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Abstract

:

This research has studied the feasibility of fabricating a catalyst that activates at 80 °C to ensure the curing performance of two-pack isocyanate curable paints, while remaining inactive at 40 °C to ensure storage stability and pot life. The research examined whether the added dibutyl tin dilaurate (DBTL) provided a catalytic function for curing the waterborne paint, which remains almost inactive at 40 °C and activates at 80 °C or higher. It was confirmed that the use of a non-ionic surfactant with a hydrophilic-lipophilic-balance (HLB) of between 13 and 14 resulted in rapid curing at a temperature of 80 °C or higher, thereby demonstrating catalytic properties. The results also show that the viscosity of the paint remained virtually unchanged after exposure for 1 h at 40 °C. This wass presumed to be the result of the DBTL, which was constrained by the micelles up to a temperature of 70 °C, breaking down the micelles at a temperature of 80 °C or higher. It was also confirmed that the catalytic switching properties were not obtained at a lower or higher HLB. It was found that selecting the non-ionic surfactant by HLB can control the activating temperature of the catalytic properties.
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1. Introduction


Resins used for automotive body paints consist of acrylic polymers containing mainly hydroxyl groups, to ensure paint film performance, and a curing agent such as isocyanate groups or melamine resins. It is already known that reactions with acrylic polymers and isocyanates proceed slowly even at room temperature [1]. However, to ensure productivity by minimizing the length of actual painting processes, paint films are baked for a short period of time at a temperature between 140 and 160 °C, after spraying to complete the drying reaction. However, research and development are underway into ways of lowering the baking temperature as a cost-saving measure and to help reduce CO2 emissions in response to issues affecting the global environment [2]. At the same time, other research is also examining the feasibility of partially adopting plastic outer panels to reduce vehicle weight [3]. This would require the application of integrated painting and baking processes to steel body panels and plastic bumpers to lower costs and facilitate color matching between the body and bumpers [4]. In this case, the baking temperature would have to be reduced to help prevent the deformation of plastic parts. Therefore, for the reasons given above, lowering the baking temperature of paints is an extremely important topic for automotive body suppliers.



The automotive body painting process consists of layering a primer surfacer on top of electrodeposition-coated steel sheets, followed by basecoat and clearcoat paint films. The primer surfacer that forms the bottom layer of the paint film and the basecoat that forms the mid layer are both curable paints that mainly use acrylic polyols and melamine resins [5]. However, since it is extremely difficult to lower the baking temperature with a melamine resin, an isocyanate curing agent must be adopted. In contrast, the uppermost layer of the paint film is a curable paint that mainly uses acrylic polyols and isocyanates [6]. It has been proposed that blending an isocyanate curing agent with a certain amount of a catalyst called dibutyl tin dilaurate (DBTL) may be a feasible way of lowering the baking temperature to 100 °C, while shortening the time that the baking temperature needs to be maintained [7]. However, since lowering the baking temperature would also increase reactivity at room temperature, this would likely have an adverse effect on the storage stability of the paint. To help prevent this issue, research has examined the application of masking the curing agent in advance using an isocyanate blocker such as dimethyl pyrazole or methyl ketoxime [8]. However, as the blocker is detached from the isocyanate during the baking process and evaporates in the air, this is not an optimum solution due to concerns over possible adverse environmental effects.



Therefore, this research has begun to study the feasibility of fabricating a catalyst that functionally activates at 100 °C, to ensure the curing performance of two-pack isocyanate curable paints, while remaining inactive at temperatures of 40 °C or lower, to ensure storage stability and pot life. A catalyst that remains functionally inactive at temperatures of 40 °C or lower and activates at temperatures of 100 °C or higher is called a switchable catalyst. A wide range of technologies have been reported to realize these catalytic switching properties, including encapsulating the catalyst in compounds such as cyclodextrin [9,10,11,12,13,14,15,16]. For instance, Wang et al. reported smart supramolecular nano-enzymes with temperature-driven switching properties have been successfully constructed by the self-assembly of supra-amphiphiles formed by the cyclodextrin-based host–guest chemistry [9]. Although reviews have also examined the application of this approach in various industrial fields [17,18,19,20,21], no reports have examined its applicability to automotive paints. However, since cyclodextrin, which tends to be used for these inclusion compounds, has high hydrophilicity, it is presumed that the compounds described in these reports would not satisfy the high-performance requirements of automotive paint films.



