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8 ABSTRACT: The synthesis of microcapsules via in situ
9 polymerization is a labor-intensive and time-consuming
10 process, where many composition and process factors affect
11 the microcapsule formation and its morphology. Herein, we
12 report a novel combinatorial technique for the preparation of
13 melamine-formaldehyde microcapsules, using a custom-made
14 and automated high-throughput platform (HTP). After
15 performing validation experiments for ensuring the accuracy
16 and reproducibility of the novel platform, a design of
17 experiment study was performed. The influence of different
18 encapsulation parameters was investigated, such as the effect of
19 the surfactant, surfactant type, surfactant concentration and core/shell ratio. As a result, this HTP-platform is suitable to be used
20 for the synthesis of different types of microcapsules in an automated and controlled way, allowing the screening of different
21 reaction parameters in a shorter time compared to the manual synthetic techniques.
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23 ■ INTRODUCTION

24 Melamine-formaldehyde (MF) microcapsules have been
25 extensively used during the last decades because of their low
26 price, easily controlled preparation, high compatibility, and
27 good thermal and chemical stability.1 Among the materials
28 inside the core, solvents and plasticizers,2 fragrance oils,1a,3

29 phase change materials,1b,c,4 additives,5 and reactive materials
30 for self-healing applications6 have been protected by the brittle
31 rigid MF shell. A well-known microencapsulation approach is
32 based on an oil-in-water (o/w) emulsion and an in situ
33 polymerization process. For this, a pre-reacted MF polymer is
34 incorporated to the emulsion and the polymerization reaction
35 occurs in the continuous phase, leading to a prepolymer that
36 grows and is then deposited on the surface of the droplets
37 containing the dispersed core material. After cross-linking in a
38 fairly acidic media with temperature, the solid shell is formed.7

39 A large number of experimental parameters8 are involved in
40 the synthesis of MF microcapsules and their influence on the
41 final properties of the microcapsules has been the source of
42 inspiration for quite a high number of publications during the

f1 43 last 17 years (Figure 1). However, the optimization of existing
44 processes was mostly performed via a trial-and-error approach.
45 The vast majority of publications that are related to MF
46 microcapsules relied on the experimental screening or
47 characterization,9 very often evaluating the same factors and
48 with merely descriptive conclusions about a particular system.
49 Sometimes, the significance of the paper was related to the use
50 of an original type of core10 as a result of the foreseen
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Figure 1. Historical evolution of publications in peer-reviewed journal
papers related to MF microcapsules in the last 15 years, classified by
topic. Source: Scifinder and Sciencedirect.
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51 applications of the microcapsule system.5b,6d,e,11 In other
52 cases,12 the mechanical properties were the key factor for
53 applications related to pressure-sensitive applications such as
54 carriers for fragrances, or self-healing materials.1b,6e,11c,13

55 However, the most relevant works report improved or more
56 controlled processes for specific needs2c,d,14 or novel
57 preparation methods.15

58 Despite the particularities of each individual system, it is
59 surprising to observe the numerous efforts that are still
60 systematically performed to elucidate the links between the
61 capsules properties (e.g., morphology, size, core content, shell
62 properties, dispersion, etc.) and the interconnected exper-
63 imental parameters involved during the preparation, such as
64 pH, temperature, reaction time, surfactant type and concen-
65 tration, stirring rate, core/shell ratio, and heating gradient.
66 The aim of this research is to present a combinatorial
67 approach to enhance the efficiency of the investigation of a
68 variety of synthesis and process parameters for the preparation
69 of MF microcapsules containing cyclohexane, selected as a
70 standard hydrophobic solvent for the core. The utilization of a
71 unique high-throughput platform with automated multiple
72 synthesis modules aims to allow for speeding up the number of
73 syntheses while reducing the error-prone manual procedures.
74 Besides, the applied design of experiment (DoE) protocol will
75 provide a more complete and comprehensive overview of the
76 links between different sets of parameters, often in a nonlinear
77 way.
78 Combinatorial chemistry is already known for decades and
79 commonly applied in several domains, such as pharmacology16

80 (e.g., controlled drug delivery), biotechnology,17 polymer
81 research18 and catalysis.19 The field of polymer research
82 seems to be perfectly suited for parallel and combinatorial
83 methods because of many parameters can be varied during
84 synthesis and processing. It will be shown for the first time that
85 combinatorial techniques, parallel experimentation and high-
86 throughput methods provide a very promising approach to
87 speed up the large-scale preparation and investigation of
88 polymeric microcapsules, more specifically MF microcapsules.
89 In this way, a large variety of parameters can be screened
90 simultaneously, resulting in new structure/property relation-
91 ships, involving numerous important parameters, such as
92 morphology, cross-link density, particle size, hardness, stiffness,
93 and other application-specific properties.

