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Chapter 1. General introduction 

1-1. Metal-Organic Frameworks 

1-1-1.  Metal-Organic Frameworks 

 

Metal-organic frameworks (MOFs) and porous coordination polymers are three-

dimensional infinite complexes composed of metal ions and bridging ligands (Figure 1)1-

2. Many MOFs have pores of the order of nanometers that are regularly arranged in the 

structure, making it possible to store and separate gases3-4. Taking advantage of these 

properties, a wide range of research has been conducted on MOFs. The storage and 

separation of gases such as CO2 and H2, which are key to solving environmental 

problems, have been studied for a long time, and the synthesis of MOFs that show high 

storage rates or selectivity has been reported3-6. In recent years, the activity of metals in 

pores has been actively studied for catalytic reactions7-8 and lithium-ion batteries9-10. It is 

known that even in the absence of pores, MOFs exhibit conductivity and carrier transport 

capacity owing to the high alignment of metals and ligands. In addition, applications in 

the field of biotechnology, such as drug delivery, are being studied. The properties that 

can be used in these applications depend greatly on the crystal structure.  

MOFs have unlimited structural possibilities with combinations of metal ions and 

ligands. The selection of metals involves many choices including not only labile metals 

such as Cu and Zn, but also other inert or high-valence metals such as Zr4+, Cr3+ and 

Ti4+ that are difficult to handle. There are many types of ligands, such as common 

carboxylic acids, pyridines, thiols, and phosphoric acids. Many combinations of metal 

and ligand have been reported so far. By combining metal ions and ligands, new 

structures are expected to be created.  

 

Figure 1. Schematic illustration of Metal-Organic framework 
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1-1-2. Multicomponent Metal-Organic Frameworks 

 

To increase the MOF structural diversity of MOFs, multicomponent MOFs 

constructed from more than two types of metal ions or bridging ligands have been 

actively investigated because they can be designed with high degrees of freedom11-15. 

These are called multicomponent MOFs, whereas MOFs consisting of single type of 

metal and ligand are called single-linker or single-metal MOFs. 

Multicomponent MOFs can be divided into three types (Figure 2). The first type is a 

multicomponent MOF composed of several kinds of metal ions and a type of ligand16-17. 

For metals with the same valence and similar coordination structures, it is known that 

mixing two or more of them with one type of ligand yields MOFs that have the same 

structure as individual metal species. Because the MOFs obtained with this strategy are 

identical to the known MOF frameworks, there is no need to perform single crystal 

structure analysis and the time consuming screening process to obtain single crystals. 

The advantage of this strategy is that the combinations and mixing ratios of metals allow 

for improved performance and easy tuning of properties.  

The second type of multicomponent MOFs consists of multiple ligands with the same 

basic structure but different substituents18. For example, 1,4-benzenedicarboxyate (bdc), 

a ligand often used in MOF synthesis, has a ligand with various types of substituents. 

When bdc reacts with Zn, well-known MOF called MOF-5 is produced, but even if multiple 

ligands with different substituents are mixed, a MOF with the same framework can be 

obtained. This technique allows for easy addition of functions by substituents. 

The third type is multicomponent MOFs composed of completely different ligands and a 

type of metal source11, 15. Only this strategy can create a genuinely new structure. 

Although this method is the most versatile, it is difficult to control the crystal structures. 

Therefore, time-consuming screening by trial-and-error is necessary for the discovery of 

new structures and search for single crystal preparation conditions for structure 

determination, and powerful tools such as high-throughput methods, are required for 

screening their synthesis conditions19-22. However, it is even more difficult to predict the 

reaction conditions based on the desired structure, and therefore, it is more challenging 

to obtain new structures. 
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Figure 2. Schematic diagram of three kind of multicomponent MOF; a) MOF 

composed of different kinds of metal ion and a single type of ligand. b), MOF 

composed of a single type of metal ion and different types of ligands which has 

similar structure with different substituent. c) MOF composed of metal ion and various 

types of ligands. 
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1-2. Crystallization mechanism of Metal-Organic Frameworks 

1-2-1. Classical and non-classical crystallization model 

 

An understanding of the crystallization mechanism is helpful in predicting suitable 

reaction conditions to synthesize novel MOF structures. Crystallization can generally be 

divided into two processes: nucleation process and crystal growth process. In the 

nucleation process, reactants start to react and form a nucleus as a unit in the crystal. 

This process proceeds quickly. Thereafter, in the crystal growth process, the components 

of the solution are taken in and the nucleus grows around. This process is called the 

crystal growth process. 

Because the crystal structure is dominated by the nucleation process, control of the 

nucleation process is important. Especially in the synthesis of MOFs, it is known that 

crystal polymorphs with different structures can be formed from the same raw material 

with a small difference in reaction conditions23-26, thus, the pathway selection by control 

of the nucleation process is essential. In addition, the balance between the nucleation 

process and the crystal growth rate influences the size of the crystal which has a 

significant effect on their properties., therefore the mechanism of this process has 

received much attention. Therefore, the mechanism of the crystallization process has 

been actively researched.  

As previously reported, crystallization mechanisms can be classified into two types; 

classical and non-classical model27 (Figure 3). The classical crystallization model is 

characterized by processes in which the product is simply generated from the reactant 

in a single step. In contrast, recently, the non-classical crystallization model is 

characterized by processes in which intermediates (e.g., clusters or nanoparticles) are 

generated during crystallization. In both models, an evaluation method to characterize 

the state during a reaction from multiple perspectives is required. 
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Figure 3. Energy diagram of classical and non-classical model of crystallization. 
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1-2-2. Reported crystallization mechanism of Metal-Organic 

Frameworks 

 

The crystallization mechanism of MOFs has been actively studied. It has been reported 

that several MOFs crystallize by the non-classical mechanism, and a number of in situ 

techniques have been used to investigate each step of MOF formation in such cases, 

such as X-ray absorption fine structure (XAFS) spectroscopy28, nuclear magnetic 

resonance spectroscopy29, X-ray diffractometry 30-31, and small/wide-angle X-ray 

scattering (SAXS/WAXS) techniques26, 32-33, among others34-37. Considerable effort has 

been made to develop a transparent sealed reaction vessel for use in diffraction and 

spectroscopy measurements as a measurement cell. However, although in situ 

experiments using such a sealed reaction vessel allow in situ observation of the reaction 

mixture in the sample vial, it is difficult to analyze multiple aspects of any state during the 

reaction process and isolate intermediates. Furthermore, it is difficult to evaluate the 

state of the nucleation process immediately after the start of the reaction, because such 

an approach does not result in homogeneity in the batch immediately after the start of 

the reaction. The crystallization mechanism of multicomponent MOFs is expected to be 

far more complicated than that of prototypical single-linker MOFs. Therefore, suitable 

tools for precise reaction control of multicomponent MOFs are needed. 
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1-3. Microfluidic systems  

1-3-1. General usage of microfluidic systems 

 

Continuous fluidic synthesis which is a synthetic method of mixing and reacting a flowing 

solution in micrometer-order space using microchannel, has attracted much attention38-

48. Unlike bulk synthesis, mixing within a confined space offers the following advantages.  

First, continuous mixing in a microspace allows for quick and homogeneous mixing. In 

large-scale bulk synthesis, internal mixing and temperature inhomogeneities exist due to 

the heterogeneity caused by agitation and heating. These create non-uniformity in the 

progress of the reaction within the batch, resulting in the formation of impurities and 

differences in particle size. In-batch heterogeneity can lead to the formation of impurities 

and non-uniformity in crystal size, however, these problems can be solved by microfluidic 

synthesis. In addition, microfluidic channels are thermally efficient and can yield high 

yields of products in a short time. Therefore, it can be synthesized under milder 

conditions than bulk synthesis and avoids the risk of explosion caused by handling large 

quantities of reagents in industrial synthesis. Third, owing to its superiority in handling 

small quantities of solutions, high-throughput screening can be performed with small 

amounts of samples. Particularly in the field of biotechnology, "lab-on-a-chip" devices, 

which allow the synthesis and analysis to be performed in a single micro device, have 

contributed to the development of this field. Fourth, microfluidics also allows for the 

selection of different reaction paths than in bulk synthesis by precise control of the mixing 

process. In flash chemistry of organic synthesis, microfluidic channels allow the selective 

production of products that cannot be obtained in bulk synthesis by mixing quite quickly. 

The precise control of the mixing process enables control of the diffusion of substances. 

This makes it easier to create a far-from-equilibrium state with bulk synthesis. Therefore, 

it is possible to control the intramolecular interactions of supramolecules to create 

arbitrary assembly structures. Thus, microfluidic channels are an outstanding vexrsatile 

device that can be used in a wide range of fields for a variety of purposes. 
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1-3-2. Usage of micro flow reactor in the field of Metal-Organic 

Frameworks 

 

Generally, MOFs are synthesized by solvothermal methods under high temperature and 

pressure; however various methods such as microwave synthesis, electrochemical 

synthesis, and mechanochemical synthesis have also been developed49-50. The 

advantages and disadvantages of each synthesis method are described below (Table 1). 

