of curvaceous coating layers.

Automotive clearcoat systems based on urethane-bonded polymer networks via thermal curing
have been widely used to fabricate cured coating layers because of their excellent properties such
as resistance to solvents and other chemicals as well as outstanding stability and durability [24,25].
The blocked isocyanate (BI) crosslinker involved in such systems is typically prepared by blocking
the isocyanate functionality using suitable materials (i.e., blocking agents), which prevent the active
isocyanate groups from reacting with water molecules or nucleophiles [26–28]. To detach the blocking
agents and subsequently commence urethane crosslinking by the exposed free isocyanate groups in
the BI, sufficient thermal energy must be provided in the clearcoat.

The activation of blocked isocyanate crosslinkers and the consequent curing kinetics of crosslinked
polymeric networks differ according to the chemical structure of the blocking agents. In addition,
the compatibility of the blocking agents with the isocyanate groups in the crosslinker should be
considered for the degree of reactivity of the urethane polymerization. For instance, phenols, oximes,
and pyrazoles are well known to separate from the isocyanate group and promote a fast urethane
reaction under relatively low temperature conditions [29–32]. Imidazole-based derivatives are also
widely used as blocking agents for coatings because of their heterocyclic structures [33–35].

Various BIs with pyrazole-based blocking agents have been utilized in automotive
clearcoats [33,34,36,37], since they undergo less yellowing and do not release toxic hazards during
thermal curing process. By varying the substituents connected to the pyrazole ring, the deblocking
temperature by pyrazole derivatives can be adjusted from approximately 85 to 200 ◦C [3,27]. Given
the high curing conditions of existing automotive clearcoats (i.e., 150 ◦C), it is expected that the
modification of BI crosslinkers using pyrazole derivatives could feasibly lower the curing temperature.

Herein, three different pyrazole derivatives were utilized as blocking agents and attached to
the isocyanate groups at the ends of a hexamethylene diisocyanate (HDI) trimer crosslinker (N3300)
for producing pyrazole-based BIs. The chemical structure of the substituent in the pyrazole-based
blocking agents was varied to tune the deblocking behavior, which depends on the steric configuration
effect of the blocking agents. The prepared thermal crosslinkers, pyrazole-based BIs, were mixed
with a main binder—hydroxyl-functionalized urethane methacrylate oligomer (HFUMO) [15,16],
which has hydroxyl groups on the chain. The thermally induced urethane reaction of clearcoat mixtures
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containing different pyrazole-based BIs was examined from changes in the OH stretching frequency in
the Fourier transform infrared (FT-IR) spectral data before and after thermal curing. The real-time
crosslinking behaviors were monitored using a rotational rheometer with a heating chamber for
thick clearcoat films and a rigid-body pendulum tester (RPT) for thin films. The surface mechanical
properties of the fully cured clearcoat films were determined using a nano-indentation tester (NHT)
and a nano-scratch tester (NST). The curing dynamics and mechanical properties of a clearcoat sample
containing commercialized BI, Desmodur® PL350 MPA/SN (PL350), were extensively compared with
those by the pyrazole-based BIs to clarify their coating applicability in the curing process of clearcoats.

2. Experimental Methods

2.1. Preparation of BIs with Pyrazole Derivatives

In first, pyrazole-based blocking agents combined with different alkyl substituents were
prepared. Pyrazole (PYR) and dimethylpyrazole (DMP) were purchased from TCI Co. (Japan).
Ditertbutylpyrazole (DBP) was synthesized by mixing 2,2,6,6-tetramethylheptane-3,5-dione (3.0 g,
16.29 mmol, TCI Co.) and hydrazine hydrate (0.72 g, 22.80 mmol) in methanol (1.05 g, 32.55 mmol),
and stirred for 1 h at room temperature. The mixture was then washed several times with distilled
water. As will be discussed later, the different size of alkyl substituent in pyrazole derivatives plays an
important role in the development of thermally induced crosslinking properties of clearcoats.