94Nowadays, numerous suppliers of high-throughput technol-
95ogies offer standardized automated synthesis platforms to
96enhance the discovery, research and development of new
97chemistries, building blocks, molecules, (bio)polymers, etc.
98Despite the intensive search to encapsulate various ingredients,
99such as reactive components, catalysts, corrosion inhibitors,
100etc., and because of the complexity of the process, more
101particularly the in situ polymerization process, a high-
102throughput encapsulation platform has never been reported
103in literature. In this context, such a unique in-house built
104dedicated high-throughput platform for synthesizing micro-
105 f2capsules was developed. Figure 2 shows how the manual lab
106scale setup was transferred into a high-throughput synthesis
107platform.
108It is expected that the use of these combinatorial approaches
109can significantly reduce the time-to-market for new types of
110polymeric microcapsules in comparison to traditional ap-
111proaches and allow for a much more detailed understanding
112of different systems from the macro- to the nanoscopic scale.

113■ EXPERIMENTAL SECTION

114Materials. All the chemicals were purchased from Sigma-
115Aldrich. Melamine 99% (CAS No. 108-78-1), formaldehyde 37
116wt% (CAS No. 50-00-0), triethanolamine 99% (CAS No. 102-
11771-6), cyclohexane 99% (CAS No. 110-82-7), polystyrene
118maleic anhydride (CAS No. 31959-78-1), sodium carbonate
119(CAS No. 497-19-8), sodium dodecyl sulfate, 99% (CAS No.
120151-21-3), polyvinylalcohol 78% hydrolyzed, MW = 6000
121(CAS No. 9002-89-5), 1-octanol (CAS No. 11-87-5), sulfuric
122acid (CAS No. 7664-93-9), acetic acid (CAS No. 64-19-7), and
123magnesium chloride, 99% (CAS No. 7791-18-6) were used as
124supplied.
125Manual Synthesis of MF Microcapsules. The procedure
126was adapted from Yuan et al.6d and modified. The
127precondensate prepolymer was prepared by mixing 12 g of
128melamine and 25 mL of formaldehyde solution (37%). pH was
129adjusted to 9 by adding triethanolamine. The mixture was
130heated up in an oil bath at 70 °C for 30 min, until it became
131transparent. In parallel, the emulsion was prepared by mixing
132cyclohexane with 200 mL of aqueous solution of surfactant.
133Microcapsules with two different amounts of core content were
134prepared. Cyclohexane was added according to a core/shell
135ratio of either 2.82 or 4.23. The pH of the emulsion was slowly

