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Abstract: In this study, a 2-pack isocyanate curing waterborne paint (without organic solvents) encap-
sulating dibutyltin dilaurate (hereinafter, DBTL) in nonionic surfactant micelles with an hydrophilic–
lipophilic balance of 13–14 in advance releases DBTL when the micelles are collapsed at 80 ◦C or
higher, whereby the curing progresses rapidly. On the other hand, the viscosity levels of the paint
before and after being left at 40 ◦C for 1 h are almost the same. Organic solvents are mandatory for
waterborne paints to provide paint and film properties, but they might collapse the micelles when
they are formulated in the paint. In this study, we investigate whether the abovementioned paint
containing organic solvents can develop switching functionality in terms of maintaining the storage
stability at 40 ◦C and expressing a catalytic function at 80 ◦C to progress the curing. As a result, we
find that if the solubility of the organic solvent in water at 20 ◦C is at least 10 g/100 mL and the
boiling point is ≤200 ◦C, both curing and storage stability can be achieved.

Keywords: catalyst; non-ionic surfactant; micelle; waterborne paint

1. Introduction

Thermosetting resins used in automotive body paint mainly consist of acrylic polymers
containing hydroxyl groups and curing agents, such as isocyanate groups and melamine
resins, to ensure coating performance. Although it is known that the reaction between an
acrylic polymer and isocyanate proceeds slowly, even at room temperature [1], in the actual
coating process, to reduce the process length and to complete the curing reaction, baking
under high temperatures (140 ◦C to 160 ◦C) for a short time after spray coating is utilized.
However, automotive body manufacturers are investigating the possibility of lowering the
baking temperature to reduce carbon dioxide emissions and save costs [2]. Furthermore,
the use of resin in parts on the outer panel is also being investigated to reduce vehicle
weight [3]. Achieving this involves painting and baking the steel plate (on the body) and
the resin (on the bumper) together to reduce costs and match the colors of the body and
bumper [4]. In this case, it is necessary to ensure the baking temperature is low enough
to avoid deformation of the resin, which is an important consideration for automotive
body manufacturers.

The automobile body painting process consists of three coating layers, namely a
primer surfacer, base coat, and clear coat, on an electrodeposited steel sheet. Although
both the primer surfacer and the base coat comprise a curing system mainly composed of
acrylic polyol and melamine resin [5], low-temperature (100 ◦C) baking is very difficult
for melamine resin curing systems. Accordingly, the use of isocyanate as a curing agent is
necessary. Meanwhile, the clear coat, which forms the uppermost layer, is a curing system
mainly consisting of acrylic polyol and isocyanate or epoxy–carboxy functional acrylic
resins [6]. In the acrylic polyol and isocyanate curing systems, an increased amount of
catalyst such as dibutyltin dilaurate (DBTL) makes it possible to lower the baking temper-
ature to 100 ◦C, while decreasing the time taken for curing [7].; however, while enabling
low-temperature baking, the reactivity at room temperature also increases, meaning the
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storage stability of the paint may deteriorate. To avoid this problem, the use of curing
agents in which the isocyanate is masked with a blocking agent such as dimethyl pyrazole
or methyl ketoxime has been considered [8]; however, this is undesirable because the
abovementioned blocking agent volatilizes into the air during the baking process when
released, which may have an adverse effect on the environment.

In this study, we investigate the possibility of creating a so-called “switching catalyst”
to ensure sufficient curability by developing the catalytic function at 80 ◦C in a 2-pack
isocyanate curing system, while enabling storage stability and pot life by not developing
the catalytic function at low temperatures of ≤40 ◦C. Various techniques for encapsulating
catalysts in microcapsules and inclusion compounds have been reported [9–15]. We focus
on the possibility of encapsulating catalysts in surfactant micelles. As a result, it is found
that the 2-pack isocyanate waterborne paint (without organic solvents) containing DBTL
and encapsulated in advance in nonionic surfactant micelles with hydrophilic–lipophilic
balance of 13–14 releases DBTL with the collapse of the micelles at 80 ◦C or higher for the
rapid progress of curing, while at the same time the viscosity levels of the paint before and
after standing at 40 ◦C for 1 h remain almost the same [16].