To produce three types of pyrazole-based BIs using PYR, DMP, and DBP, commercially provided
Desmodur® N3300 (Covestro, Germany) with three unblocked isocyanate groups (6 g, 11.7 mmol)
was treated with 5.4 mL n-butyl acetate (Sigma-Aldrich, St. Louis, MO, USA) under purged argon
atmosphere, and then mixed with PYR, DMP, and DBP (6.6 g, 36.6 mmol), individually, at 35 ◦C for 2 h.
Desmodur® PL350, a commercialized blocked polyisocyanate crosslinker, was also provided from
Covestro (Leverkusen, Germany).

2.2. Formulation of Clearcoats Containing Pyrazole-Based BIs

The prepared pyrazole-based BIs (denoted as BI-DBP, BI-DMP, and BI-PYR) and BI-PL350 were
individually mixed with the main HFUMO binder having an OH value of 125 mg KOH/g [16,17,38]
(Table 1). They were mixed based on a molar ratio of 1.1:1 between the NCO group of each BI and OH
group in the HFUMO. For all clearcoat samples, 1,6-hexanediol diacrylate (HDDA) was added as a
diluent to decrease mixture viscosity, and BYK 306 was incorporated as a surface additive to reduce
surface tension. The clearcoat samples were designated as CC-DBP, CC-DMP, CC-PYR, and CC-PL350,
depending on the type of BIs. Figure 1 schematically portrays the structure of pyrazole derivatives and
the urethane reaction between the BI and HFUMO polyol. After the blocking agent is dissociated from
the BI under specific thermal conditions, three exposed NCO groups in the BI will react with the OH
groups in the HFUMO, forming a crosslinked polymeric network.

Table 1. Formulation of clearcoats including pyrazole-based blocked isocyanates (Bis) and PL350.

Clearcoats CC-DBP CC-DMP CC-PYR CC-PL350

HFUMO (OH value = 125 KOH mg/g) 0.250 g

Blocked isocyanate (BI)

BI-DBP 0.183 g

BI-DMP 0.139 g

BI-PYR 0.124 g

BI-PL350 0.196 g

BYK 306 0.004 g

HDDA 0.050 g

Total 0.487 g 0.443 g 0.428 g 0.5 g
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Figure 1. Scheme of the urethane reaction between various pyrazole-based BIs and hydroxyl-
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under two different thermal conditions (150 and 120 °C) in each clearcoat sample was monitored 
using the attenuated total reflection mode of the FT-IR spectrometer (Spectrum Two, PerkinElmer, 
Waltham, MA, USA). The spectral-resolution data of 4 cm−1 were collected by scanning four times 
per clearcoat film.  

2.4. Real-time Measurement of Crosslinking Behaviors of Clearcoats 

The macroscopic crosslinking evolution of clearcoat samples containing various pyrazole-based 
BIs was investigated in real time using a rotational rheometer (MCR-301, Anton Paar, Graz, Austria) 
[16,17]. Under the small-amplitude oscillatory shear mode with an angular frequency of 5 Hz and 
strain of 2% based on the measurement gap, the real-time storage modulus (G’) was measured to 
clearly substantiate the growth of a crosslinked network. A parallel plate geometry with an 8 mm 
diameter was used, wherein the gap between the upper and lower plates was 500 μm. The clearcoat 
sample was placed between the plates in a controlled temperature chamber (CTC). The CTC 
temperature was increased from 30 °C to the target curing temperature of 150 or 120 °C at a heating 
rate of 12 or 10 °C/min, respectively, and then maintained for 80 min. 

Crosslinking features distinguished by BIs with different chemical structures in the clearcoat 
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Figure 1. Scheme of the urethane reaction between various pyrazole-based BIs and hydroxyl-functionalized
urethane methacrylate oligomer (HFUMO) polyol under thermal curing.

2.3. Transition of Hydroxyl Groups in HFUMO by FT-IR

To compare the urethane reactions of clearcoat samples (CC-DBP, CC-DMP, CC-PYR,
and CC-PL350) considered in this study, the change in OH stretching (3200–3700 cm−1) before
and after curing under two different thermal conditions (150 and 120 ◦C) in each clearcoat sample
was monitored using the attenuated total reflection mode of the FT-IR spectrometer (Spectrum Two,
PerkinElmer, Waltham, MA, USA). The spectral-resolution data of 4 cm−1 were collected by scanning
four times per clearcoat film.