Figure 2. Lab-scale microcapsule synthesis set up (left) vs developed automated microcapsule synthesis platform (right).
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136 decreased to 5 by dropwise addition of acetic acid (12 wt %),
137 while the mixture was homogenized at a speed of 7000 rpm
138 with an Ultra Turrax (IKA) device. One or two drops of 1-
139 octanol were added to control the foaming. Finally, the stable
140 emulsion was transferred to a reactor with mechanical agitation
141 with a four-bladed stirrer at 400 rpm. 200 mL of water was
142 added at this stage. The pre-reacted prepolymer was slowly
143 added to the reactor, leading to a sharp pH increase that was
144 controlled by the addition of acetic acid solution, during the
145 incorporation. After completing the addition of the precon-
146 densate, 10.65 g of magnesium chloride hexahydrate (dissolved
147 in 20 mL of water) was slowly added to the reactor. The final
148 pH was adjusted to 5. The reactor was heated from room
149 temperature to 50 °C and the microcapsule slurry was collected
150 after 1 h. Microcapsules were kept in the slurry form until
151 usage. For characterization, microcapsules were filtered with
152 filter paper, washed with distilled water, and dried overnight in
153 a vacuum oven at 40 °C.
154 Automated Synthesis of MF Microcapsules. In the first
155 step of the microcapsule preparation, the MF prepolymer was
156 prepared, adding 25 g of formaldehyde (37 wt %) and 12 g of
157 melamine in a reactor (R1).
158 Meanwhile, in another reactor (R2), the emulsion was
159 prepared. In a 100 mL reactor 8.74 or 13.1 g of cyclohexane
160 was added to an aqueous solution (29.1 or 43.6 g) containing
161 emulsifier and high-shear mixed at 11000 rpm. The pH was
162 adjusted to 5.
163 Six grams of the prepared precondensate solution (R1) was
164 slowly added to the emulsion (R2) and pH adjusted to 5 with
165 an acetic acid solution. Additionally, 42.4 or 38.9 g of demi-
166 water1 was added together with 1.6 g of the MgCl2·2H2O
167 solution and finally pH trimmed to 5, prior to the poly
168 condensation reaction at 50 °C for 1 h.
169 All these synthetic steps were performed on a modified
170 Swing module (Chemspeed AG), consisting of controllable
171 heated magnetic stirring plates (CAT), 6 independent 100 mL
172 reactors, pH trimming module (4-channel liquid handling
173 module, Chemspeed AG), overhead gravimetric dispensing of
174 powders and liquids (SDU, GDU-V, and 4-channel liquid
175 handling module, Chemspeed AG) and a high-shear mixing
176 tool (KINEMATICA). Every step in the processing of
177 microcapsules was thoroughly examined. A specific reactor
178 concept, combined with an in-house written generic software
179 were developed, allowing to synthesize microcapsules auto-
180 nomically in a miniaturized fashion without any further human
181 intervention. Furthermore, this unique high-throughput syn-
182 thesis platform was designed in such a way that the number of
183 syntheses per day could be doubled compared to the manual
184 experimentation procedure. The fact that many parameters,
185 such as pH, the heating/cooling ramp and/or -temperature, the
186 magnetic as well as high-shear mixing speed and/or -time, the
187 reaction time of each step and not to mention the numerous
188 possibilities on the composition side, could be examined, an
189 upfront selection of the parameters of interest is required. Once
190 the selection and the boundaries are determined, a well-defined
191 DoE could be setup. This HTP platform enables to perform,
192 monitor and register each action of the in situ micro-
193 encapsulation process in an objective manner.
194 Characterization of MF Microcapsules. The morphology
195 of the MF microcapsules was visualized using scanning electron
196 microscopy (SEM) (Phenom FEI, Table-top SEM).
197 For the core content calculation, a weighted amount of dry
198 microcapsules was extracted in acetone at 60 °C in a Soxhlet

199apparatus for 24 h. Extracted samples were fully dried for 24 h
200at 60 °C. Core content was calculated by knowing the initial
201weight of the vacuum-dried capsules (Wi) and the final weight
202of the empty dried shells (Wf) as follows:

= − ×W W Wcore content % (( )/ ) 100i f i

203Design of Experiments (DoE). On basis of previous
204optimization studies, the benchmark microcapsule was chosen
205as the one prepared at pH 5 with 2.5 wt % PSMA surfactant
206with a core/shell weight ratio of 2.82. The DoE was set up
207according to the benchmark sample by varying the most
208 t1important parameters (Table 1). It was aimed to screen 3

209different surfactants, that is, poly(vinyl alcohol) (PVA), sodium
210dodecyl sulfate (SDS), and polystyrene maleic anhydride
211(PSMA), at different concentrations (2.5 and 5 wt %). The
212surfactants were tested both pure and in combinations. The
213samples were coded according to the first two letters of the
214surfactant used in each case. The weight ratio of core/shell was
215also varied at different ratios, 2.82 and 4.23. A D-optimal design
216was selected and resulted in 24 experiments.