 

Table 1. Advantages/disadvantages of synthesis method of MOFs 

 

All these methods show difficulty in controlling particle size and scaling. In other 

words, precise control of the mixing process is difficult in these methods. Microfluidic 

synthesis can overcome these shortcomings by high thermal efficiency, control of mass 

diffusion, and precise control of the mixing process (Figure 4). There are three main 

applications of microchannels in the field of MOFs: 1. efficient synthesis of high-quality 

MOFs, 2. confined space synthesis of MOF composites with various morphologies, 3. 

selective synthesis of metastable products. 

 

Figure 4. Classification of the previous works of the microfluidics on synthesis of MOFs. 
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The first application is the efficient synthesis of high-quality MOFs. Microfluidic 

synthesis allows for quick and homogeneous heating of a solution flowing through a 

microspace. Therefore, this high heat transfer enables the synthesis in a high yield. In 

contrast, in conventional bulk synthesis, uneven temperature in the batch causes non-

uniform particle size and impurity formation in the batch reaction. In addition, the 

integration of microfluidic channels allows easy scale-up, which is not dangerous for 

large-volume synthesis. Therefore, microfluidic MOF synthesis is suitable for large-scale 

synthesis50-56. In addition, in microfluidic synthesis, it is easy to incorporate other 

operations (e.g. microwave and spray drying), and it is possible to manage any step in 

the reaction57-58. In microfluidic synthesis, the entire process from mixing to crystal 

deposition takes place within the microfluidic device. The reaction begins in the mixing 

section of the microfluidic channel, with nucleation occurring slightly behind the mixing 

section and crystal growth near the exit (i.e., each reaction step corresponds to a specific 

location). Therefore, the particle size can be easily controlled by accelerating nucleation 

through manipulations such as irradiating microwaves (MW) to specific locations.In 

addition, the diffusion of reactants in the microspace can be precisely controlled by 

adjusting the flow rate of the solution. This technique provides a significant reduction in 

the diffusion rate and enables the production of high-quality single crystals, which is 

difficult to achieve with conventional bulk synthesis59. Microfluidics is also useful for high-

throughput synthesis, as it allows for continuous reactions and precise handling of small 

amounts of solution. Previous report has reported the synthesis of large numbers of MOF 

single crystals (up to 6,400 pieces) at a time using a microfluidic device that allowed for 

control of femtolitre-scale droplets60. 

Second application is confined space synthesis of MOF composites with various 

morphologies. Although MOF composites, comprising MOFs and other materials, can be 

produced by stepwise bulk synthesis,[61] this method is poorly suited for precise control of the 

composite composition and morphology. The exploitation of differences in mixing time and 

reactivity allows the synthesis of various kinds of composites but is subject to certain 

limitations. Conversely, microfluidic systems allow precise control over the mixing order of 

multiple reactants, and thus over composition, which is not possible for bulk synthesis.62-63. 

In microfluidic synthesis, it is possible to continuously produce MOFs with various 

morphologies, such as fibers, composites, and capsules. These morphologies are 

formed by the control of mass diffusion. In continuous, fluidic synthesis, the reaction space 

can be controlled by adjusting flow velocity and solvent. For example, in a laminar flow, the 

reaction proceeds only at the interface of the solution, creating a one-dimensional (1D) 

reaction field in the direction of the solution flow, which can be used to generate fibers64. In 
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addition, when oil and water layers are mixed, the reaction can only occur at a limited 

interface, which allows the formation of films and hollow capsules65-68. In general, such 

interfacial reactions are difficult to perform continuously and require additives that may affect 

the product. In microfluidic synthesis, solution flow can be used to form diverse structures. 

The use of microfluidic techniques instead of bulk synthesis can afford composites with 

enhanced performance. 

Third application is selective synthesis of metastable products. Microfluidic 

synthesis allows the precise control of mixing process parameters (e.g., mixing order 

and timing) that dictate the pathway selection of reaction69. As reported in the field of 

supramolecules70, by controlling mass diffusion, the field of MOFs has also succeeded 

in selectively obtaining MOFs of kinetic morphology71. Moreover, the reaction time 

depends on the tube length, which acts as reaction field. Therefore, the observation and 

isolation of products at any position in the tube at a certain reaction time can be achieved 

by controlling the flow velocity and concentration72-73. Isolation of the solution 

immediately after mixing allows the characterization of intermediates, such as those 

produced in the early stages of the reaction. Taken together, the microfluidic channels 

allow control of the reaction axis and help to selectively obtain non-thermodynamic 

products. Such products have been reported to exhibit higher adsorption properties than 

thermodynamic products due to internal defects. Isolation of such metastable kinetic 

products could be a novel approach to superior material discovery. 
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1-3-3. Microfluidics on the elucidation of the crystallization mechanism of Metal-

Organic Frameworks 

 

To elucidate the crystallization mechanism of multicomponent MOFs, conventional 

evaluation methods have difficulty evaluating the rapid nucleation process, multifaceted 

characterization of the intermediate species formed during the reaction, and the 

individual behavior of the multiple components present during the crystal formation 

process. The microfluidic system offers the following benefits for the elucidation of the 

crystallization mechanism and can solve these problems. First, mixing of solutions in 

microfluidic channels allows for quick and homogeneous mixing. Mixing in bulk creates 

a heterogeneity in the batch and different progress of the reaction can be observed in 

different parts of the batch. When observing the crystal formation process, heterogeneity 

in the batch does not allow us to properly evaluate certain states. In particular, the 

nucleation process is completed immediately after the start of the reaction, so the system 

requires homogeneity immediately after the start of mixing. Therefore, microchannel that 

allow instantaneous mixing of solutions are useful. 

Moreover, it allows precise control of the mixing process. In elucidating the crystal 

formation process of multicomponent MOFs, the influence of each component on the 

crystal formation process can also be evaluated by precise mixing. The length between 

the mixing point and an arbitrary endpoint corresponded to the reaction time. These 

properties facilitate direct observation of dissipative non-equilibrium states by 

spectroscopy and allow the isolation of reaction intermediates by limiting the reaction 

time. In addition, the microfluidic channel allows for the stepwise mixing of multiple 

components and allows for the evaluation of each reactant by controlling the timing and 

order of the reaction. From these points of view, the use of microfluidics will provide new 

insights into the crystallization mechanism of multicomponent MOFs. 
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1-4. Outline of this thesis 

 

The synthesis of novel multicomponent MOFs can expand their structural 

diversity. However, to obtain new multicomponent MOFs, screening is necessary owing 

to a lack of guidelines. Therefore, the mechanism of the crystallization process of 

multicomponent MOFs is investigated to obtain the key to the efficient synthesis of novel 

multicomponent MOFs. As a tool for elucidating the crystal formation process of 

multicomponent MOFs, microchannels are considered to be useful based on previous 

research examples. In this thesis, we report the results of the elucidation of the crystal 

formation process of multicomponent MOFs by using microchannels to precisely control 

the non-equilibrium process of crystal formation. 

In Chapter 2, we focus on a typical multicomponent MOF, pillared layer MOF 

CPL-1/2, and investigate the crystal formation process using microchannels. Using 

microchannel-based synthesis, the effect of flow velocity and ligand mixing order on the 

nucleation rate was evaluated. Solid-state intermediates were successfully isolated by 

varying the reaction time. An experimental apparatus was constructed using a 

combination of microchannels and spectroscopic measurements, and another 

intermediate in the supersaturated solution immediately after the start of the reaction was 

determined. Based on these results, we propose a mechanism for the crystal formation 

of CPL-1/2.  

Chapter 3 summarizes this thesis and provides the future outlook. 
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Elucidation of crystallization mechanism of CPL-1/2 by 

microfluidic systems 

 

 

 

Abstract: To diversify metal-organic frameworks (MOFs), multi-component MOFs 

constructed from more than two kinds of bridging ligand have been actively investigated due 

to the high degree of design freedom afforded by the combination of multiple ligands. 

Predicting the synthesis conditions for such MOFs requires an understanding of the 

crystallization mechanism, which has so far remained elusive. In this context, microflow 

systems are efficient tools for capturing non-equilibrium states as they facilitate precise and 

efficient mixing with reaction times that correspond to the distance from the mixing point, thus 

enabling reliable control of non-equilibrium crystallization processes. Herein, one of the 

representative multi-component MOF CPL-1/2 with pillared-layer structure was synthesized 

by microfluidic synthesis and the intermediates were observed by an in situ measurement 

system that combines microflow reaction with UV-Vis and X-ray absorption fine structure 

spectroscopies, thereby enabling their rapid nucleation to be monitored. Based on the results, 

a three-step nonclassical nucleation mechanism involving two kinds of intermediate is 

proposed. 
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2-1. Introduction 

 

Understanding of the crystal formation mechanism of multicomponent MOFs is helpful in the 

investigation of novel MOFs because the reaction conditions are difficult to predict. 