Numerous organic solvents are used in waterborne paints for automobile bodies to
ensure paint stability and improve the leveling of the coating film [17]; however, they might
collapse the micelles, meaning the switching functionality of the catalyst is deactivated
when they are formulated in the paint. In this study, we examine whether the catalytic
function of the coating will appear at 80 ◦C while maintaining storage stability at 40 ◦C in
the abovedescribed coating system containing various organic solvents.

Figure 1 shows a catalyst that exhibits switching functionality. In this study, we
first investigate whether it is possible to isolate (deactivate) the catalyst in micelles in
paints and low-temperature coatings and then achieve a switching function to activate the
catalyst following the collapse of the micelles above a certain temperature, based on the
curing behavior of the paint film and the storage stability of the paint. Subsequently, we
examine the changes in the molecular weights of the micelles when the catalyst is added
using the static light scattering method. Finally, we discuss the mechanism involved in
the appearance of the switching functionality with different organic solvents based on
the results.
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Figure 1. A catalyst encapsulated in a micelle in surfactant solution.

2. Materials and Methods
2.1. Preparation of Paint
2.1.1. Paint without Organic Solvents

The oleic-acid-type surfactant Nonion E-212 (a product of Nichiyu, Tokyo, Japan; here-
after referred to as E-212) was used. It can activate the catalytic function at approximately
80 ◦C, as previously reported [16], as a nonionic surfactant that develops a switching
function in the production and extinction of micelles. This was dissolved in deionized
water to a concentration of 20 wt% to form a transparent aqueous solution. DBTL was
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added to the solution at a concentration of 2 wt%. After addition, the aqueous solution
was heated to 60 ◦C and stirred until uniform DBTL was uniformly dispersed.

Paints were prepared by mixing the above aqueous solution with an acrylic emulsion
and polyisocyanate. The acrylic emulsion [16] with a glass transition temperature of 20 ◦C
(calculated value obtained from the glass transition temperature of acrylic monomer) and a
hydroxyl value of 150 (same as above) was synthesized. A water-dispersible polyisocyanate
Burnock DNW5500 (a product of DIC Corporation, Tokyo, Japan) was mixed to obtain a 1:1
molar ratio of hydroxyl groups to isocyanate groups in the acrylic emulsion. Furthermore,
the abovementioned surfactant–DBTL solution was added to attain a DBTL concentration
of 0.1 wt% in the paint, then Voncoat HV-E (DIC Corporation) and dimethylaminoethanol
(product of Wako Junyaku Kogyo, Tokyo, Japan) were added as the alkaline thickener and
neutralizer, respectively, and the mixture was used as the sample for evaluation (hereinafter
referred to as E212–DBTL). A sample without the surfactant–DBTL solution (hereafter
referred to as DBTL-free) was also prepared in the same manner. Moreover, direct addition
of the acrylic emulsion was attempted without adding DBTL to the surfactant, but since
DBTL is a hydrophobic substance, uniform dispersion was difficult, so the water in the
acrylic emulsion was removed in a vacuum dryer under room temperature. The samples
were prepared by adding Burnock DNW5500, acetone, and DBTL (the concentration of
DBTL in the paint was 0.1 wt%, hereafter referred to as DBTL (directly added)).

2.1.2. Paints Containing Organic Solvents

Paints were also prepared by adding 10 wt% of organic solvents with different water
solubility levels and boiling points to E212–DBTL (Table 1). All the organic solvents in
Table 1 are commonly used in waterborne paints. The water solubility values in Table 1
indicate the amount of organic solvent dissolved in 100 mL of deionized water, and the
state of dissolution was visually judged.

Table 1. Abbreviations for organic solvents and paints.