2.4. Real-Time Measurement of Crosslinking Behaviors of Clearcoats

The macroscopic crosslinking evolution of clearcoat samples containing various pyrazole-based BIs
was investigated in real time using a rotational rheometer (MCR-301, Anton Paar, Graz, Austria) [16,17].
Under the small-amplitude oscillatory shear mode with an angular frequency of 5 Hz and strain
of 2% based on the measurement gap, the real-time storage modulus (G’) was measured to clearly
substantiate the growth of a crosslinked network. A parallel plate geometry with an 8 mm diameter
was used, wherein the gap between the upper and lower plates was 500 µm. The clearcoat sample
was placed between the plates in a controlled temperature chamber (CTC). The CTC temperature
was increased from 30 ◦C to the target curing temperature of 150 or 120 ◦C at a heating rate of 12 or
10 ◦C/min, respectively, and then maintained for 80 min.

Crosslinking features distinguished by BIs with different chemical structures in the clearcoat
samples were analyzed using a rigid-body pendulum tester (RPT; RPT-3000W, A&D, Tokyo,
Japan) [38,39]. During the RPT tests, a knife-shaped edge attached to an oscillating pendulum was
placed on the clearcoat film of 80 µm thickness, and the real-time curing behavior was quantified in
terms of the oscillatory pendulum period during the curing. The temperature was increased from 30 to
150 ◦C or 120 ◦C at 12 or 10 ◦C/min heating rate, respectively, and maintained at the target temperature
for 50 min.

2.5. Measurement of Surface Mechanical Properties of Fully Cured Films

The nano-indentation test (NHT3, Anton Paar Tritec SA, Corcelles-Cormondrèche, Switzerland)
was conducted to evaluate the surface hardness of cured clearcoat films produced via the RPT curing
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process [40,41]. The surface properties of the films were interpreted using the indentation penetration
depth curves from the NHT tests, i.e., load-depth data. During the indentation test, the penetration
depth created by the indenter with a 2-µm-sized Berkovich-type diamond tip was recorded along the
indentation force applied on the film surface. Normal force was gradually applied at the indenter with
a 20 mN/min loading rate until the maximum load of 10 mN. A 10 s pause time was assigned at the
maximum load to eliminate any possible creep behavior. The indenter was unloaded at a 20 mN/min
rate after the pause period. The indentation hardness (HIT) values for the films were also compared,
where the detailed methodology is mentioned in previous studies [15,38,40].

The scratch features of the cured films were analyzed using an NST (Anton Paar Tritec SA,
Switzerland) [41–43]. The total scratch length on the surface was 1 mm, and the normal load applied
at the 2 µm sphero-conical diamond tip was gradually increased from 0.1 to 40 mN at a rate of
79.8 mN/min. The scratch resistance and pattern on the surfaces of the cured films were explained
using the loads of the first critical fracture (Lc1) and scratch penetration depth profiles.

3. Results and Discussion

3.1. FT-IR Analysis on Urethane Reaction of Clearcoats with Pyrazole-Based BIs

FT-IR analysis was carried out to verify the progress of the urethane reaction between the
HFUMO resin and various pyrazole-based BIs in the clearcoat films before and after thermal curing.
The films were cured at 150 or 120 ◦C for 60 min. As shown in Figure 2, the OH stretching vibration
(3200–3700 cm−1) of the HFUMO in all the clearcoats significantly decreased after curing at 150 ◦C,
demonstrating that the OH groups in the HFUMO stably reacted with deblocked NCO groups in the
pyrazole-based BIs at 150 ◦C. In contrast, when the curing temperature was 120 ◦C, the OH stretching
vibration changed differently, depending on the BIs. Compared to other BIs, DBP was more detached
from BI-DBP at both temperatures. This result implies that the large-sized DBP blocking agent can
easily separate even below the conventional curing temperature because of the attachment of an
additional electron-withdrawing group to the pyrazole ring; thus, the resulting deblocked BI can
actively participate in the urethane reaction.
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Figure 2. Changes in OH stretching vibration (3200–3700 cm−1) in the HFUMO before and after thermal
curing of various clearcoats at 120 and 150 ◦C.