217■ RESULTS AND DISCUSSION
218Initially, a reproducibility study was performed by repeating the
219high-throughput experiments of the benchmark (depicted as
220 f3PS1 in Figure 6). As shown in Figure 3, according to the SEM
221measurements, all 4 experiments resulted in microcapsules with
222similar average sizes around 100 ± 15 μm. Core contents of the
223capsules showed a range from 49.1% to 60.8% with an average
224core content of 55.7% ± 5.2%.
225As the platform was proven to give reproducible results with
226the benchmark microcapsule, microcapsules with different
227variables were synthesized, both manually and in an automated
228way. For each set of reaction that was performed, all the
229variables were kept the same. The only difference was the
230stirring rate during the homogenization, that is being 11000
231rpm in case of the automated syntheses and 7000 rpm in case
232of manual reactions as a result of the used experimental setup.
233This difference has an effect on the microcapsule size as
234 f4observed in the SEM pictures in Figure 4a and 4b. The pictures
235a and b refer to the benchmark experiments performed via the
236HTP platform and manual experiments with core contents of
23760.8% and 85.1%, respectively. It is clearly seen that well-
238shaped microcapsules were formed via both synthetic
239techniques with rather high core contents. Manual synthesis
240led to higher core content as a result of the lower stirring rate
241during homogenization, which resulted in larger droplets and
242eventually in larger microcapsules. As the amount of shell is the
243same in both cases, larger-sized microcapsules contain more
244cyclohexane. It is observed that MF particles deposit on the
245surface of the microcapsules, leading to a rough surface.

Table 1. Design of Experiments (DoE) Showing the
Variables Used in the High-Throughput Platform

Levels

parameter level 1 level 2 level 3

pH (3−5.5) fixed (pH = 5)
high shear (RPM) (11000−20000) fixed (11000 rpm)
ratio core/shell (1.41−4.23) (no. 2) 2.82 4.23
no. of surfactants (no. 3) PVA SDS PSMA
range of surfactant, % (0.5−5) (no. 2) 2.5 5
ratio surfactants (no. 2) 100/0 50/50
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246 Nevertheless, both samples are very similar in morphology
247 showing that both synthetic approaches are in agreement.
248 Pictures c and d refer to the reactions synthesized by PVA as
249 the surfactant with 2.5 wt % concentration and with a core/
250 shell weight ratio of 2.82. In both cases it is observed that there
251 is a formation of very small highly deformed and agglomerated
252 capsule-like structures, showing that PVA is not a good
253 surfactant under the reaction conditions used. In case of the
254 automated synthesis these structures are more deformed, again
255 most probably because of the higher homogenization rate. In
256 some of the previous MF microcapsule studies, PVA has been
257 used as a stabilizer in addition to another surfactant, providing
258 repulsive forces between the droplets as well as increasing the
259 viscosity of the continuous phase.20 During the reactions,

260performed at a pH of 4, of the microcapsules with PSMA (e
261and f, weight core/shell = 2.82), automated reactions led to
262small-size deformed microcapsule-like structures, while manual
263reactions resulted in agglomerated microcapsules with a core
264content of 61.1%. In this case, it seems that manual synthesis
265works better than the automated system. This might be
266ascribed to the difficult control of foaming at low pH where a
267lot of acid has to be added to decrease the pH. Reactions
268performed using 5 wt % SDS (g and h) are both very similar in
269structure, that is, agglomerated tiny particles resulting in no
270microcapsule formation. Despite some differences in morphol-
271ogy, the pairs of samples synthesized in a manual or automated
272fashion with the same reaction conditions are in agreement.
273As both the reproducibility and the comparison experiments
274were in agreement and the high-throughput platform was
275shown to be accurate and reliable, a design of experiments
276(DoE) study was planned. The important parameters that affect

Figure 3. Reproducibility experiments of the benchmark microcapsule,
synthesized via the high-throughput platform. The numbers are
showing the measured core content of each batch.

Figure 4. Comparison of microcapsules with 2.82 core/shell ratio synthesized by the HTP platform (top ones) and by manual synthesis (bottom
ones): (a, b) PSMA2.5%, (c, d) PVA 2.5%, (e, f) PSMA 2.5%, pH = 4, and (g, h) SDS 5%.