Abbreviation
of Organic Solvent Chemical Name Water Solubility

(g/100 mL, 20 ◦C) Boiling Point (◦C) [18] Abbreviation of Paint

iPrOH 2-propanol ≥10 83 E212–DBTL(iPrOH)
PrOH 1-propanol ≥10 97 E212–DBTL(PrOH)
BuOH 1-butanol 10 118 E212–DBTL(BuOH)
2EhOH 2-ethylhexanol ≤1 184 E212–DBTL(2EhOH)

PrM 1-methoxy-2-propanol ≥10 120 E212–DBTL(PrM)
EtB ethylene glycol mono butyl ether ≥10 171 E212–DBTL(EtB)

Et2Eh ethylene glycol 2-ethylhexyl ether ≤1 229 E212–DBTL(Et2Eh)

2.2. Measurement of Paint Curing Behavior

The above paint was applied to a 40 mm × 50 mm stainless steel plate (thickness
0.5 mm) to attain a film thickness of 35 ± 5 µm after baking. Specifically, the stainless steel
plate was placed on a horizontal stand, 70-µm-thick adhesive tape was attached to an area
about 5 mm from each of the two opposite ends of the stainless steel plate, a knife with
a straight edge was slid over the tape, and the paint was applied to the gap between the
stainless steel plate and the knife edge.

Ten minutes after forming the coating made of the above paint on the stainless steel
plate, the relative storage modulus (E’r) of the coating was measured for curing conditions
of 70 to 100 ◦C by increments of 10 ◦C. The measurement was performed using a rigid-body
pendulum-type tester (RPT-5000, a product of A&D Corporation, Tokyo, Japan) equipped
with a circular pendulum measuring 74 mm in diameter fitted with a knife edge with a
blade angle of 40◦. The temperature program during measurement was set to increase
the temperature from room temperature (20 ◦C) to the baking temperature at a rate of
20 ◦C/min, then to maintain the curing temperature. The measurement was continued for
at least 15 min after the inflection point mentioned below.
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Plotting the measured relative storage modulus (E’r) against time, we can see that the
curve changes from a downward convex curve to an upward convex curve according to the
progress of time (hereafter, this point of change is called the “inflection point”) (Figure 2).
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Figure 2. Measurement example of the relative storage modulus of a paint versus time.

Equation (1) [19] was obtained for the period 15 min from the inflection point:

E’r = A[1 − exp{k(t − td)}] (1)

where A is a constant, k is the curing speed constant, t is the time, td is the start time for
curing, and k is determined using the nonlinear least-squares method. The larger the k
value, the faster the curing progresses.

2.3. Measurement of Changes in Molecular Weight of Micelles

Static light scattering measurements were performed using a DLS-8000 dynamic light
scattering spectrophotometer (a product of Otsuka Denshi, Osaka, Japan) to investigate the
changes in the molecular weights of micelles. The samples were prepared as follows. E-212
was dissolved in deionized water to a concentration of 20 wt% to produce a transparent
aqueous solution. DBTL was added to this solution at a concentration of 4 wt%. After
addition, the aqueous solution was heated to 40 ◦C and stirred until the curing catalyst
was uniformly dispersed. The solution was then diluted with deionized water to obtain
surfactant concentrations of 0.025, 0.050, and 0.075 wt%. Then, PrOH and 2EhOH at 0.2 wt%
were added to each of these to prepare samples. The deionized water was previously
filtered through a 0.1 µm filter.

The measurements were performed under the following conditions. The temperature
was increased in the order of 25, 40, and 50 ◦C. The measurement angles were set at 40, 50,
60, 70, 80, 90, 120, and 150◦. The measurement time was 16 s, the number of integration
cycles was 100 times, with 1 repetition.