Therefore, after examining a wide range of compounds, this research focused on the aggregates formed by non-ionic surfactant molecules in aqueous media (i.e., micelles), which suddenly break up at a certain temperature or higher (called the “cloud point”). It was proposed to take advantage of this irregular phenomenon and incorporate a catalyst into the micelles in advance to form a compound with catalytic switching properties. It has been reported that the cloud point can be freely controlled based on the structure of the non-ionic surfactant [22]. Figure 1 shows the concept of a catalyst with switchable functionality. First, this research examined the feasibility of realizing this switchable functionality (i.e., isolating (deactivating) the catalyst within the micelles in paints and low-temperature paint films, but breaking down the micelles and activating the catalyst at a certain temperature or higher). This feasibility was judged based on the curing behavior of the paint film and the paint storage stability. Next, this research examined changes in the molecular weight of the micelles caused by adding the catalyst using static light scattering (SLS), and the molecular motion of the catalyst in the surfactant aqueous solution using nuclear magnetic resonance (NMR) and heat flow of the catalyst in the surfactant solution using differential scanning calorimetry (DSC). These results were then used to discuss the mechanism of the catalytic switching function.




2. Materials and Methods


2.1. Samples of Surfactant


The following four oleic acid non-ionic surfactants were used to realize the catalytic switching function by generating and eliminating micelles: Nonion E-205, Nonion E-212, Nonion E-215, and Nonion E-230. All surfactants were manufactured by NOF Corporation, Japan and they are abbreviated as E-205, E-212, E-215, and E-230 in this paper. Table 1 shows the chemical formula of these surfactants. The surfactants share the same chemical formula and differ in the polymerization degree of the ethylene oxide groups (E-230 > E-215 > E-212 > E-205). Table 1 also shows the hydrophobic-lipophilic-balance (HLB) and melting point parameters of the surfactants. A numerically higher HLB indicates higher hydrophilicity, which is likely to result in an aqueous solution with a higher cloud point. The HLB listed in Table 1 was calculated by Griffin’s method as expressed in Equation (1) [22]. The value of 20 corresponds to a completely hydrophilic/lipophobic molecule.


HLB = 20 × sum of the molecular weight of the hydrophilic portions of the molecule/molecular weight



(1)







Then, transparent aqueous solutions were fabricated by dissolving the surfactants in ion-exchanged water to form a concentration of 20 wt.%. In addition, DBTL (manufactured by Tokyo-Kasei Corporation, Tokyo, Japan) was added as a hydrophobic catalyst to these aqueous solutions to form a concentration of 2 wt.%. After adding the DBTL, the aqueous solutions were heated at 60 °C and stirred at that temperature until the DBTL was uniformly dispersed.




2.2. Paint Preparation


Paints were prepared by blending the non-ionic surfactants described above with an acrylic emulsion and a polyisocyanate. The acrylic emulsion was synthesized to have a glass transition temperature of 20 °C (estimated value by glass transition temperature of acrylic monomers) and a hydroxyl value of 150 (estimated value by glass transition temperature of acrylic monomers). Table 2 shows the monomer composition and the averaged molecular weight of the acrylic emulsion measured using gel permeation chromatography (GPC). A water-dispersible polyisocyanate was used (Burnock DNW5500 manufactured by DIC Corporation, Tokyo, Japan). The materials were blended to form a molar ratio of 1:1 between the acrylic emulsion hydroxyl groups and the isocyanate groups. In addition, the surfactant/DBTL aqueous solutions described above were added to the paint to form a DBTL concentration of 0.1 wt.%. Then, the evaluation samples were finalized by adding an alkali thickener (Voncoat HV-E manufactured by DIC Corporation, Tokyo, Japan) and dimethylaminoethanol (manufactured by Wako Chemicals, Tokyo, Japan) as a neutralizer. In this paper, these samples are referred to as E205/DBTL, E212/DBTL, E215/DBTL, and E230/DBTL. Similarly, a sample without adding a surfactant/DBTL aqueous solution was also prepared. This is referred to below as the DBTL-free sample. This research also attempted to add the DBTL directly to the acrylic emulsion without adding a surfactant. However, because DBTL is hydrophobic, it was difficult to create a uniform dispersion. Therefore, the water content of the acrylic emulsion was removed in a vacuum-drying oven at room temperature. A sample was then prepared by adding Burnock DNW5500, acetone, and DBTL to the dried acrylic emulsion. The concentration of the DBTL in this paint sample was 0.1 wt.%. This is referred to below as the directly added DBTL sample.