Figure 5. Microcapsules with different surfactants at pH = 4, core/
shell = 2.82, 2.5% surfactant at different scales: (a) PSMA, (b) SDS,
(c) PVA, and (d) PSMA/PVA (50/50 by weight).
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277 the microcapsule formation can be listed as pH and
278 temperature of the encapsulation medium, type and concen-
279 tration of the surfactant and core/shell ratio. Temperature (50
280 °C) and the stirring rate (11000 rpm) were kept fixed for the
281 DoE. On the other hand, as shown before, the type of
282 surfactant has a very significant role in the formation of
283 microcapsules and their morphology and the core content. As a
284 result, three different surfactants were selected, namely, PSMA,
285 SDS, and PVA. Pure surfactants were used, as well as 50/50
286 weight mixtures with 2.5 and 5 wt % concentrations. Another
287 parameter that was changed included the core/shell ratio.
288 To check the effect of pH, manual and automated
289 experiments were executed at different pH values, ranging
290 from 4 to 5.3. The pH above 5 was difficult to control and a

f5 291 rapid increase was observed, blocking the encapsulation

292 f5process. Figure 5 shows the set of microcapsules produced in
293the automated system with pH 4, a core/shell weight ratio of
2942.82 and a surfactant concentration of 2.5% for PSMA, SDS,
295PVA, and PSMA/PVA mixture (50/50 by weight) to see the
296effect of different surfactants at pH 4. The synthesis by making
297use of PSMA as surfactant was already discussed above. As
298explained before, in the HTP system it is more difficult to lower
299pH of the encapsulation medium in a controlled way due to
300foaming. The reactor dimensions are limited and fine-tuning of
301acid addition/stirring has to be done. When SDS was used,
302again capsule-like but broken particles were observed. PVA at
303low pH does not work unless it is used together with PSMA as
304shown in Figure 5d. In that case, microcapsule formation with a
305core content of 26.6% was observed. Although lower pH
306seemed to work according to the previously published

Figure 6. Overview of the DoE performed via the HTP platform, with resulting microcapsule SEM images. Sample codes and core contents are
mentioned under every image (n.c. = no core content). Scales: 50−250 μm.
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307 research5b,6d it was decided to use a pH of 5 for the DoE
308 because of the limitation of pH control at more acidic
309 conditions.

f6 310 All experimental results of the DoE are shown in Figure 6.
311 The main factors affecting the capsules’ size are the
312 homogenization rate (constant) and the surfactant amount.
313 However, the surfactant type not only influences the size, but
314 the morphology as well.
315 The first row shows the 4 experiments with PSMA as
316 surfactant. As shown by the SEM analyses, both PS1 and PS2
317 consist of nicely formed microcapsules but bigger capsules are
318 detected in PS2 due to increased cyclohexane amount resulting
319 in a core content of 49.6%. Despite the higher amount of
320 cyclohexane, thecore content did not increase compared to
321 PS1, leading to the assumption that shell thickness was bigger
322 in case of PS2. PS3 and PS4 synthesized with 5 wt % PSMA did
323 not result in the formation of microcapsules with all the tested
324 core/shell ratio, which can be ascribed to the insufficient
325 control during encapsulation because of extensive foaming.
326 The second row of microcapsules was synthesized by using
327 SDS. SD1, which was synthesized by 2.82 core/shell ratio and
328 2.5 wt % SDS concentration, resulted in smaller size
329 microcapsules compared to PS1 with an average size of 80−
330 90 μm. When higher core/shell ratio was used (SD2), the
331 surface of the microcapsules became rougher and agglomer-
332 ation occurred while the core contents were similar. When SDS
333 concentration was increased to 5 wt % (SD3 and SD4) neither
334 experiments ended up in the formation of microcapsules,
335 meaning that high concentrations of SDS are not favored. The
336 third row is composed of experiments done with PVA as
337 surfactant. It is clear that PVA, if used alone, does not lead to
338 any microcapsule formation in all 4 variations of syntheses.
339 The next 3 rows of experiments are composed of capsules
340 prepared by mixed surfactants (50/50 by weight). Although 2.5
341 wt % PSMA and SDS at two different core/shell ratios resulted
342 in microcapsules, no microcapsules were formed when their
343 mixture was used. On the other hand, the experiments executed
344 by mixing PSMA and PVA 50/50 by weight resulted in
345 microcapsules with different morphologies and core contents.
346 The first one, with 2.82 core/shell ratio and 2.5 wt % surfactant
347 (PSP1), resulted in agglomerated small microcapsules with a
348 core content of 29.4%. When the core/shell ratio was increased
349 to 4.23 (PSP2), a similar core content (26.9%) was achieved
350 with bigger microcapsules. Five wt % PSMA/PVA and 2.82
351 core/shell ratio resulted in microcapsules with a similar
352 morphology to PS1 and PS2 but smaller in size. The core
353 content ratio increased to 40.8% compared to the micro-
354 capsules obtained with 2.5 wt % concentration of the same
355 mixture of surfactants. When the core/shell ratio was increased
356 to 4.23, while keeping the surfactant concentration at 5%,
357 microcapsules with a smoother surface were obtained, though
358 some agglomeration was also detected. Core content in this
359 case amounted to 44.1%.
360 A final set of experiments, performed by using a 2.5% SDS/
361 PVA mixture, ended up in very smooth and nicely formed
362 microcapsules, independently of the core/shell ratio, and with
363 very high core contents (81.5 and 76.7). While some
364 agglomeration was observed in case of SDP1, SDP2 resulted
365 in perfectly shaped separate microcapsules with a particle size
366 between 35 and 60 μm. Again, when the surfactant
367 concentration was increased to 5%, the results were not as
368 good in terms of encapsulation efficiency (no capsules were
369 formed in SDP3), morphology, and core content. SDP4