Although there are various types of multicomponent MOFs, the pillared layer type is a good 

model for this study. The “pillared-layer strategy” is a conventional synthesis approach 

that overcomes the difficulties in predicting the structures of multi-component MOFs74-78 

(Figure 1). In a typical pillared-layer motif, metal ions and anionic organic ligands, such 

as carboxylates, form neutral two-dimensional (2D) structures, and these 2D sheets are 

connected through neutral “pillar” ligands that are typically heteroaromatic amines. This 

design strategy is well established, and a large number of MOFs, containing both layer 

ligands and pillar ligands have been reported. This technique allows for easy adjustment 

of pore size by varying the length of different pillar ligands while maintaining the same 

layered structure. Therefore, pillared-layer MOFs have been used in many studies. To 

elucidate the mechanism of crystal formation, the pillared-layered MOFs were considered to 

be suitable due to their simple structure and ease of synthesis.  

 

Figure 1. Schematic illustration of pillared layer MOFs 

 

However, even the crystallization mechanisms of pillared-layer MOFs are not well 

understood. Although X-ray diffraction data have been collected during the syntheses of 

pillared-layer MOFs31, the role of each ligand in the crystallization process has not been 

independently determined due to complex competition between the two coordinating 

ligands in the reaction solution. A deeper understanding of the crystallization 

mechanisms of pillared-layer MOFs could therefore provide a reasonable general 



Chapter 2 
 

 

 

23 
 

starting model for elucidating and controlling the self-assembly of multi-component 

MOFs.  

As such, the use of microfluidics is a valuable approach for elucidating the complex 

crystallization processes of MOFs. This approach offers the following benefits. First, in-

microchannel synthesis has a high rmixing efficiency than bulk synthesis, which results 

in reduced reaction time and higher efficiency. Second, the small microchannel 

dimensions allow the precise control of substance diffusion. Third, the microreactors can 

modify the reaction axis via slight adjustments to the reaction conditions. In particular, 

the reaction pathway is sensitive to mixing time differences of several microseconds  

An understanding of the non-equilibrium crystal-forming processes of multi-component 

MOFs and control over their crystal polymorphism would therefore be expected to 

radically facilitate rational design of the crystal structures and/or morphologies of multi-

component MOFs.  

In this work, CPL-1/2, a pillared-layer MOF, was focused on to elucidate the crystal 

formation process. In particular, the influence of precise mixing of multiple components 

on crystallization, an important aspect in the synthesis of multicomponent MOFs, is 

discussed. In particular, the influence of precise mixing of multicomponents on 

crystallization is discussed. In this chapter, experiments of bulk and microfluidic synthesis 

(2-2-1, 2) and spectroscopic measurements using UV-vis and X-ray absorption 

measurements (2-2-3) are presented to propose a mechanism of crystal formation (2-2-

4). 
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2-2. Result and Discussion 

2-2-1. Synthesis of CPL-1/2 by bulk synthesis 

 

In this study, we focused on CPL-1/2, one of the representative pillared-layer MOFs 

(Figure 2a)79. Both structures have been widely studied over the years80-83, especially 

CPL-1 for the separation of acetylene77 and CPL-2 for the study of the shape-responsive 

transformation caught the attention. CPL-1/2 have pillared-layer structures that consist 

of layers composed of Cu(II), pzdc (Figures 2b), and either pyz or bpy as pillar ligands, 

respectively (Figure 2b). Three carboxylate oxygen atoms, one nitrogen atom of the pzdc 

unit, and one nitrogen atom of a pyrazine unit form a distorted square-pyramidal 

coordination geometry around the Cu(II) ion (Figure 2c and 2d). While MOFs are 

generally required to be synthesized at high temperature and pressure, CPL-1/2 are 

synthesized in water and/or methanol at ambient temperature 

 

Figure 2. a) Schematic representation of the pillared-layer structures of CPL-1 and CPL-

2. b) The crystal structures of CPL-1/2 along the a axis; C gray, O red, N blue, and Cu 

green. H atoms are omitted for clarity. The local structures of (c) CPL-1, and (d) CPL-2. 

C gray, O red, N blue, Cu green. H atoms are omitted for clarity.  
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We synthesized CPL-1/2 in accordance with the reported bulk synthesis method through 

the reaction of Cu(ClO4)2·6H2O, sodium 2,3-pyrazinedicarboxylate (Na2pzdc), and 

bridging pillar ligands (pyz or bpy). CPL-1 was prepared using 12 equivalents of pyz, 

while CPL-2 was prepared using 0.6 equivalents of bpy relative to Cu(ClO4)2·6H2O. The 

mixed CPL-1 solution remained transparent for several minutes, after which time crystals 

began to precipitate (Figure 3). In contrast, the CPL-2 solution rapidly became turbid 

during mixing. The prepared crystals were characterized by and scanning electron 

microscopy (SEM) (Figures 3c and 3d) X-ray powder diffractometry (XRPD) (Figure 5). 

SEM images shows that CPL-1 crystals were ~10 μm in size, on average, while those of 

CPL-2 were ~100 nm in size. 

Figure 3. Reaction solutions after mixing for 20 s: a) CPL-1, and b) CPL-2. The reaction 

solution of CPL-1 was transparent in its supersaturated state. In contrast, that of CPL-2 

was cloudy, which is indicative of the commencement of crystal precipitation. This 

difference indicates that the nucleation rate of CPL-1 was slower than that of CPL-2. 

SEM images of c) CPL-1, and d) CPL-2 synthesized by the bulk synthesis route. 

 

Generally, crystallization can be divided into two main processes, namely nucleation and 

crystal growth. The crystal size was determined by the valance of the nucleation rate and 

crystal growth rate (Figure 4). Fast nucleation results in a high nucleus concentration 
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that produces small particles, while slow nucleation results in a low concentration of initial 

seeds that consume larger amounts of precursor per nucleus, resulting in larger particles. 

According to this mechanism, the crystal size tends to reflect the balance between the 

rates of nucleation and crystal growth. When the nucleation is fast and occurs within the 

initial period, a large number of nuclei are generated rapidly, and slow growth results in 

the formation of small crystals. Observation of the reaction solutions and crystal sizes 

revealed that CPL-1 nucleates more slowly than CPL-2, thereby suggesting that the 

nucleation process may be suppressed by excess amounts of pyz (12 eq. for CPL-1) or 

be enhanced by bpy (0.6 eq. for CPL-2).  

 

 

Figure 4. Effect on the crystal size by the difference of nucleation rate 

 

The resulting crystals were confirmed as CPL-1 and 2 by XRPD measurements (Figure 

5b, d). 
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Figure 5. XRPD patterns of CPL-1 and CPL-2 prepared by the bulk and fluidic synthesis 

routes. Left: (a) The simulated diffraction pattern of CPL-1, and (b) the XRPD pattern of 

CPL-1 crystals prepared by the bulk synthesis route. Right: (c) Simulated diffraction 

pattern of CPL-2, and the XRPD patterns of CPL-2 crystals prepared by (d) the bulk and 

fluidic synthesis routes at flow rates of: e) 0.5, (f) 1, (g) 3, (h) 5, (i) 7, and (j) 10 mL/min, 

with 2.5 mM Cu(ClO4)2·6H2O. The spectra of all obtained crystals, including those not 

shown in this figure, are consistent with that simulated for CPL-2, which indicates that 

the synthesis method employed does not influence the structure. 