2.3. Paint Evaluation


2.3.1. Measurement of Paint Curing Behavior


The paints described in Section 2.2 were coated onto stainless-steel sheets (size: 40mm × 50 mm, thickness: 0.5 mm) and baked. The film thickness after baking was 35 ± 5 μm. More specifically, the stainless-steel sheets were placed on a horizontal block. Adhesive tape (thickness: 70 μm) was attached to the stainless-steel sheets approximately 5 mm from the edges of two opposing sides. A knife with a straight cutting edge was run over the tape and the paint was coated in the gap between the stainless-steel sheet and the cutting edge of the knife.



After ten minutes the paint films were formed on the stainless-steel sheets using the paints described above, and the relative storage modulus (E’r) of the paint films was measured under a range of curing conditions from 60 to 140 °C, set in 10 °C increments. The measurements were taken using a rigid-body pendulum-type physical properties testing instrument (the RPT-5000 manufactured by A&D Company, Ltd., Tokyo, Japan) equipped with an annular pendulum with a diameter of 74 mm and attached to a knife edge with a cutting angle of 40°. The temperature during measurement was programmed to increase by 20 °C per minute from room temperature (25 °C) to the sintering temperature, and then to maintain the curing temperature. Measurement continued for at least 15 min after the inflection point described below.



The measured relative storage modulus (E’r) values were plotted against time. Over time, after initially forming a downwardly convex curve, the results formed an upwardly convex curve. The point at which this change occurred is referred to as the inflection point. The 15 min period from the inflection point was fitted in accordance with Equation (2) [24].


E’r = A[1 −exp{k(t − td)}]



(2)




where A is a constant, k is the curing speed constant, t is the time, and td is the curing start time.



k was calculated using the non-linear least squares method. Curing progresses faster as the k value increases.




2.3.2. Evaluation of Paint Storage Stability


The samples described above were exposed in an oven for 1 h at 40 °C. The viscosity of the paint before and after this period was measured using an ARES-G2 rheometer manufactured by TA Instruments Co. Ltd., Tokyo, Japan. The measurement conditions were as follows: temperature = 25.0 ± 0.1 °C, shear rate = 1000 s−1, geometry = cone plate with a diameter of 25 mm, angle = 0.04 rad, and gap = 50 μm. It should be noted that the directly added DBTL sample was not measured since it gelified after exposure.





2.4. Measurement of Change in Molecular Weight of Micelles


The change in molecular weight of the micelles was examined by SLS using a DLS-8000 dynamic light-scattering spectrophotometer manufactured by Otsuka Electronics Co., Ltd., Osaka, Japan. The samples were prepared as follows. Transparent aqueous solutions were fabricated by dissolving E-212 and E-230 in deionized water to form a concentration of 20 wt.%. DBTL was added as a curing catalyst to these aqueous solutions to form a concentration of 4 wt.%. After adding the DBTL, the aqueous solutions were heated to 40 °C and stirred at that temperature until the curing catalyst was uniformly dispersed. Subsequently, deionized water was added to dilute the aqueous solutions and create surfactant concentrations of 0.025, 0.050, and 0.075 wt.%. The deionized water was filtered in advance using a 0.1 μm filter. Aqueous solutions with the same surfactant concentrations but without DBTL were also prepared for comparison.



Measurements were carried out under the following conditions. Measurement was carried out at a sequentially increasing temperature of 25, 40, 50, 65, and 78 °C. Then, the samples were radiantly cooled to 25 °C and measured again. The measurement angle was set to 40, 50, 60, 70, 80, 90, 120, and 150°. The measurement time was 16 s. The integrated number of measurements was 100 and the number of repetitions was 1.



Analysis was carried out from the scattering intensity data obtained at each concentration and angle using a square-root Zimm plot, and MW and Rg were calculated. It should be noted that the values obtained from the refractive index at each concentration, which was measured using a DRM-3000 highly sensitive differential refractometer (Otsuka Electronics Co., Ltd., Osaka, Japan, E-212/DBTL-free: 0.0282, E-230/DBTL-free: 0.0241, unit: mL/g), were used for the necessary dn/dC component in the MW calculation. Although samples containing DBTL were not measured, the values would probably not be greatly different. Therefore, the respective DBTL-free values were used as-is. In addition, the refractive index (1.33) and viscosity (0.89 mPa·s) of water at 25 °C were used as the solvent conditions.