370showed shrunk microcapsules with smooth surface and much
371lower core content. These results confirm the added value of
372PVA when used together with SDS.

373■ CONCLUSIONS
374In this study, a unique custom-made high-throughput platform
375for the combinatorial synthesis of melamine-formaldehyde
376microcapsules was successfully achieved. This high-throughput
377encapsulation platform allows to perform experiments in
378parallel, while mimicking the synthetic procedure of a manual
379laboratory procedure with the advantages of consuming less
380raw materials under better controlled process conditions. SEM
381images of the design of experiments confirmed the successful
382design and performance of the HTP-platform. Although in few
383cases excessive foaming made it very challenging to control the
384synthesis, this combinatorial approach allowed us to find the
385ideal conditions for the melamine-formaldehyde microcapsule
386formation with the set of variants we have used. According to
387the SEM images, the best results were obtained when a 50/50
388by weight SDS/PVA mixture as surfactant with a 2.5 wt %
389concentration was used, with core/shell ratios of 2.82 and 4.23.
390These experiments resulted in spherical and smooth micro-
391capsules with high core contents.
392This combinatorial approach of synthesizing melamine-
393formaldehyde microcapsules provides the opportunity for the
394application-oriented preparation of microcapsules in a totally
395automated and controlled way.
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510Influence of co-current spray drying conditions on agglomeration of
511melamine-formaldehyde microcapsules. Drying Technol. 2016, 34 (12),
5121510−1520. (b) Fei, X.; Zhao, H.; Zhang, B.; Cao, L.; Yu, M.; Zhou,
513J.; Yu, L. Microencapsulation mechanism and size control of fragrance
514microcapsules with melamine resin shell. Colloids Surf., A 2015, 469,
515300−306. (c) Lutz, A.; De Graeve, I.; Terryn, H. Non-destructive 3-
516dimensional mapping of microcapsules in polymeric coatings by
517confocal Raman spectroscopy. Prog. Org. Coat. 2015, 88, 32−38.
518(d) Ming, Y.; Hu, J.; Xing, J.; Wu, M.; Qu, J. Preparation of polyurea/
519melamine formaldehyde double-layered self-healing microcapsules and
520investigation on core fraction. J. Microencapsulation 2016, 33 (4), 307−
521314.

(10) 522(a) Aguirre, M. A.; Hassan, M. M.; Shirzad, S.; Daly, W. H.;
523Mohammad, L. N. Micro-encapsulation of asphalt rejuvenators using
524melamine-formaldehyde. Constr. Build. Mater. 2016, 114, 29−39.
525(b) Yang, Z.; Ding, L.; Wu, P.; Liu, Y.; Nie, F.; Huang, F. Fabrication
526of RDX, HMX and CL-20 based microcapsules via in situ
527polymerization of melamine−formaldehyde resins with reduced
528sensitivity. Chem. Eng. J. 2015, 268, 60−66.