 

To obtain an understanding of the factors that determine the nucleation rate, we 

synthesized CPL-2 using various amounts of the pillar ligand, where larger amounts of 

4,4’-bpy or pyridine (i.e., a monodentate heteroaromatic ligand) as a modulator led to 

larger CPL-2 crystal. In the synthesis of MOF, additives called modulators are added 

besides the reactants to control the particle size, such as to obtain single crystals or to 

obtain nanometer size84. Typically, a monodentate ligand is added to the reaction 

because of competition with a bridging ligand to affect the rate of crystal formation. In 

this case, we added a pyridine, which may compete with 4,4'-bpy, to evaluate the effect; 

SEM images of crystals synthesized with large amounts of 4,4'-bpy and pyridine show 

that the addition of the piller ligand or the modulator would have a greater effect on the 

grain size to be larger (Figure 6). This result suggests that the nitrogen-based pillar 

ligands play key roles in suppressing nucleation processes; the copper ion and the pillar 

ligand can form stable coordination compounds in solution, which prevents the formation 

of the nucleus.  
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Figure 6. SEM images of CPL-2 crystals synthesized with excess amounts of a) bpy (12 

eq.), and b) pyridine (8 eq.). c) XRPD patterns of crystals of a) and b). 
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2-2-2. Fluidic synthesis of CPL-1/2 

 

The fluidic synthesis route using an acrylic Y-shaped microflow reactor (with a 

40° confluence angle) as shown in Figure 7 was carried out. The solution compositions 

were the same as those used in the reported bulk synthesis. CPL-1 was prepared using 

12 equivalents of pyz, while CPL-2 was prepared using 0.6 equivalents of bpy relative to 

Cu(ClO4)2·6H2O. All-plastic disposable syringes were filled with a mixed aqueous 

solution (10 mL) of Cu(ClO4)2·6H2O (1.3–20 mM) and pyz (16.1–248 mM), and were filled 

with 10 mL sodium 2,3-pyrazinedicarboxylic acid aqueous solution (1.3–20 mM) for CPL-

1. For CPL-2, an aqueous solution of Cu(ClO4)2·6H2O (1.3–20 mM, 10 mL) and a solution 

of sodium 2,3-pyrazinedicarboxylic acid (1.3–20 mM) and 4,4’-bipyridine (0.8–12 mM) in 

1:1 methanol:water (10 mL). The solutions were pumped into the reactor through 1-mm-

diameter tubes by two syringe pumps. The mixed solution was allowed to stand for ~12 

h, after which the precipitate was separated by centrifugation or filtration (depending on 

the particle size) and washed twice with methanol. The crystals obtained in this manner 

were characterized by XRPD, and SEM. The SEM images reveal that the crystals are 

strongly condensed, making it difficult to distinguish a single crystallite. Therefore, we 

considered an aggregated particle to be one crystalline particle and compared the sizes 

of the crystalline particles in their aggregated states.  

 

Figure 7. Schematic diagram of one step fluidic synthesis 
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The flow synthesis of CPL-1 was carried out at different velocities, and the SEM 

images showed that the crystal size did not changed even at different velocities (Figure 

8). The flow velocity did not affect the crystal size in different concentrations of CPL-1. 

 

 

Figure 8. SEM images of CPL-1 crystals synthesized in the Y-shaped reactor with a 

confluent angle of 40° at various flow rates. The results for Cu(ClO4)2·6H2O 

concentrations of a) 10 mM, and b) 20 mM, which are independent of the flow rate. Scale 

bars = a) 100 μm, and b) 50 μm. 

 

In contrast, in the case of CPL-2, the crystal size changed with the flow rate and 

tended to increase as the flow rate increased. The SEM images of CPL-2 shown in Figure 

9, reveal that the average size of the crystalline particles synthesized at flow rates of <1 

mL/min is ~3 μm, while that of the crystals synthesized at flow rates >5 mL/min are ~10 

μm. XRPD results showed that only CPL-2 was obtained by varying the flow rate (Figure 

5). 

 

 

Figure 9. SEM images of CPL-2 crystals synthesized in a Y-shaped reactor with a confluent 

angle of 40° at various flow rates. Scale bar = 5 μm. 

 

Reasons for the difference of CPL-2 crystal size with flow velocity were 

discussed. Two possible reasons could be suggested: the difference of the residence 

time of the solution in the channel or the different solution mixing process at different flow 

rates.  
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Figure 10. Evaluating the influence of residence time in the microflow reactor. CPL-2 

was synthesized with various tube lengths. SEM images of CPL-2 crystals synthesized 

at a flow rate of 10 mL/min with tube lengths of a) 30 cm, and b) 150 cm, and at a flow 

rate of 1 mL/min with tube lengths of c) 3 cm, and d) 15 cm. The residence times 

corresponding to a) and c), and to b) and d) were identical. These results indicate that 

nucleation is only influenced by mixing efficiency and not residence time. Scale bar = 20 

μm. 

 

To evaluate the effect of residence time, the synthesis was performed with 

different tube lengths. At a flow rate of 10 ml/min, the synthesis was carried out with tube 

lengths of 30 cm and 150 cm with residence times of 1.4 s and 7.1 s, respectively. In the 

case of the flow rate of 1 ml/min, the tubes were 3 cm and 15 cm with residence times 

of 1.4 s and 7.1 s, respectively, to allow comparison for different flow rates at the same 

residence time. SEM images of the obtained crystals show that the particle sizes are the 

same at the same flow rate, even if the residence time is different (compare a and b, c 

and d in Figure 10). It was also found that the flow velocity was different for the same 

residence time, and crystal size was different (compare a and c, b and d in Figure 10). 

From these results, it was found that it was not the residence time but the mixing process 

that affected the particle size.  

To investigate how the flow rate and mixing conditions affect the nucleation 

process, we altered the confluence angle of the microflow reactor. A Y-shaped reactor 



Elucidation of crystallization mechanism of CPL-1/2 by microfluidic systems 
 

32 
 

(with a 60° confluence angle) and an arrow-shaped reactor (with a 300° confluence 

angle) were therefore employed for the preparation of CPL-2. The crystallization rate and 

the CPL-2 crystalline particle size were found to depend on the flow rate, and the flow-

rate dependence of the reaction using the arrow-shaped reactor was different to that 

observed using the Y-shaped reactor (Figure 11a, b). Comparing the crystalline particle 

sizes at the same flow rate (3 mL/min) revealed that the arrow-shaped reactor produced 

larger crystalline particles than that produced by Y-shaped reactor. 

 

Figure 11. SEM images of the CPL-2 crystals synthesized at various flow rates in: a) a 

Y-shaped reactor with a confluent angle of 60°, and b) an arrow-shaped reactor with a 

confluent angle of 300°. Scale bar = 5 μm. The appearance of colored-water mixing in: 

(c) the Y-shaped reactor (confluent angle of 60°) and the outlet of the tube connected to 

the microflow reactor 15 cm downstream, and d) the arrow-shaped reactor. 

 

In addition, Aoki et al. reported the relationship between the confluence angle and the 

mixing conditions, whereby a larger confluence angle increased the mixing efficiency85. 

To evaluate the effect of the reactor shape on the crystallization process, direct 

observation of the mixing process was performed. Water colored with blue and red dyes 

was flowed at various rates through each microreactor and observed by optical 

microscopy (Figure 11c, d). The two solutions were mixed efficiently at a fast flow rate 

for both shapes of microflow reactor. In contrast, the two solutions flowed separately in 

a laminar fashion at slow flow rates.  

In addition, the difference between the Y-shaped reactor and the arrow-shaped reactor 

was apparent at an intermediate flow rate. By increasing the concentration of the reaction 

solution and the rate of crystallization, direct observation of how the solution reacts in 

the channel was performed. 
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At 3 mL/min, the solutions in the Y-shaped reactor maintained laminar flow in 

the flow reactor, while the solution in the arrow-shaped reactor were immediately mixed 

at the cross point. We also performed a fluid dynamics simulation assuming that mixing 

is governed only by diffusion (Figure 12). Furthermore, the Reynolds number was <2300 

in all cases, which does not correlate with turbulence. However, calculations limited to 

diffusion processes could not reproduce the results of the colored water experiments, 

thereby suggesting that the behavior of the liquid at high flow rates cannot be explained 

in the absence of turbulence.  

 

 

Figure 12. Computational fluidic dynamics (CFD). To calculate the mixing efficiency, CFD 

was performed at different flow rates for two microflow reactors with different confluence 

angles. Calculations for the Y-shaped reactor were performed at flow rates of (a) 0.1 

mL/min, and (b) 100 mL/min. The results show that the two solutions were mixed at the 

end of the reactor at the lower flow rate; in contrast, the solutions do not mix at the higher 

flow rate. However, these calculated data did not match the mixing tendency revealed 

using colored water. CFD calculations were performed assuming that the solutions mix 

by diffusion. These calculations reveal that turbulence is more effective than diffusion in 

a practical setting. 

 

When taken together, the results of these synthesis experiments and the mixing 

efficiency evaluations indicate that rapid mixing using a stream flow suppresses 

nucleation and generates larger crystalline particles. Moreover, direct observation of the 

crystallization process in the flow reactor by optical microscopy revealed that interfacial 

reactions under laminar flow conditions enhance the nucleation of CPL-2, while rapid 

mixing under stream flow prevents nucleation (Figure 13). Interestingly, the relationship 

between the mixing efficiency and the crystalline particle size of CPL-2 observed herein 

is opposite to that reported by Mae for ZIF-8 in their case, the ZIF-8 crystals became 

smaller with increasing flow rate86. ZIF-8 has been reported to crystallize through a two-

step process based on clusters and amorphous nuclei. Our observations are attributed 
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to the complexity of the CPL-2-crystallization process, which is more complicated than 

that of ZIF-8 since the latter contains only one type of bridging ligand. 