The following is known about the measurement of molecular weight using light scattering [16]. When spherical particles are exposed to perpendicular polarized light (wavelength λ0, intensity I0), the SLS method used in this research has an observable scattered light intensity IS that can be expressed by Equation (3) [25].


     I S     I 0    =   4  π 2   n 2   M W  C    (  dn / dC  )   2     λ 0 4   r 2   N A     (  1 +   cos  2  θ  )   



(3)




where,



	
n: refractive index of solvent



	
MW: weight-average molecular weight



	
C: concentration of solute



	
dn/dC: amount of concentration increases in refractive index difference



	
r: distance between light scattering substance and detection module



	
NA: Avogadro’s number






Equation (4) [25] can be obtained by expressing Equation (3) using the optical constant K, the reduced scattering intensity R(θ), and the second virial coefficient (which expresses the interaction with the solvent) A2.


    KC   R  ( θ )    =  1   M W    + 2  A 2  C + ⋯    



(4)






  K =   4  π 2   n 2     (  dn / dC  )   2     λ 0 4   N A    ,    R   ( θ )  =    r 2   I S     I 0     (  1 +   cos  2  θ  )   











Based on Equation (4), if KC/R(θ) is plotted with respect to concentration, MW can be calculated from the reciprocal of the intersection extrapolated from C to 0, and A2 can be calculated from the initial gradient.



However, when the size of the particles exceeds 1/20 of the wavelength of the incidence light, such as in the case of the surfactant micelles used in this experiment, interference occurs between the scattered light discharged from different parts of the particles. This creates a dependency between the intensity of scattering and the angle of incidence. Equation (5) is therefore expressed as follows:


    KC   R  ( θ )    =  1   M W     (  1 +  1 3    Rg  2   q 2  + ⋯  )  + 2  A 2  C + ⋯  



(5)






  q =   4  π n     λ 0    sin  (   θ 2   )   








where,



	
Rg2: inertial square radius



	
q: scattering vector






Based on Equation (5) [25], if [KC/R(θ)]1/2 is plotted with respect to sin2(θ/2) (i.e., a square-root Zimm plot), MW can be calculated from the reciprocal of the intersection double-extrapolated from C to 0 and from θ to 0, and Rg2 can be obtained from the gradient of the line that joins the C to 0 point of each concentration, thereby allowing the inertial radius Rg to be calculated.




2.5. Evaluation of Dynamic Properties of Catalyst


The samples were inserted into sample tubes with a diameter of 5 mm. The JNM-ECA500 Fourier-transformation high-resolution nuclear magnetic resonance spectrometer (manufactured by JEOL Ltd., Tokyo, Japan) was used to examine the dynamics properties (motion) of the catalyst. Transparent aqueous solutions were fabricated by dissolving E-212 and E-230 in deuterium water to form a concentration of 20 wt.%. DBTL (concentration: 2 wt.%) was then added to these aqueous solutions and stirred until the curing catalyst was uniformly dispersed. Subsequently, deuterium water was added to dilute the aqueous solutions and create a surfactant concentration of 2.0 wt.%. Measurement was carried out at a sequentially increasing temperature of room temperature (24 to 25 °C), 30, 40, 50, 60, 70, 80, and 90 °C (E-212 only, E-230 was measured at 50 and 70 °C). The measured nucleus was 1H (500 MHz), a single pulse measurement method was adopted, the delay time was 5 s, and the integrated number of measurements was 16.




2.6. Measurement of Heat Flow of the Catalyst in the Surfactant Solution


The Q-1000 Differential scanning calorimetry (manufactured by TA instrument Ltd., Tokyo, Japan) was used to examine the heat flow of catalyst in the surfactant solution. Transparent aqueous solutions were fabricated by dissolving E-212 and E-230 in deionized water to form a concentration of 2 wt.%. DBTL (concentration: 0.2 wt.%) was then added to these aqueous solutions and stirred until the curing catalyst was uniformly dispersed. Measurement was carried out at a sequentially increasing temperature from 20 to 85 °C at a rate of 1 °C/min.