The scattering intensity data obtained at each concentration and angle were analyzed
using Zimm’s square root plot [20] to obtain the molecular weight (MW). The dn/dC
required for the calculation of MW was determined from the refractive indices at each
concentration with a DRM-3000 high-sensitivity differential refractometer (a product of
Otsuka Denshi, Osaka, Japan; E-212–DBTL-free: 0.0282 mL/g). The sample with DBTL
was not measured but there was no significant change presumed in the value; therefore,
the sample without DBTL was used. Water at 25 ◦C with a refractive index of 1.33 and
viscosity of 0.89 mPa s was used as a solvent.
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2.4. Evaluation of Storage Stability

The above paint was left in an oven at 40 ◦C for 1 h and the viscosity was measured
using an ARES-G2 rheometer (a product of T.A. instruments, Tokyo, Japan) before and
after the paint was placed in the oven. The measurement conditions were: temperature:
25.0 ± 0.1 ◦C; shear rate: 1000 s−1; geometry: 25 mm diameter cone plate; rad angle: 0.04;
gap: 50 µm. DBTL (directly added) was not measured because of gelation after being left
in the oven.

3. Results and Discussion
3.1. Curing Behavior of Paint
3.1.1. Temperature Dependence of k for the Paint without Organic Solvent

Figure 3 shows the relationship between the k value (closed circle) of E212–DBTL and
the curing temperature, together with the k value (open triangle) for DBTL-free and the
k value (open circle) for DBTL (directly added). As shown in Figure 3, k increased with
increases in curing temperature for both DBTL-free and DBTL (directly added). Further,
at any curing temperature, the k value for DBTL (directly added) was found to be greater
than for DBTL-free. The value of k was much lower for DBTL (directly added) compared to
E212–DBTL, with differences of up to 70 ◦C, but increased rapidly above 70 ◦C; at 100 ◦C,
k was almost equal to that for DBTL (directly added) and gradual switching was confirmed.
This may have been due to the fact that the catalytic function is inactive until 70 ◦C because
a great part of DBTL is restrained in the micelles, while the catalytic function becomes
active above 70 ◦C due to the collapse of micelles.
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3.1.2. Temperature Dependence of k for the Paint Containing Organic Solvent

The relationship between the k value (closed triangle) of E212–DBTL(PrOH) and
curing temperature is shown in Figure 4, together with the k value (closed square) of
E212–DBTL(2EhOH) associated with data from Figure 3. The addition of PrOH resulted in
increased k at 70–80 ◦C. This have may been due to the activation of the catalytic function
by the partial collapse of the micelles upon PrOH addition. When 2EhOH is added, k at
70–80 ◦C increased greatly compared to PrOH and was essentially the same as for DBTL
(directly added). This can be explained by the fact that since 2EhOH is less soluble in water
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than PrOH, it can be more easily incorporated into the micelles, resulting in DBTL release.
Furthermore, the higher boiling point of the organic solvent may cause volatilization even
when heating, facilitating its incorporation into the micelles. In Section 3.2, the Mw of
the micelles in the above samples will be investigated using dynamic light scattering
measurements for further discussion.
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3.2. Effect of Organic Solvents on the Mw of Micelle with Catalyst

In the DBTL-free aqueous solution (open circle in Figure 5), MW increases linearly
as the sample temperature increases. It is supposed that MW increases according to the
growth of the micelles. This can be attributed to enhanced hydrophobic interactions of
surfactant molecules at higher temperatures, resulting in the growth of micelles. The MW
values of the aqueous solution with the addition of DBTL (closed circle in Figure 5) increase
at all temperatures compared to the DBTL-free aqueous solution, leading to the assumption
that DBTL is incorporated into the micelles. For the aqueous solution containing DBTL,
the local maximum is observed in MW at 40 ◦C as the temperature increases. The increase
in MW with increasing temperature up to the maximum value is thought to be due to
stronger hydrophobic interactions of surfactant molecules and consequent micelle growth,
as described above. On the other hand, the decrease in MW with increasing temperature
above the maximum value may indicate that DBTL is released, which is accompanied by
shrinkage of the micelles [16].