 

 

Figure 13. Direct observations of CPL-2 crystallization in a) the Y-shaped, and b) the 

arrow-shaped microflow reactors at flow rates of 3 mL/min. Inside diameter of both 

reactors is 400 μm. Precipitated crystals are highlighted by the arrow tips. The fluidic 

synthesis of CPL-2 at a higher concentration (3.3 mM of Cu(ClO4)2·6H2O) was performed 

and the crystallization process in the flow reactor was directly observed by optical 

microscopy. Under laminar-flow conditions, with a low mixing efficiency, crystals were 

observed to precipitate at the interface between the two reaction solutions, although 

under high-mixing-efficiency conditions, such as those in the arrow-shaped reactor at 

high flow rates, crystals precipitated several micrometers beyond the cross point of the 

flow reactor, and the distribution of particles in the flow path appeared to be relatively 

homogeneous. These results suggest that interfacial reactions under laminar-flow 

conditions enhance CPL-2 nucleation, while rapid mixing under stream flow prevents 

nucleation. 
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To investigate the factors that initiate nucleation, we synthesized CPL-1/2 by the 

stepwise mixing of solutions of Cu ions, pzdc, and the pillar ligand, over two stages 

(Figure 14). Two arrow-shaped reactors were connected by a 150 mm tube with a 1.0 

mm inner diameter, corresponding to a retention time of approximately 0.7 s. Under 

condition 1, an aqueous solution of Cu(ClO4)2·6H2O and an aqueous solution of pzdc 

were mixed in the first reactor, after which the obtained solution and the solution of 

pyz/bpy were mixed in the second reactor. The same synthesis, but in reverse order, was 

carried out under condition 2. Precipitates were obtained by filtration after standing 

overnight, and these were characterized by XRPD (Figure 15) and SEM (Figure 16). 

 

 

Figure 14. Schematic representation of the multistep synthesis of CPL-1 and table of 

mixing condition. 

 

XRPD patterns show that the resulting crystals are all CPL-1/2. 

 

 

Figure 15. XRPD patterns of CPL-1 and CPL-2 crystals prepared by multistep syntheses. 

Left: (a) Simulated diffraction pattern of CPL-1 and the XRPD patterns of CPL-1 crystals 

prepared by multistep syntheses: (b) Condition 1, and (c) Condition 2. Right: (d) 

Simulated diffraction pattern of CPL-2 and the XRPD patterns of CPL-2 crystals prepared 

by multistep syntheses: (e) Condition 1, and (f) Condition 2 
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In the case of CPL-1, under condition 1, the final mixed solution became 

immediately cloudy, providing small crystalline particles with an average diameter of ~5 

μm (Figure 16a). In contrast, crystal precipitation was slower under condition 2, but large 

crystalline particles with an average diameter of ~20 μm were obtained (Figure 16b). 

 

 

Figure 16. SEM images of the residues when a,c) the Cu(ClO4)2·6H2O solution and pzdc 

solution were mixed first (Condition 1) and b,d) when the Cu(ClO4)2·6H2O solution and 

pyz solution were mixed first (Condition 2) at a,b) at 24 h and c,d) 10 s after the mixing. 

Scale bar: 20 μm 

 

CPL-2 was then synthesized using the same two procedures, but with bpy 

instead of pyz, and a similar tendency was observed, i.e., crystals precipitated rapidly 

when the layer ligand and the copper were mixed first, while crystals precipitated slowly 

when the pillar ligand and the copper were mixed first (Figure 17). Smaller crystals were 

obtained in condition 1 and larger ones in condition 2, with the same tendency as in CPL-

1. 
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Figure 17. The results from the multistep syntheses of CPL-2. a) The mixed solution 

obtained when solutions of Cu(ClO4)2·6H2O and pzdc were mixed first (Condition 1), and 

b) the mixed solution obtained when solutions of Cu(ClO4)2 and 4,4’-bpy were mixed first 

(Condition 2). The crystals obtained from: c) the solution depicted in a), and d) the 

solution depicted in b). Similar results were obtained for CPL-1. 

 

 

The solution after step 1 in Condition 1 was collected to observe whether the 

reaction mixture becomes cloudy in the first step. The obtained solution was transparent 

for at least several minutes and no precipitate was obtained by filtration. Multi-step CPL-

1 syntheses were also performed in which, the two reactors were connected with 20 mm 

or 300 mm tubes, corresponding to retention times of approximately 0.1, and 1.3 s, 

respectively. The particle sizes and morphologies for these two methods were almost 

identical, indicating that the reaction of Cu2+ and pzdc completes immediately upon 

mixing in the first reactor (Figure 18). 
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Figure 18. SEM images of the residues obtained by multi step synthesis of CPL-1 in a,b) 

Condition 1 and c,d) Condition 2 when the tube length between the flow reactors is a,c) 

2 cm and b,d) 30cm. 

 

It is suggested that the mixing order affects the nucleation rates of ipoly-CPL-1/2, 

where the nucleation of both species is triggered by the assembly of Cu ions and pzdc. 

Coordination of the pillar ligand to the Cu ion during the initial mixing prevents the 

nucleation of ipoly-CPL-1/2. These results suggest that pzdc and the pillar ligand play 

different roles in the crystallization process, whereby pzdc accelerates nucleation and 

the pillar ligands suppress nucleation. This hypothesis was supported by an experiment 

employing excess bipyridine and pyridine during the bulk synthesis of CPL-2. 

To observe the crystal-precipitation process of CPL-1, the residues filtered at 

various times (i.e., 10 s, 3 m, 6 h, 9 h, and 24 h) in the multi-step synthesis approach 

were subjected to SEM (Figure 19) and XRPD (Figure 20). In case of Condition 1, the 

crystalline particles filtered 10 s after mixing were ~800 nm in size. As the reaction 

progressed, the residue gradually became larger and eventually grew to ~2 μm. In the 

case of Condition 2, no Cu-containing residue was observed by energy dispersive X-ray 

spectroscopy (EDX) for 3 min as the pre-crystal particles were too small to filter or were 

not generated.  
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Figure 19. SEM images of the residue filtered at various reaction times during the 

synthesis of CPL-1 (a) and CPL-2 (b). Scale bar = 10 μm 

 

In addition, the XRPD pattern of the blue residue filtered 10 s after mixing under 

Condition 1 did not agree with the simulated pattern of CPL-1 (Figure 20a). This result 

suggests that an intermediate state with a different structure to that of CPL-1 is generated 

during the crystallization process. Furthermore, when the reaction solution was filtered 

10 s after mixing, the polymer intermediate of CPL-1 (hereinafter referred to as “ipoly-CPL-

1”) was isolated. Thereafter, the residue was composed of a mixture of ipoly-CPL-1 and 

CPL-1; the peaks corresponding to ipoly-CPL-1 completely disappeared after 24 h and 

only those of CPL-1 were observed. It was not possible to isolate ipoly-CPL-1 under 

Condition 2, but a similar pattern corresponding to a mixture of CPL-1 and ipoly-CPL-1 

was observed during the short reaction period. Under these reaction conditions, the 

diffraction peaks from ipoly-CPL-1 remain even after 30 h, suggesting that a longer 

reaction time is needed to complete CPL-1 formation for Condition 2. These results 

suggest that both mixing orders produce ipoly-CPL-1.  

The same procedure was then conducted for CPL-2, which resulted in a different 

XRPD pattern from the simulated pattern under both mixing conditions, as was observed 

for CPL-1 (Figures 20c, d). The intermediate of CPL-2 (hereinafter referred to as “ipoly-

CPL-2”) could not be isolated due to the rapid crystallization rate. Although the peaks 

corresponding to ipoly-CPL-2 differed from those of ipoly-CPL-1, the apparent correlation 

between the size of ipoly-CPL-1/2 and that of CPL-1/2 allowed us to conclude that CPL-

1/2 nucleates at a rate governed by the nucleation of ipoly-CPL-1/2. We therefore propose 

that heterogeneous nucleation (nucleation onto ipoly-CPL-1/2 crystals) of CPL-1/2 occurs, 

and that the formation of ipoly-CPL-1/2 microcrystal is required for the formation of CPL-

1/2. It is most likely that ipoly-CPL-1/2 is converted into CPL-1/2 directly or through 

dissolution-recrystallization processes. The faster ipoly-CPL-1/2 formation results in a 

higher nucleus concentration, leading to smaller crystalline particles of CPL-1/2. 
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Figure 20. XRPD patterns of the residues filtered at different reaction times. a), b) CPL-

1, and c), d) CPL-2. a), c) Condition 1, and b), d) Condition 2. The simulated patterns are 

shown in blue. 

 

Next, the characterization of the structure of ipoly-CPL-1 by elemental analysis, 

infrared (IR) spectroscopy, and thermogravimetric (TG) analysis, was performed. The 

carbon/nitrogen ratio evaluated from the elemental analysis suggests that the pzdc/pyz 

ratio in ipoly-CPL-1 is 1.8, which is close to that in CPL-1 (Cu2(pzdc)2(pyz)·2H2O) (Table 

1).  