3. Results and Discussion


3.1. Paint Curing Behavior


Figure 2, Figure 3, Figure 4 and Figure 5 show the relationship between k (the closed symbols in the figures) and the curing temperature for E205/DBTL, E212/DBTL, E215/DBTL, and E230/DBTL, respectively. Each figure also shows the k/curing temperature relationship of the DBTL-free sample (open triangle) and the directly added DBTL sample (open circle). Figure 2 confirms that k increases in accordance with the rise in curing temperature for both the DBTL-free and directly added DBTL samples. In addition, the k value of the directly added DBTL sample is higher than that of the DBTL-free sample at any curing temperature. The k value of E205/DBTL is slightly lower than the k value of the directly added DBTL sample at a temperature range between 70 and 80 °C. The values of E205/DBTL and the directly added DBTL are almost the same at 80 °C or higher. This is presumed to be the result of the micelles already starting to break down at a temperature of 70 °C or less, causing DBTL to be released and activating the catalytic function. Figure 3 shows the same results for E212/DBTL. Between 60 and 80 °C, the k value of E212/DBTL is substantially lower than the directly added DBTL sample. However, the k value increases rapidly from a temperature of 80 °C. Then, between 100 and 110 °C, the k value is virtually the same as that of the directly added DBTL sample. These results indicate the existence of gradual catalytic switching properties. This is presumed to be the result of most of the DBTL being constrained by the micelles at a temperature between 60 and 80 °C, before breaking down the micelles from a temperature of 80 °C, thereby activating the catalytic function. Figure 4 shows the same results for E215/DBTL. In the same way as Figure 3, these results indicate the existence of gradual catalytic switching properties. The k value of E215/DBTL at 100 °C is lower than that of the directly added DBTL sample. This suggests that the DBTL is still constrained by the micelles even at 100 °C. Figure 5 shows the same results for E230/DBTL. Although the k value of E230/DBTL is slightly higher than the DBTL-free sample, no catalytic switching properties were confirmed. Therefore, this suggests that the DBTL in E-230 remains constrained by the micelles up to 130 °C. These results demonstrate that catalytic switching properties can be obtained using a surfactant with an HLB of between 13 and 14. The form and temperature changes of surfactant micelles are regarded as relevant factors behind the wide differences in the dependent relationship between k and curing temperature, which was observable depending on the type of surfactant. The form of the micelles in the surfactant/DBTL aqueous solutions was measured using static light scattering, the molecular motion characteristics of the DBTL were analyzed by measuring the NMR spectra, and the heat flow of DBTL in the surfactant solution by measuring the DSC. Hereinafter describes these measurements and discusses the results.




3.2. Paint Storage Stability


Figure 6 shows the viscosity of E205/DBTL, E212/DBTL, E215/DBTL, and E230/DBTL at a shear rate of 1000 s−1 before and after exposure at 40 °C for 1 h. The viscosity of E205/DBTL increased substantially after the exposure time. As described above, this is thought to be the result of the micelles already starting to break down at around 40 °C, causing DBTL to be released and activating the catalytic function. For E212/DBTL, E215/DBTL, and E230/DBTL, the viscosity remained virtually unchanged after the exposure time. This is thought to be the result of most of the DBTL being constrained by the micelles, thereby preventing activation of the catalytic function.




3.3. Change in Molecular Weight of Micelles


The relationship between the sample temperature and the MW and Rg values of E-212 and E-230 was evaluated using SLS. The MW and Rg values of aqueous solutions without added DBTL (the open circle and open triangle in Figure 7 and Figure 8) increased steadily in accordance with the rise in the sample temperature. As described above, it is thought that the MW and Rg values will increase as the micelles become larger. Therefore, this result suggests that the hydrophobic interaction of the surfactant molecules intensifies as the temperature increases, thereby resulting in micelle growth. For E-212 and E-230, the aqueous solutions containing added DBTL (closed circle and closed triangle in Figure 7 and Figure 8), the MW and Rg values were higher than the aqueous solutions without DBTL at all temperatures. This is presumed to be the result of the DBTL being contained by the micelles. As the temperature increased, the MW and Rg values of the aqueous solutions containing DBTL reached a peak at 40 and 65 °C, respectively. As mentioned above, the increase in the MW and Rg values up to the peaks as the temperature increased is probably due to the intensification in the hydrophobic interaction of the surfactant molecules, which results in micelle growth. Therefore, the fall in the MW and Rg values after the peaks as the temperature increased is probably due to a reduction in the size of the micelles. However, the reasons for this decrease are not evident from these results. Next, the MW and Rg values of the E-212 aqueous solution containing DBTL were measured again after radiant cooling from 65 to 25 °C. The value at 25 °C was virtually the same as at 65 °C, but substantially lower than the value originally measured at 25 °C (Figure 9 and Figure 10). These results suggest that one reason for the decrease in the MW and Rg values at temperatures after the peak is a reduction in the size of the micelles due to DBTL discharge. However, it is difficult to judge the accuracy of that assumption since the MW and Rg values may have decreased while still including the DBTL. Another possible reason for the difference in the MW and Rg values at 25 °C before and after heating is as follows. It is possible that after being discharged, the DBTL is not re-incorporated into the micelles after radiant cooling to 25 °C but exists independently in the aqueous solution. In this case, it should be possible to confirm the presence of independent DBTL as oil drops in the aqueous solution since DBTL is insoluble in water. However, since the concentration of the DBTL in the measurement sample was only 0.005 wt.%, these drops may not be readily observable.