The MW (closed triangle) of the aqueous solution with DBTL and PrOH and the MW
(closed square) of the aqueous solution with DBTL and 2EhOH are shown in Figure 6,
associated with data from Figure 5. As shown in Figure 6, by adding PrOH, MW decreases
slightly in the range of 25–40 ◦C and remained almost unchanged at 50 ◦C. MW reaches
its local maximum at 40 ◦C similar to the case without PrOH. This can be explained by
the fact that when PrOH is added, its incorporation into the micelles at 25–40 ◦C results in
the partial release of DBTL instead. At 50 ◦C, there is no change in MW regardless of the
presence of PrOH because a substantial amount of DBTL is released. When mixing 2EhOH,
MW is much lower at 25–40 ◦C than with PrOH. The plausible reason is that since 2EhOH
is less soluble in water than PrOH, it is more easily incorporated into the micelles, so that a
considerable amount of DBTL is released from the micelles.
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An absolute temperature difference was observed between the switch onset temper-
ature (80 ◦C), as indicated by viscoelasticity measurements of the coating film and the
results obtained in this study. In the former case, the results were obtained using a coating
film with an extremely low water content, in which the mobility of DBTL molecules was
assumed to be low. The latter case relates to an evaluation in an aqueous solution, in which
the mobility of DBTL molecules was presumably high. These differences are reflected in
the above absolute temperature difference.

3.3. Relationship between Characteristic Values of Organic Solvents and Switching Functionality

Regarding the organic solvents not mentioned above, k values were measured only
at 70 ◦C (k70) and 100 ◦C (k100). Figure 7 shows k70 and k100 values for paint systems
containing each organic solvent. Depending on the type of organic solvent, the k70 values
vary remarkably, while k100 values remain almost unchanged. This indicates that when
baking was performed at 100 ◦C, the blending of organic solvents had no influence on the
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curing performance. The relationship between the characteristic values of organic solvents
and k70/k100 values is discussed below.
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Figure 8 shows the relationship between the water solubility of the organic solvent
and k70/k100 values. Solvents with water solubility levels exceeding 10 g/100 mL are
plotted as 20 g/100 mL in Figure 8 for convenience. As shown in Figure 8, no correlation
between water solubility and the k70/k100 exists. Figure 9 shows the relationship between
the boiling point of the organic solvent and k70/k100 values. The k70/k100 values increase
with the increasing boiling point; in other words, the switchability decreases.
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3.4. Storage Stability of Paint

Figure 10 shows the increasing viscosity percentage levels of the paints containing
each organic solvent. The percentages vary remarkably depending on the type of organic
solvent. Here, the relationship between the characteristic values of the organic solvent and
the increasing viscosity percentage levels is explained.

Coatings 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

 
Figure 9. Relationship between boiling point of the additional solvent and k70/k100 values. 

3.4. Storage Stability of Paint 
Figure 10 shows the increasing viscosity percentage levels of the paints containing 

each organic solvent. The percentages vary remarkably depending on the type of organic 
solvent. Here, the relationship between the characteristic values of the organic solvent and 
the increasing viscosity percentage levels is explained. 

 
Figure 10. Increasing viscosity percentage levels for paint samples with different solvent 
compositions. 

Figure 11 shows the relationship between the water solubility of the organic solvent 
and the increasing viscosity percentage levels. Solvents with water solubility levels 
exceeding 10 g/100 mL are plotted as 20 g/100 mL. As shown in Figure 10, no correlation 
can be found between the water solubility and the percentage of increasing viscosity. 
Figure 12 shows the relationship between the boiling point of the organic solvent and the 
increasing viscosity percentage levels. Figure 12 shows that the increasing viscosity 
percentage levels increase with the increasing boiling point, which indicates that the 
storage stability tends to deteriorate. 