Table. Comparison of elemental analysis results for ipoly-CPL-1 with the theoretical values of CPL-

1. C/N calcd for [(pzdc)1.8pyz] is 2.27. 
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IR spectroscopy also confirmed the inclusion of both ligands in ipoly-CPL-1 (Figure 21).  

 

 

Figure 21. IR spectra of ipoly-CPL-1 (green) and CPL-1 (blue). 

 

In addition, a blue-to-green color change was observed when ipoly-CPL-1 was 

dried under vacuum at 100 °C. Upon exposure to water vapor, the dehydrated green ipoly-

CPL-1 regained its blue color. The XRD pattern of ipoly-CPL-1 is changed after drying, as 

shown in Figure 22, which suggests that crystal structure transformation occurs upon 

water removal at high temperature.  

 

Figure 22. Optical images and XRPD patterns of the dried and as-synthesized ipoly-CPL-

1. 
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We therefore conclude that water molecules are present in the structure of ipoly-CPL-1. 

This was also confirmed by TG analysis (Figure 23).  

 

 

Figure 23. TG analysis of ipoly-CPL-1 (green) and CPL-1 (blue). 

 

These results suggest that the coordination structure of ipoly-CPL-1 differs from that of 

CPL-1, but that they have similar compositions. 
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2-2-3. In-situ flow spectroscopic measurements 

 

Next, we focused on the changes in the local structure during the reaction. To 

characterize the changes in the local coordination structure of Cu ions during 

crystallization, samples in four states were subjected to UV-vis and X-ray absorption 

spectroscopy. These states included an aqueous Cu(ClO4)2·6H2O solution as the initial 

reaction state, CPL-1/2 crystals as the final state, and the supersaturated solution 

containing a mixture of the reactant solution and the ipoly-CPL-1 pellet as the intermediate 

(Figure 24). The mechanism is discussed in terms of the CPL-1 spectra since a smooth 

spectrum could not be obtained for the supersaturated solution of CPL-2, and ipoly-CPL-

2 could not be isolated.  

 

 

Figure 24. Four samples for the spectroscopic measurements 

 

To evaluate the state of the supersaturated solution, we prepared an in-situ flow 

measurement cell. Because the supersaturated state changes towards the equilibrium 

state over time and crystals quickly precipitate, a setup for regularly observing the state 

immediately after the start of the reaction is necessary. We developed an in-situ flow 

measurement method that combines microfluidics and spectroscopy. In this system there 

is a correlation between the reaction time and the distance from the microchannel to the 

flow cell, so that a constant reaction state can be continuously evaluated by observing 

the solution flowing at a certain position in the flow cell. This method was adopted to UV-

vis and X-ray absorption spectroscopy. 

The setup for UV-vis spectroscopy is shown in Figure 25. A commercial flow cell was 

used for this measurement. 
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Figure 25. The set-up employed for in-situ UV-Vis absorption measurements. A fluidic-

synthesis system equipped with dual-head pumps (YMCK-24-13, YMC) for in-situ flow 

experiments was used. The exit of the T-shaped microreactor, with a 500 μm inner 

diameter (YMC-P-0058, YMC), was connected to a flow cell (Hellma Analysis, Precision 

cells) with a thermoelectric single cell holder (SHIMADZU S-1700) to control the 

temperature at 25 °C and facilitate the direct observation of the flowing mixture. 

 

For XAFS measurements, a flow cell was prepared and the measurements were 

performed at BL14B2 at SPring-8 (Figure 26). The solutions were mixed using the T-

shaped reactor (silver-colored box on the left side), and flowed through the PEEK tube. 

A transparent acrylic cell holder (in the center) was used to settle the tube by binding 

with a clamp.  
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Figure 26. The set-up employed for in-situ XAFS experiments performed on the BL14B2 

beamline at SPring-8. (a) The microfluidic system for in-situ XAFS experiments. The 

syringe pumps or dual-head plunger pumps and the glass bottles that contain the 

solutions are held on the right side (the plunger pumps are shown in the image. The 

plunger and syringe pumps are used for the syntheses of CPL-1 and 2, respectively). 

The microflow reactor and the flow cell are connected to the pumps. The X-ray beam 

enters from the cylinder on the left and fluorescence is detected by the detector at the 

front. (b) Depiction of the flow cell. 

 

UV-vis absorption spectra of four measured samples are shown in Figure 27a. 

Gaussian fitting of the UV-Vis absorption spectra showed that the peak position and the 

relative intensity relationships for the supersaturated solution (i.e., 6262 and 14002 cm−1, 

corresponding to 1597 and 714 nm, respectively) and ipoly-CPL-1 (8609 and 13878 cm−1, 

corresponding to 1162 and 721 nm, respectively) are similar (Figures 27c and 27d). 

These peaks do not correspond to the Gaussian peaks of the aqueous solution of 

Cu(ClO4)2(i.e., 11633 and 12846 cm−1, corresponding to 860 and 778 nm, respectively) 

or CPL-1 (13846 and 15466 cm−1, corresponding to 772 and 647 nm, respectively), 

indicating that the coordination structures of the coordination compound in the 

supersaturated solution and ipoly-CPL-1 are similar but differ from those of the initial and 
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final states (Figures 27b and 27e). Hereafter, we refer to the copper ion in the 

supersaturated solution as “isol-CPL-1” (i.e., the CPL-1 intermediate in solution). 

In order to determine the local coordination structures, XAFS experiments were then 

performed on the same samples employed in the UV-Vis absorption study (Figure 27f). 

However, the CPL-1 spectra of isol-CPL-1 acquired using the in situ fluidic system were 

not sufficiently smooth in the EXAFS region for quantitative analysis. We therefore 

focused on the spectrum of CPL-1 in the X-ray-absorption near-edge structure (XANES) 

region. The noisy CPL-2 spectra exhibited similar tendencies (Figure 28a).  

The XAFS spectra and their Fourier transforms were found to display small differences 

between the four samples, although all spectra were characteristic of Cu(II). In situ 

spectra of isol-CPL-1 were acquired 35, 150, and 300 mm beyond the exit of the flow 

reactor, which correspond to reaction times of approximately 0.2, 1.0, and 2.0 s, 

respectively. These three spectra matched completely, indicating that isol-CPL-1 in the 

non-equilibrium state is sufficiently stable under our measurement conditions (Figure 

28b). Furthermore, the XANES spectra of two model complexes, i.e., a pellet of Cu(II) 

and a pzdc coordination polymer, [Cu(pzdc)2(H2O)], and an aqueous solution of 

Cu(ClO4)2·6H2O with pyz, were also acquired. The spectra of the model compounds do 

not correspond well with that of isol-CPL-1, thereby suggesting that the isol-CPL-1 present 

in the supersaturated solution is composed of both pzdc and pyz, as well as water 

molecules, as was observed for ipoly-CPL-1 (Figures 28c and 28d). In contrast, the pre-

edge peak positions (8978 eV) in the spectra of isol-CPL-1, ipoly-CPL-1, and CPL-1 are 

similar and slightly shifted from that of aqueous Cu(ClO4)2·6H2O (Figure 27f). Pre-edge 

peaks are known to depend on the symmetry of the metal-ion coordination structure87-90; 

hence, these results suggest that the Cu ions in isol-CPL-1 and ipoly-CPL-1 give analogous 

coordination compounds whose symmetries are similar to that of CPL-1, but whose 

structures differ from that of CPL-1, as shown by UV-Vis absorption spectroscopy.  
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Figure 27. UV-vis absorption and XAFS spectra. a) UV-vis absorption spectra of an 

aqueous solutions of Cu(ClO4)2·6H2O (black), the CPL-1 pellet (blue), the supersaturated 

solution (isol-CPL-1) (orange), and the isolated ipoly-CPL-1 (green). Fitting peaks of b) an 

aqueous solution of Cu(ClO4)2·6H2O, c) isol-CPL-1, d) the pellet of ipoly-CPL-1 and e) the 

pellet of CPL-1. f) The XANES regions of the normalized Cu-K edge XAFS spectra. 

Samples corresponding to the color of the UV-vis absorption spectra are shown. The 

inset displays expanded views of the pre-edge regions. Fourier transformed spectra are 

shown in Figure. 29 
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Figure 28. XAFS spectra. (a) XANES region of the XAFS spectra for an aqueous solution 

of Cu(ClO4)2·6H2O (blue), a CPL-2 pellet (pink), and the mixed CPL-2 solution (black). 