3.4. Dynamic Properties of Catalyst


Figure 11 shows a part of the 1H-NMR spectrum when the E-212 aqueous solution containing DBTL was heated from room temperature (24 to 25 °C) to 90 °C. This spectrum shows a peak derived from the C(=O)CH2 group of the DBTL. However, this peak is not distinct between room temperature and 40 °C, and only becomes noticeable at a temperature of 50 °C or higher. This result suggests that the DBTL molecular motion is constrained by the surfactant molecules (micelles) between room temperature and 40 °C, and that the DBTL molecules become less susceptible to such constraints at 50 °C or higher. The temperature at which this molecular motion becomes less susceptible to constraint is around 40 °C, i.e., the temperature at which the peak MW and Rg values were obtained in Figure 7 and Figure 8. As described in Section 3.3, this is presumed to be because the DBTL is discharged from the micelles at the peak MW and Rg temperature. Next, Figure 12 and Figure 13 compare the spectra for E-212 and E-230 (both containing DBTL) at 50 and 70 °C, respectively. Figure 12 shows a clear DBTL-derived C(=O)CH2 group peak for E-212 (the upper spectrum in Figure 12). In contrast, the peak for E-230 contains a shoulder and is slightly less distinct (the lower spectrum in Figure 12). One reason for this may be as follows. Considering the different peak MW and Rg temperatures for E-212 and E-230 in Figure 7 and Figure 8, most of the DBTL has probably been discharged from the micelles at 50 °C in the case of E-212. However, at the same temperature, almost all of the DBTL probably remains constrained by the micelles in the case of E-230. However, it is difficult to make a definite judgement. In contrast, Figure 13 shows clear C(=O)CH2 group peaks for both E-212 and E-230. This is probably because most of the DBTL has been discharged from the micelles at 70 °C in the case of both samples.




3.5. Heat Flow of Catalyst in the Surfactant Solution


Figure 14 and Figure 15 show the DSC profiles when the E-212 and the E-230 aqueous solutions containing DBTL were heated from 20 to 85 °C, respectively. Figure 14 shows that the heat flow is constant from 25 °C and decreases as temperature increases from 60 °C for the E-212 solution without DBTL and decreases from 30 °C for the E-212 solution with DBTL. Figure 15 also shows that the heat flow is almost constant as temperature increases up to 85 °C for the E-230 solution without DBTL, and that the heat flow decreases as temperature increases from 50 °C for the E-230 solution with DBTL. These results indicate that the micelle structure changes with increasing temperature, and the change point shifts to the low temperature side with the addition of the catalyst. These results also support results suggesting a relationship between MW/Rg and temperature, as shown in Figure 7 and Figure 8.




3.6. Effect of HLB of the Surfactant on Curing Behavior


Summarizing the results described above, the catalytic switching properties may be thought to occur as follows:




	
Adding DBTL to a non-ionic surfactant aqueous solution increases MW and Rg values. One reason for this is because the DBTL molecules are constrained by the surfactant molecules (micelles). Since DBTL is highly hydrophobic, the hydrophobic portions of the surfactant molecules are more likely to be incorporated into the inwardly oriented micelles (Figure 1).



	
Although the micelles grow as the temperature increases, the peak temperature for E-212 is 40 °C and the peak temperature for E-230 is 65 °C. At temperatures above these peaks, the MW and Rg values decrease. One reason for this is thought to be the gradual discharge of DBTL from the micelles, since the micelles start to break down at 40 °C or higher for E-212 and at 65 °C or higher for E-230.