(11) 529(a) Shin, Y.; Yoo, D.-I.; Son, K. Development of thermoreg-
530ulating textile materials with microencapsulated phase change materials
531(PCM). II. Preparation and application of PCM microcapsules. J. Appl.
532Polym. Sci. 2005, 96 (6), 2005−2010. (b) Wu, K.; Song, L.; Wang, Z.;
533Hu, Y. Microencapsulation of ammonium polyphosphate with PVA−
534melamine−formaldehyde resin and its flame retardance in poly-
535propylene. Polym. Adv. Technol. 2008, 19 (12), 1914−1921. (c) Salaün,
536F.; Lewandowski, M.; Vroman, I.; Bedek, G.; Bourbigot, S.
537Development and characterisation of flame-retardant fibres from
538isotactic polypropylene melt-compounded with melamine-formalde-
539hyde microcapsules. Polym. Degrad. Stab. 2011, 96 (1), 131−143.
540(d) Son, K.; Yoo, D. I.; Shin, Y. Fixation of vitamin E microcapsules on
541dyed cotton fabrics. Chem. Eng. J. 2014, 239 (0), 284−289. (e) Zhou,
542Y.; Yan, Y.; Du, Y.; Chen, J.; Hou, X.; Meng, J. Preparation and
543application of melamine-formaldehyde photochromic microcapsules.
544Sens. Actuators, B 2013, 188 (0), 502−512. (f) Mohaddes, F.; Islam, S.;
545Shanks, R.; Fergusson, M.; Wang, L.; Padhye, R. Modification and
546evaluation of thermal properties of melamine-formaldehyde/n-
547eicosane microcapsules for thermo-regulation applications. Appl.
548Therm. Eng. 2014, 71 (1), 11−15.

(12) 549(a) Li, W.; Zhu, X.; Zhao, N.; Jiang, Z. Preparation and
550Properties of Melamine Urea-Formaldehyde Microcapsules for Self-
551Healing of Cementitious Materials. Materials 2016, 9 (3), 152. (b) Su,
552J.-F.; Wang, Y.-Y.; Han, N.-X.; Yang, P.; Han, S. Experimental
553investigation and mechanism analysis of novel multi-self-healing
554behaviors of bitumen using microcapsules containing rejuvenator.
555Constr. Build. Mater. 2016, 106, 317−329.

(13) 556(a) Sun, G.; Zhang, Z. Mechanical strength of microcapsules
557made of different wall materials. Int. J. Pharm. 2002, 242 (1−2), 307−
558311. (b) Sun, G.; Zhang, Z. Mechanical properties of melamine-
559formaldehyde microcapsules. J. Microencapsulation 2001, 18 (5), 593−
560602. (c) Mercade-́Prieto, R.; Allen, R.; York, D.; Preece, J. A.;
561Goodwin, T. E.; Zhang, Z. Compression of elastic−perfectly plastic
562microcapsules using micromanipulation and finite element modelling:
563Determination of the yield stress. Chem. Eng. Sci. 2011, 66 (9), 1835−
5641843. (d) Mercade-́Prieto, R.; Allen, R.; Zhang, Z.; York, D.; Preece, J.
565A.; Goodwin, T. E. Failure of elastic-plastic core−shell microcapsules
566under compression. AIChE J. 2012, 58 (9), 2674−2681. (e) Su, J.-F.;
567Wang, X.-Y.; Dong, H. Micromechanical properties of melamine−

ACS Combinatorial Science Research Article

DOI: 10.1021/acscombsci.7b00037
ACS Comb. Sci. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acscombsci.7b00037


568 formaldehyde microcapsules by nanoindentation: Effect of size and
569 shell thickness. Mater. Lett. 2012, 89 (0), 1−4. (f) Mercade-́Prieto, R.;
570 Nguyen, B.; Allen, R.; York, D.; Preece, J. A.; Goodwin, T. E.; Zhang,
571 Z. Determination of the elastic properties of single microcapsules using
572 micromanipulation and finite element modeling. Chem. Eng. Sci. 2011,
573 66 (10), 2042−2049.

(14)574 (a) Li, W.; Wang, J.; Wang, X.; Wu, S.; Zhang, X. Effects of
575 ammonium chloride and heat treatment on residual formaldehyde
576 contents of melamine-formaldehyde microcapsules. Colloid Polym. Sci.
577 2007, 285 (15), 1691−1697. (b) Su, J.-F.; Huang, Z.; Ren, L. High
578 compact melamine-formaldehyde microPCMs containing n-octade-
579 cane fabricated by a two-step coacervation method. Colloid Polym. Sci.
580 2007, 285 (14), 1581−1591. (c) Long, Y.; York, D.; Zhang, Z.; Preece,
581 J. A. Microcapsules with low content of formaldehyde: preparation and
582 characterization. J. Mater. Chem. 2009, 19 (37), 6882−6887.