(b) The spectra of the mixed CPL-1 solution acquired at the three different positions were 

identical (the distances between the microflow reactor and the acquisition position were 

3.5 (black), 15 (orange), and 30 cm (green), corresponding to reaction times of 

approximately 0.2, 1.0, and 2.0 s, respectively). The in-situ spectra of supersaturated 

solutions of (c) CPL-1, and (d) CPL-2 (black) and the model samples: a pellet of the 

Cu2+ and pzdc crystals (green, see Figure 30), a mixed solution of Cu(ClO4)2·6H2O and 

pyz (red), and a mixed solution of Cu(ClO4)2·6H2O, pzdc, and pyridine (orange) 
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Figure 29. Fourier-transformed XAFS spectra of an aqueous solution of Cu(ClO4)2･

6H2O (black), the CPL-1 pellet (blue), the supersaturated solution (isol-CPL-1) (orange), 

and the isolated ipoly-CPL-1 (green). 

 

 

Figure 30. The reported crystal structure of the model sample, [Cu(pzdc)2(H2O)]. (a) 

Crystal structure of the network, and (b) the local coordination structure91. O red, N 

blue, and Cu green. 
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2-2-4. Proposed crystallization mechanism 

 

Based on the previous fluidic experiments, we propose a crystallization process for CPL-

1/2 that takes place over three steps and can be considered to be a typical secondary 

nucleation process (Figure 30a). It is known that many MOFs crystallize via sequential 

rather than one-step-nucleation crystal-growth processes, which are generally known as 

Ostwald’s Rule of Stages. In step 1, isol-CPL-1/2 is generated rapidly (within 0.05 s). 

Although both pzdc and the pillar ligand coordinate to the copper ion in isol-CPL-1/2, the 

coordination structure of isol-CPL-1/2 differs from that of the aqueous solution of 

Cu(ClO4)2 and CPL-1/2. At this point, the coordination symmetry becomes penta-

coordinated square pyramidal, similar to that of CPL-1/2. In step 2, isol-CPL-1/2 

crystalizes while maintaining the coordination environment, resulting in the precipitation 

of isol-CPL-1/2. The multi-step synthesis process revealed that the activation energy in 

this process depends on the ease of formation of the Cu-pzdc assembly during the initial 

reaction period (Figure 30b). When the pillar ligands are initially present in the reaction 

solution, heteroaromatic amine pillars stabilize the metastable intermediate structure in 

solution (isol-CPL-1/2), suppressing step 2 and resulting in the slow nucleation of ipoly-

CPL-1/2 or a relatively stable supersaturated solution. It therefore appears that the two 

kinds of ligand play different roles in the crystallization process, thereby rendering the 

mechanism of pillared-layer MOF formation rather complicated. Finally, in step 3, ipoly-

CPL-1/2 is converted into CPL-1/2 while maintaining the coordination symmetry through 

solid-phase rearrangement or dissolution-recrystallization processes. isol-CPL-1/2 in the 

solution is also consumed for the crystal growth of CPL-1/2. In the proposed 

crystallization mechanism, heterogeneous nucleation (nucleation onto ipoly-CPL-1/2 

crystals) occurs, and the formation of ipoly-CPL-1/2 microcrystal is required for the 

formation of CPL-1/2. In this crystallization model, ipoly-CPL-1/2 is converted into CPL-

1/2 directly or through dissolution-recrystallization processes on the ipoly-CPL-1/2 crystals. 

When CPL-1/2 formation does not proceed by anisotropic crystallization, such as single-

crystal to single-crystal transformation and epitaxial growth, CPL-1/2 grows isotropically 

from a seed center of ipoly-CPL-1/2 in various directions, resulting in particles with 

morphologies that resemble single-crystal aggregation. 

This hypothetical nucleation mechanism is consistent with the bulk synthesis results, in 

which CPL-2 crystals synthesized using excess amounts of bpy and pyridine were 

observed to be larger than CPL-2 crystals synthesized using an equivalent amount of 

bpy, as described above. This result can be accounted for by considering the excess bpy 
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and pyridine present in the CPL-2 synthesis process, which stabilizes isol-CPL-2 and 

suppresses the nucleation of ipoly-CPL-2. 

 

Figure 31. Proposed three step crystallization process and b) the corresponding energy 

diagram. 
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2-3. Conclusion 

 

Herein, we proposed a crystallization mechanism for CPL-1/2, which are pillared-layer 

MOFs, based on non-classical crystallization processes involving two kinds of 

intermediate state.  To the best of our knowledge, this is the first report that details the 

roles of these two kinds of ligand in the nucleation processes of pillared-layer MOFs, 

which we believe will open up further mechanistic studies into the crystallization behavior 

of multi-component MOFs. We also confirmed that the microflow reactor is a valuable 

tool for evaluating non-equilibrium states, enabling the reaction solution to be observed 

directly and the intermediate to be isolated in the initial period, ultimately resulting in the 

elucidation of the complex mechanism.  
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2-4. Experimental section 

 

General 

All reagents were obtained from commercial suppliers and were used without further 

purification. Pyrazine and pyridine were obtained from WAKO Pure Chemical Industries, 

Ltd., Cu(ClO4)2·6H2O was obtained from the Kanto Chemical Co., Inc., while bipyridine, 

2,3-pyridinedicarboxylic acid, and NaOH were obtained from Tokyo Chemical Industry 

Co., Ltd. Sodium 2,3-pyrazinedicarboxylate was prepared by dissolving 2,3-

pyrazinedicarboxylic acid (5.0 g) in an aqueous solution of NaOH (2.5 M, 25 mL). After 

stirring for 2 h, the solution was poured into methanol (25 mL) and the precipitate was 

collected by filtration and dried under vacuum. XRPD patterns were collected on a 

Rigaku RINT-2000 or Rigaku Mini Flex 600 diffractometer with CuKα radiation. It is 

known that the XRD patterns of CPL-1/2 change by the adsorption or removal of water 

in the pores. Although we measured the XRD patterns after vacuum drying, the amount 

of water in the pores depends on the ambient moisture and experimental conditions, 

resulting in slight shifts in the XRD signals.[1] SEM and EDX were performed using a 

JEOL JSM-7001FA or JCM-6000 microscope. Crystals were coated with osmium or gold 

for the purpose of SEM observations. 

 

 

Bulk syntheses of CPL-1 and CPL-2  

The bulk syntheses of CPL-1/2 were performed according to reported procedures. 

Synthesis of CPL-1: Na2pzdc (0.03 g, 10 mM) in H2O (15 mL) was slowly added to a 

solution of Cu(ClO4)2·6H2O (0.06 g, 10 mM) and pyz (0.15 g, 124 mM) in water (15 mL) 

using a dropping funnel and a staller. After stirring for 3 h, the mixture was subjected to 

centrifugation, and the blue crystals were collected and washed twice with methanol. The 

crystals were then subjected to XRPD and SEM after drying under vacuum.  

Synthesis of CPL-2: Cu(ClO4)2·6H2O (0.19 g, 10 mM) in H2O (50 mL) was slowly added 

to a solution of Na2pzdc (0.11 g, 10 mM) and bpy (0.05 g, 6.0 mM) in 1:1 methanol:water 

(50 mL). After stirring for 3 h, the mixture was subjected to centrifugation, and the blue 

crystals were collected and washed twice with methanol. The crystals were then 

analyzed after drying under vacuum. 

Fabricating microflow reactors for fluidic synthesis 

Microfluidic patterns were fabricated on poly(methyl methacrylate) (PMMA) using a 

computer numerically controlled (CNC) micro-milling system (MM-100, Modia Systems) 

with a rigid drill bit with a tip diameter of 0.2 mm (NS tool). Subsequently, microchannels 
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were assembled by bonding the PMMA sheet milled with the microchannel pattern and 

the PMMA substrate by thermal compression. All microchannels channel were 400 μm 

wide and deep.  

 

One-step microfluidic syntheses of CPL-1 and CPL-2  

Microfluidic syntheses were carried out using a microflow reactor with confluent angles 

of 40, 60, and 300°. Two 10 mL HSW Norm-Ject® all-plastic disposable syringes (Luer-

lock version) were filled with a mixed solution (10 mL) of Cu(ClO4)2·6H2O (1.3–20 mM) 

and pyz (16.1–248 mM), and sodium 2,3-pyrazinedicarboxylic acid (1.3–20 mM) for CPL-

1, and an aqueous solution of Cu(ClO4)2·6H2O (1.3–20 mM, 10 mL) and a mixed solution 

(10 mL) of sodium 2,3-pyrazinedicarboxylic acid (1.3–20 mM) and 4,4’-bipyridine in 

methanol (0.8–12 mM) for CPL-2, after which they were pumped into the reactor through 

1-mm diameter tubes by two syringe pumps (YMC YSP-201). The mixed solution was 

allowed to stand for ~12 h, after which time the precipitate was separated by 

centrifugation or filtration (depending on the crystal size) and washed twice with 

methanol, as described in the bulk synthesis procedure. Each series of experiments was 

performed using the same mother solutions to evaluate the effect of the experimental 

parameters, such as flow rate. 