0

0.1

0.2

0.3

0.4

0.5

0 50 100 150 200 250

k7
0
/
k1

0
0

Boiling point (℃)

iPrOH

PrOH

BuOH

PrM
2EhOH

EtB

Et2Eh

Pe
rc

en
ta

ge
 o

f i
nc

re
as

in
g

vi
sc

os
ity

(％
)

0

50

100

150

200

250

no

additional

solvent

iPrOH PrOH BuOH 2EhOH PrM EtB Et2Eh

Figure 10. Increasing viscosity percentage levels for paint samples with different solvent compositions.

Figure 11 shows the relationship between the water solubility of the organic solvent
and the increasing viscosity percentage levels. Solvents with water solubility levels exceed-
ing 10 g/100 mL are plotted as 20 g/100 mL. As shown in Figure 10, no correlation can be
found between the water solubility and the percentage of increasing viscosity. Figure 12
shows the relationship between the boiling point of the organic solvent and the increasing
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viscosity percentage levels. Figure 12 shows that the increasing viscosity percentage levels
increase with the increasing boiling point, which indicates that the storage stability tends
to deteriorate.
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Next, the relationship between k70/k100 values and the percentage of increasing
viscosity is shown and the characteristic values of organic solvents that have the ability for
both switchability and storage stability are discussed.

3.5. Switchability and Storage Stability

Figure 13 shows a summarized relationship between the k70/k100 values and the
increasing viscosity percentage levels. The k70/k100 value for standard paint without
organic solvent was the lowest (gray plot in Figure 13), which increased after adding the
organic solvent. This means that the switching functionality decreases with the addition of
an organic solvent. However, for k70/k100 < 0.26, the percentage of increasing viscosity
after the storage stability test was almost the same and the storage stability in this range
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was not a problem. On the other hand, for k70/k100 ≥ 0.26, the percentage of increasing
viscosity increased monotonically with the increase of k70/k100 values. Next, the prop-
erties of organic solvents needed to achieve both switchability and storage stability are
summarized regarding the water solubility and boiling point of the organic solvent.
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Figure 13. Relationship between the k70/k100 of the additional solvent and the percentage of
increasing viscosity.

Figure 14 shows the results for the percentage of increasing viscosity, which are
highlighted by the water solubility and boiling point of the organic solvent. In Figure 14,
the open circle plots represent the solvents for which the percentage of increasing viscosity
was the same as without organic solvents (iPrOH, PrOH, BuOH, PrM, EtB), while the
closed circle plots represent those for which the percentage of increasing viscosity was
substantially higher than without organic solvents (2EhOH, Et2Eh). Solvents with water
solubility levels exceeding 10 g/100 mL are plotted as 20 g/100 mL in Figure 13 for
convenience. In Figure 14, it can be seen that if the water solubility is at least 10 g/100 mL
and the boiling point is less than 200 ◦C, both switchability and storage stability can
be achieved.
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Figure 14. Water solubility at 20 ◦C and boiling point of the additional solvent allowing switchability
and storage stability.
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4. Conclusions

When 2-pack isocyanate waterborne paint (without organic solvents) encapsulating
DBTL in nonionic surfactant micelles with hydrophilic–lipophilic balance of 13–14 in
advance releases DBTL via the collapse of the micelles at 80 ◦C or higher, the curing
progresses rapidly. On the other hand, the viscosity levels of the paint before and after
being left at 40 ◦C for 1 h remain substantially unchanged. In this study, we investigated
whether the abovedescribed actual paint system containing organic solvents can develop a
switching functionality in terms of maintaining storage stability at 40 ◦C and imparting a
catalytic function for curing progress at 80 ◦C. Organic solvents with high hydrophilicity
and low boiling points are less likely to be incorporated into the micelles and have less
significant effects on the behavior of DBTL in the micelles, which in turn is less likely to be
released. Further, it is also thought that a low boiling point for the organic solvent enhances
volatilization upon heating, so that such solvents are less prone to being incorporated into
the micelles. As a result, it was found that when the solubility of the organic solvent in
water was at 20 ◦C is at least 10 g/100 mL and the boiling point was ≤200 ◦C, both curing
and storage stability were achieved.
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