(15)583 (a) Long, Y.; Song, K.; York, D.; Zhang, Z.; Preece, J. A.
584 Composite microcapsules with enhanced mechanical stability and
585 reduced active ingredient leakage. Particuology 2016, 26, 40−46.
586 (b) Ming, G.; Duan, H.; Meng, X.; Sun, G.; Sun, W.; Liu, Y.; Lucia, L.
587 A novel fabrication of monodisperse melamine−formaldehyde resin
588 microspheres to adsorb lead (II). Chem. Eng. J. 2016, 288, 745−757.
589 (c) Mou, S.; Lu, Y.; Jiang, Y. A facile and cheap coating method to
590 prepare SiO2/melamine-formaldehyde and SiO2/urea-formaldehyde
591 composite microspheres. Appl. Surf. Sci. 2016, 384, 258−262.
592 (d) Wang, Y.-Y.; Su, J.-F.; Schlangen, E.; Han, N.-X.; Han, S.; Li, W.
593 Fabrication and characterization of self-healing microcapsules
594 containing bituminous rejuvenator by a nano-inorganic/organic hybrid
595 method. Constr. Build. Mater. 2016, 121, 471−482. (e) Yuan, H.; Li,
596 G.; Yang, L.; Yan, X.; Yang, D. Development of melamine−
597 formaldehyde resin microcapsules with low formaldehyde emission
598 suited for seed treatment. Colloids Surf., B 2015, 128, 149−154.
599 (f) Daiguji, H.; Makuta, T.; Kinoshita, H.; Oyabu, T.; Takemura, F.
600 Fabrication of Hollow Melamine−Formaldehyde Microcapsules from
601 Microbubble Templates. J. Phys. Chem. B 2007, 111 (30), 8879−8884.
602 (g) Yang, Y.; Ning, Y.; Wang, C.; Tong, Z. Capsule clusters fabricated
603 by polymerization based on capsule-in-water-in-oil Pickering emul-
604 sions. Polym. Chem. 2013, 4 (21), 5407−5415.

(16)605 Singh, M. N.; Hemant, K. S. Y.; Ram, M.; Shivakumar, H. G.
606 Microencapsulation: A promising technique for controlled drug
607 delivery. Res. Pharm. Sci. 2010, 5 (2), 65−77.

(17)608 Konrad, R.; Ehrfeld, W.; Freimuth, H.; Pommersheim, R.;
609 Schenk, R.; Weber, L. Miniaturization as a Demand of High-
610 Throughput Synthesis and Analysis of Biomolecules. In Microreaction
611 Technology: Proceedings of the First International Conference on
612 Microreaction Technology; Ehrfeld, W., Ed.; Springer: Berlin, 1998;
613 pp 348−356.

(18)614 (a) Breul, A. M.; Hager, M. D.; Schubert, U. S. Fluorescent
615 monomers as building blocks for dye labeled polymers: synthesis and
616 application in energy conversion, biolabeling and sensors. Chem. Soc.
617 Rev. 2013, 42 (12), 5366−5407. (b) Weber, C.; Hoogenboom, R.;
618 Schubert, U. S. Temperature responsive bio-compatible polymers
619 based on poly(ethylene oxide) and poly(2-oxazoline)s. Prog. Polym.
620 Sci. 2012, 37 (5), 686−714. (c) Majoros, L. I.; Dekeyser, B.; Haucourt,
621 N.; Castelein, P.; Paul, J.; Kranenburg, J. M.; Rettler, E.; Hoogenboom,
622 R.; Schubert, U. S. Preparation of polyurethane elastomers (PUEs) in a
623 high-throughput workflow. J. Polym. Sci., Part A: Polym. Chem. 2011,
624 49 (2), 301−313. (d) Voorhaar, L.; De Meyer, B.; Du Prez, F.;
625 Hoogenboom, R. One-Pot Automated Synthesis of Quasi Triblock
626 Copolymers for Self-Healing Physically Crosslinked Hydrogels.
627 Macromol. Rapid Commun. 2016, 37 (20), 1682−1688.

(19)628 Valtchev, M.; Hammes, M.; Richter, R.; Höltzen, H.; Stöwe, K.;
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