3.2. Real-Time Rheological Properties of Various Clearcoat Samples

The evolution of the real-time storage modulus (G’) of the clearcoats under different thermal
conditions (150 and 120 ◦C) was observed using a rotational rheometer. Figure 3 shows the transient
G’ data of the clearcoats containing the HFUMO binder and different BIs at two curing temperatures.
For thermal curing up to 150 ◦C (Figure 3a), the storage moduli of all clearcoat samples increased
rapidly because of the extensive dissociation of pyrazole derivatives from the BIs in the high-energy
state. In particular, CC-DBP was much faster crosslinked than others, followed by CC-PYR, CC-PL350,
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and CC-DMP. Although the development process of G’ was different for each clearcoat, the final
G’ value was very similar. In comparison, at a lower curing temperature of 120 ◦C (Figure 3b),
the initiation and growth rate of crosslinking were not as rapid as in Figure 3a. CC-DBP was the only
sample capable of initiating the urethane reaction within 20 min of curing time, like the Figure 3a case,
while the performance of other BIs (BI-DMP, BI-PYR, and BI-PL350) was somewhat poor at a lower
temperature of 120 ◦C. Because the DBP blocking agent has higher nucleophilic character than others
caused by the bulky tertbutyl substituent, it is easily dissociated from the isocyanate groups at the
given curing temperatures, resulting in an earlier initiation and a faster reaction even at a relatively
lower temperature (120 ◦C) [27]. G’ values at 90 min varied greatly depending on the type of BI.
It is worth mentioning that, although the initiation of crosslinking of CC-PYR was much delayed
compared to that of CC-DMP and CC-PL350 when cured at 120 ◦C, its reaction rate after initiation was
significantly higher.
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Figure 3. Real-time storage modulus data of clearcoat samples measured at two different temperatures:
(a) 150 ◦C and (b) 120 ◦C.

3.3. Real-Time Oscillatory Pendulum Periods for Various Clearcoat Samples

The thermal curing behaviors of thin clearcoat films with different pyrazole-based BIs were
investigated at two temperatures (150 and 120 ◦C) using an RPT. The oscillatory pendulum periods for
the clearcoat films during thermal curing, representing the progress of network formation, are illustrated
in Figure 4. At 150 ◦C, the curing patterns of the clearcoat samples were very analogous to those
obtained by rheological measurements (Figure 4a). That is, the initiation of crosslinking and reaction
rate were the highest for CC-DBP, followed by CC-PYR, CC-PL350, and CC-DMP. Figure 4b shows the
pendulum periods of the samples measured at 120 ◦C. Compared to the rheological tests (Figure 3b),
most of the clearcoats were hardly cured, except for CC-DBP because very thin films noticeably retard
the reaction. Nevertheless, the crosslinking degree of CC-DBP cured at a lower temperature was
obviously higher than that of the other samples.Coatings 2020, 10, x FOR PEER REVIEW 7 of 12 
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3.4. Indentation Penetration Depths of Cured Clearcoat Films by NHT

The surface properties of the crosslinked films that underwent the RPT tests were predicted
from nano-indentation measurements (Figure 5). The normal force versus indentation penetration
depth curves indicate that the curing temperature of 150 ◦C was sufficiently high to fully cure all the
samples, as depicted in Figure 5a. The plotted curves of the various clearcoat films are similar to one
another, qualitatively agreeing with the final G’ values in Figure 3a. In Figure 5b, the indentation depth
profiles of the clearcoat films cured at 120 ◦C are clearly distinguishable depending on the type of BI.
In particular, the indentation penetration depth of CC-DBP was much lower than that of the other
samples at given curing temperatures, confirming that this film was highly crosslinked because of the
easy deblocking feature of DBP. CC-DBP was more resistant to external forces than the other samples,
followed by CC-PL350, CC-DMP, and CC-PYR.
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The HIT values, indicating the representative hardness of cured films to external forces, were
calculated from the indentation depth curves, based on the Oliver and Pharr method [40], as shown
in Figure 5c at two curing temperatures. The HIT values of the clearcoat films cured at 150 ◦C were
very similar, which is in agreement with the penetration depth profiles (Figure 5a), addressing that
the films were sufficiently cured. For the films cured at 120 ◦C, the HIT values of CC-DMP, CC-PYR,
and CC-PL350 were considerably low because of the insufficient crosslinking at that temperature.
However, the change in the HIT values for CC-DBP was not large, in contrast to that for other films
with different BIs. Considering the excellent reactivity of BI-DBP at a temperature lower than the
conventional curing temperature, which triggers the rapid growth of crosslinks, CC-DBP exhibited the
highest surface hardness.