 

Qualitatively evaluating mixing efficiency using colored water 

The effect of the confluence angle on the mixing efficiency at various flow rates was 

evaluated according to the following procedure. Blue and red dyes (the pigments were 

supplied by Kyoritsu foods) were dissolved in water and a mixed water/methanol solution, 

respectively. Optical images were acquired during flow. 

 

Multistep fluidic syntheses of CPL-1 and CPL-2  

Multistep fluidic syntheses were carried out using two arrow-shaped microflow reactors 

connected by a 15 cm tube with a 1.0 mm inner diameter. An aqueous solution of 

Cu(ClO4)2·6H2O (10 mM, 10 mL), an aqueous solution of Na2pzdc (20 mM, 5 mL), and 

pyz in methanol (250 mM, 10 mL) were prepared for the synthesis of CPL-1. An aqueous 

solution of Cu(ClO4)2·6H2O (2.5 mM, 5 mL), an aqueous solution of Na2pzdc (5.0 mM, 5 

mL), and bpy in methanol (3.1 mM, 5 mL) were prepared for the synthesis of CPL-2. An 

aqueous solution of Cu(ClO4)2·6H2O and pyz, and a separate aqueous solution of pzdc 

were used for CPL-1, while a water/methanol solution of pzdc and bpy, and a separate 

aqueous solution of Cu(ClO4)2·6H2O were used for CPL-2. The flow rates of the two 

solutions were identical in each case, and were adjusted using syringe pumps to be in 



Chapter 2 
 

 

 

55 
 

the 0.5–10 mL/min range. Although the concentration of the Cu(ClO4)2·6H2O solution 

varied from 1.3 to 20 mM, the metal/ligand molar ratio was identical to that used in the 

reported bulk syntheses. Three syringes, each filled with the corresponding solution, 

were prepared. The mixed solutions were left to stand overnight to complete the 

crystallization process. Each series of experiments was performed using the same 

mother solutions to evaluate the effect of the experimental parameters, such as flow rate, 

order of mixing, and retention time. 

 

Isolation of ipoly-CPL-1 

ipoly-CPL-1 was isolated using the same setup as that employed for the multi-step 

synthesis. All pumps were started after the tubes containing the three solutions were 

emptied, and solution collection was begun. The collection start time was set to 0 s, and 

the mixed solution was collected for 3 s. Filtration was performed at an arbitrary time 

from the start of fractionation using a membrane filter (Omnipore PTFE 0.25 µm). The 

residue was then washed with ~15 mL of methanol. To remove the residue from the 

membrane filter, the residue was immersed in methanol and ultrasonicated for ~5 min. 

The solvent of the supernatant solution was removed by centrifugation and the residue 

was dried overnight at room temperature. 

 

 

UV-vis absorption spectroscopy 

·Solid state: A solid sample pellet was prepared by mixing barium sulfate and the solid 

sample in a mass ratio of approximately 10:1. During examination with a UV-3600 Plus 

instrument, switching of the detector wavelength was adjusted to 720 and 1650 nm, and 

that of the grating was adjusted to 700 nm. A slit width of 20 mm was also employed. 

·Liquid sample: All liquid samples were prepared using volumetric flasks. The liquid 

samples (with the exception of the fluidic experiments) were examined using a UV-3600 

plus instrument (0.2 mm slit width), while the fluidic experiments were carried out using 

a UV-1800 instrument (1.0 nm slit width). The in-situ experimental set-up is shown in 

Figure 25.  

All Gaussian fitting procedures were carried out using Origin by the LightStone Corp. 

 

X-ray absorption spectroscopy (XAS) 

XAS was performed at the BL14B2 beamline of the SPring-8 facility (Hyogo, Japan). Si 

(311) monochromator crystals were used to scan energies above the Cu K-edge. Crystal 

pellets of CPL-1 and CPL-2 were examined in transmission mode using ionization 
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chambers. Fluorescence spectra were recorded using a 19-element solid-state Ge 

detector to characterize dilute solution samples. A fluidic-synthesis system equipped with 

dual-head pumps (YMCK-24-13, YMC) for in-situ CPL-1 experiments, or syringe pumps 

(YSP-201, YMC) for other experiments, was used. The exit of the T-shaped microreactor, 

with a 500 μm inner diameter (YMC-P-0058, YMC), was connected to a PEEK tube with 

a 1.4 mm inner diameter (VICI Jour) to facilitate the direct observation of the flowing 

mixture. The PEEK tube was settled with an acrylic cell holder. The beam-spot size was 

1.5 mm, and its center was positioned at the center of the PEEK tube. The detailed setup 

is shown in Figure 26. The obtained XAFS spectra were normalized and background 

scattering was subtracted by data processing using Athena 0.9.25 software92. 

 

Bulk synthesis of CPL-2 with excess pyridine 

A solution of bpy (0.05 g, 6.0 mM) in 1:1 methanol:water (50 mL) was slowly added to an 

aqueous solution (50 mL) of Cu(ClO4)2·6H2O (0.19 g, 10 mM), Na2pzdc (0.11 g, 10 mM), 

and pyridine (80 mM). After stirring for 3 h, the mixture was subjected to centrifugation, 

and the blue crystals were collected and washed twice with methanol. The crystals were 

analyzed after drying under vacuum. 

 

Preparing the XAFS solutions used in Figure 30 

Mixed solution of Cu(ClO4)2·6H2O and pyz 

Cu(ClO4)2·6H2O (12.5 mM) and pyz (156 mM) were dissolved in water (10 mL). The flow-

measurement system was filled using a syringe pump, and the flow was stopped during 

the acquisition of data.  

 

Mixed solution of Cu(ClO4)2·6H2O, pzdc, and pyridine 

An aqueous solution of Cu(ClO4)2·6H2O (10 mM, 10 mL) and pyz (80 mM), and an 

aqueous solution of pzdcNa2 (10 mM, 10 mL) were prepared. The two solutions were 

mixed as described for the CPL-1 in-situ flow experiments, and the flow was stopped 

during data acquisition. 
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Chapter 3: Summary and outlook 

 

The development of new multicomponent MOFs is required to expand the structural diversity. 

However, the search for reaction conditions is challenging and time-consuming. Therefore, 

understanding the mechanism of the crystallization process will be helpful in the efficient 

search for reaction conditions. Although the mechanism of crystal formation of MOFs has 

been studied so far, most of the studies are on the crystal formation process and less on the 

nucleation process in the early stage of the reaction, because of the evaluation of the solid 

state. There are few studies on the nucleation process in the early stage of the reaction, 

although there are many studies on the crystal growth process due to the development of 

evaluation methods for the solid state. In addition, no studies have focused on the individual 

mechanisms of multiple ligands in multicomponent MOFs. Therefore, a system to evaluate 

the reaction of multicomponent MOFs from multiple perspectives is needed. Micro flow 

reactors have been used in various fields in recent years owing to their high thermal efficiency, 

precise control of the mixing process, and ease of handling small amounts of solutions. 

Moreover, they are widely used in MOF research for the synthesis of high-quality and efficient 

MOFs, morphology control, and selective isolation of kinetic products. 

Chapter 2 describes the crystallization mechanism of CPL-1, a typical multicomponent MOF, 

using a microflow reactor. The high mixing efficiency of the reactor and the correspondence 

between reaction time and tube distance are of great help in elucidating the mechanism of 

crystallization, especially in the nucleation process. A variety of channel syntheses have 

revealed the role of different ligands, with the pillar ligand suppressing nucleation and the 

layer ligand promoting it. The intermediate ipoly-CPL-1 in the solid state was successfully 

isolated from synthesis experiments with different reaction times. Immediately after the start 

of the reaction, isol-CPL-1/2 was formed in the supersaturated solution, and ipoly-CPL-1/2 in 

the solid state precipitated with time. Afterwards, the solid state ipoly-CPL-1/2 precipitates, 

and then changes to CPL-1/2. The stability of isol-CPL-1/2 may change depending on the 

mixing order of the ligands. When the pillar ligand is mixed first, the stability increases, 

whereas if when the layered ligand is mixed first, the stability decreases. As a result, 

differences in particle size were observed. 

These results provide new insights into the mechanism of the crystal formation process of 

multicomponent MOFs. The results also help to control the particle size, which affects the 

properties of MOFs in the synthesis of pillared-layer MOFs. This is also a new study that 

shows the usefulness of a microflow channel. Previous studies on microfluidic MOFs have 

been successful in obtaining kinetic intermediates with the same crystal structure but with 

different morphologies and many defects. However, this is the first study to successfully 
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obtain intermediates with a different crystal structure than the final product. Although the 

kinetic products are difficult to isolate, in some cases, they have shown higher adsorption 

properties than thermodynamic products. Therefore, the use of a useful channel for the 

selective isolation of kinetic products could contribute to the development of superior 

materials. 
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