	
The switching function starting temperature based on the measured viscoelasticity results for the paint films (E-212: 80 °C, E-230: 120 °C or higher) is different in absolute terms from the results described in (2). As the former results were obtained from paint films with an extremely low water content, the motion of the DBTL molecules was also low. In contrast, as the latter results were obtained using aqueous solutions, the motion of the DBTL molecules was higher. This difference in motion is likely reflected in this absolute temperature difference.










4. Conclusions


Aqueous solutions consisting of DBTL added to non-ionic surfactant micelles were prepared and added to isocyanate curable waterborne paints. Then, this research examined whether the added DBTL provided a switchable catalytic function for curing the waterborne paint that activates at 80 °C or higher. It was confirmed that the use of a non-ionic surfactant with an HLB of between 13 and 14 resulted in rapid curing at a temperature of 80 °C or higher. The results also found that the viscosity of the paint remained virtually unchanged after exposure for 1 h at 40 °C. This is presumed to be the result of the DBTL, which was constrained by the micelles up to a temperature of 70 °C, breaking down the micelles at a temperature of 80 °C or higher, thereby activating the catalytic function. It was also confirmed that the catalytic switching properties were not obtained at a lower or higher HLB. This research also examined changes in the molecular weight of the micelles caused by adding the catalyst using SLS, and the molecular motion of the catalyst in the surfactant aqueous solution using NMR and heat flow of the catalyst in the surfactant solution using DSC. The mechanism of the catalytic function was studied based on these results. Although the micelles grow as the temperature increases, the micelles gradually break down after growth peaks at 40 °C in the case of micelles with catalytic switching properties (E-212, HLB = 13 to 14), and after growth peaks at 65 °C in the case of micelles with weak catalytic switching properties (E-230).
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Figure 1. A catalyst encapsulated in a micelle in surfactant solution. 
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Figure 2. Relationship between the curing speed constant (k) and curing temperature (surfactant: E-205). 






Figure 2. Relationship between the curing speed constant (k) and curing temperature (surfactant: E-205).



[image: Coatings 11 00375 g002]







[image: Coatings 11 00375 g003 550] 





Figure 3. Relationship between k and curing temperature (surfactant: E-212). 
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Figure 4. Relationship between k and curing temperature (surfactant: E-215). 
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Figure 5. Relationship between k and curing temperature (surfactant: E-230). 
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Figure 6. Storage stability of the waterborne paint with dibutyl tin dilaurate (DBTL) encapsulated in a micelle. 
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Figure 7. Relationship between sample temperature and weight-average molecular weight (MW) (surfactant: E-212 and E-230 with or without DBTL). 
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Figure 8. Relationship between sample temperature and inertial radius (Rg) (surfactant: E-212 and E-230 with or without DBTL). 






Figure 8. Relationship between sample temperature and inertial radius (Rg) (surfactant: E-212 and E-230 with or without DBTL).



[image: Coatings 11 00375 g008]







[image: Coatings 11 00375 g009 550] 





Figure 9. Relationship between sample temperature and MW (surfactant: E-212 with DBTL). 
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Figure 10. Relationship between sample temperature and Rg (surfactant: E-212 with DBTL). 
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Figure 11. 1H-NMR spectrum (E-212 with DBTL) at changing sample temperature. 
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Figure 12. 1H-NMR spectrum comparison of E212/DBTL (upper) and E230/DBTL (lower) at 50 °C. 
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Figure 13. 1H-NMR spectrum comparison of E212/DBTL (upper) and E230/DBTL (lower) at 70 °C. 
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Figure 14. Differential scanning calorimetry (DSC) profile of the E-212 solution with or without DBTL. 
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Figure 15. DSC profile of the E-230 solution with or without DBTL. 
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Table 1. The hydrophobic-lipophilic-balance (HLB) and melting point of surfactants.
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Product Name

	
Chemical Formula

	
HLB

	
Melting Point (°C) [23]






	
Nonion E-205

	
C18H35O(C2H4O)nH

	
9.0

	
4




	
Nonion E-212

	
13.3

	
31




	
Nonion E-215

	
14.2

	
35




	
Nonion E-230

	
16.6

	
40
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Table 2. Monomer composition and averaged molecular weight of acrylic emulsion.
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	Monomers
	Blend Amount (wt.%)





	Butyl acrylate
	22



	Butyl methacrylate
	19



	Methyl methacrylate
	10



	2-hydroxyethyl methacrylate
	36



	Styrene
	10



	Acrylic acid
	3



	Total
	100



	Averaged molecular weight
	11,500
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