3.5. Scratch Penetration Depths of Cured Clearcoat Films by NST

Another demonstration of the surface resistance of the cured films is displayed in Figure 6 through
the nano-scratch tests, which provide the scratch penetration depth profiles along the horizontal surface
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of 1 mm length under the gradual vertical load condition. Figure 6a,b show the NST results of the
clearcoat films cured at 150 and 120 ◦C, respectively. For the clearcoat films cured at 150 ◦C (Figure 6a),
unlike the NHT results in Figure 5a, the CC-DBP film exhibited the highest scratch resistance with
respect to the load, followed by CC-PYR, CC-PL350, and CC-DMP. The scratch penetration depth
at 120 ◦C was the lowest for CC-DBP and the highest for CC-PYR. Similar to the indentation results
shown in Figure 5b, BI-DBP with its bulky steric configuration favorably expedites the formation of
crosslinked networks with a harder surface.
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The Lc1 points on the surfaces of the clearcoat films, that is, critical loads at the first fracture, were
determined from panoramic images captured after the scratch test, as shown in Figure 7. For the films
cured at 150 ◦C, the trend for the Lc1 sequence exactly follows the indentation hardness and scratch
resistance results (Figure 7a), i.e., in the order of CC-DBP, CC-PYR, CC-PL350, and CC-DMP. At a
curing temperature of 120 ◦C, the Lc1 points were generally lower that those at 150 ◦C, because of the
formation of insufficient crosslinking networks on the surface that could be somewhat vulnerable to
external forces. However, the scratch penetration depth of the CC-DBP film became slightly lower at
120 ◦C than at 150 ◦C, demonstrating that BI-DBP would be effective in performing the crosslinking
reaction of the clearcoat samples at relatively low temperatures.
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4. Conclusions

The effect of pyrazole-based blocking agents (DBP, DMP, and PYR) attached to the isocyanate
groups of the thermal crosslinker on the crosslinking characteristics of clearcoats was investigated
through FT-IR analysis, real-time rheology and RPT, and post-curing mechanical tests. The structure of
the pyrazole derivatives and the curing temperature significantly affected their dissociation performance
when they were blocked to the HDI-based isocyanate crosslinker. The transition in the OH groups
in the HFUMO resin before and after thermal curing was clearly confirmed from the change in OH
stretching frequency from the FT-IR spectra. DBP was found to be considerably dissociated from
BI-DBP, even at a lower temperature in contrast to other blocking agents, mainly caused by its bulky
steric configuration. The storage moduli and oscillatory pendulum periods, which represent real-time
crosslinking dynamics of thick and thin clearcoat films, respectively, demonstrated that the blocking
agent with a bulkier structure, DBP in this case, was easily dissociated at given curing temperatures,
promoting a higher curing rate; onset and growth rate of crosslinking were the fastest for CC-DBP,
followed by CC-PYR, CC-PL350, and CC-DMP at 150 ◦C and CC-PL350, CC-DMP, and CC-PYR at
120 ◦C. The surface hardness and scratch resistance of the cured clearcoat films were also higher for the
sample containing the blocking agent with a larger steric configuration. That is, the CC-DBP sample
showed the hardest surface mechanical properties and was significantly better than the CC-PL350 case
with commercialized crosslinker. From the various thermal curing properties of the films, it can be
seen that the pyrazole-based blocking agent plays an important role in effectively lowering the curing
temperature and concurrently enhancing the mechanical strength of the coating layer.
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