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ABSTRACT: The mesoscale design of domain assembly is crucial for controlling the .1:{.‘:

bulk properties of solids. Herein, we propose a modular design of domain assembly in s D

porous coordination polymer crystals via exquisite control of the kinetics of the crystal .@:
" am

formation process. Employing precursors of comparable chemical reactivity affords the
preparation of homogeneous solid-solution type crystals. Employing precursors of
distinct chemical reactivity affords the preparation of heterogeneous phase separated
crystals. We have utilized this reactivity-directed crystallization process for the facile
synthesis of mesoscale architecture which are either solid-solution or phase-separated
type crystals. This approach can be also adapted to ternary phase-separated type crystals

from one-pot reaction. Phase-separated type frameworks possess unique gas adsorption
properties that are not observed in single-phasic compounds. The results shed light on the importance of crystal formation
kinetics for control of mesoscale domains in order to create porous solids with unique cooperative functionality.

B INTRODUCTION

The nanoscale design of porous solids is crucial for imparting
functionality,' and many different ions/molecules have been
employed as modules to achieve such purpose. On the other
hand, besides the nanoscale regime, one can employ chemistry
at the mesoscale regime as well for design of adsorptive
properties. As these solids consist of a statistical ensemble of
molecules, interactive communication between mesoscale
domains is crucial in determining bulk properties’ such as
magnetism,3 ion transport,4 and phase transitions. Hence, it is
expected that the rational design of porous solids in the
mesoscale regime could unveil a plethora of cooperative, on-
demand, or multifunctional adsorptive systems.

Porous coordination polymers (PCPs), also known as
metal—organic frameworks (MOFs), are good candidates due
to their synthetic flexibility® and structural and functional
diversity.” Due to the inherent structural designability of PCP
synthesis, we can expect the combination of suitable modules
will enable us to control the number, size, shape, and position
of the mesoscale domain modules in PCP/MOF crystals
(Scheme 1). The inherent advantage of this approach is to
introduce rational structural and functional chemistry to
mesoscopic science, which has been thus far difficult to achieve
in synthetic materials chemistry. Based on this motivation,
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there has been some previous attempts to control the domain
assembly in PCP/MOF crystals.® Employing one-pot reaction
affords the preparation of solid-solution type frameworks that
contain a stochastic mixture of domains to form a
homogeneous distribution in a crystal’ and employing
sequential reaction affords the preparation of phase-separated
type frameworks that contain macroscopic-sized domains as
blocks, layered, or core/shell fashion to form a heterogeneous
distribution in a crystal.'® However, at present, a straightfor-
ward synthetic methodology for mesoscale design has not yet
been established.

Here, we describe a simple and robust synthetic method-
ology to design modular domain assembly by rationally
exploiting the kinetic aspects of PCP/MOF crystallization. As
coordination bonds have a reversible and dynamic bonding
nature, the difference in the chemical reactivity of the
precursors directs the crystal formation kinetics of PCP/
MOFs."" Regulation of the temporal crystal formation process
allows the control of modular domain assembly in PCP/MOFs,
binary solid-solution, binary phase-separated type crystals, and
even ternary phase-separated type crystals from a one-pot
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Scheme 1. Schematic Illustration of the Construction of PCP
Crystals from Binary Crystal Domain Modules®

“The modular design of the domain assembly in the PCP crystals
allows the mesoscale structural chemistry, represented by (i) solid-
solution type compounds with a stochastic distribution (left), and (ii)
phase-separated type compounds with ordered distribution (right).
The size, shape, and distribution of the domain module can be
modified to control the porous properties.

reaction. Consequently, the cooperativity of the adsorption
properties is influenced by the spatial domain arrangement of
crystals despite having identical molecular formula. We thus
propose the concept that the modular design of domain
assembly in porous materials influences the porous properties
via communication between mesoscale domains.

B RESULTS AND DISCUSSION

Porous coordination polymers with a two-dimensional (2D)
interdigitated layer structure (a coordination polymer with an
interdigitated structure, denoted as CID) were utilized as a
structural platform for the fabrication of PCP/MOFs. The
frameworks can be rationally realized as being a common
framework,”*'> even when different metal ions are employed.
Pseudo-octahedral coordination geometry in CID type frame-
work prevents the formation of a distinct phase from the mixed-
component reaction.” In this study, we employed {{M(NO,-
ip)(bpy)]0.SDMF-0.5MeOH}, (MCID-5DG, where M = Zn,
Mn, and Ni, and NO,-ip = S-nitroisophthalate and bpy = 4,4’-
bipyridyl). We synthesized isostructures with different metal
ions, and both crystal structures (ZnCID-5OG and MnCID-
5DG, where G is guest molecule) are shown in Figure 1.

We utilized the difference in the chemical reactivity of the
precursors to control the crystal formation kinetics. The crystal
formation processes of the PCP/MOFs were defined by two
consecutive processes: (i) the formation of nuclei (ie, a
nucleation process), and (ii) the growth of nuclei to form
crystals (ie., a growth process).14 The reaction solutions are
transparent during the induction period (#,,4), and powders are
gradually obtained through the nucleation and growth
processes as the reaction proceeds. In this regard, the difference
in the chemical reactivity of the precursors directs both the
nucleation and growth processes, and consequently influences
the induction time (f,4) on the macroscopic scale.

Figure 1. (a) Two-dimensional layer structure of ZnCID-SDG (left)
and MnCID-5DG (right). (b) The assembled structure of ZnCID-
5DOG (left) and MnCID-5DG (right). Yellow, purple, red, blue, and
gray represent Zn, Mn, O, N, and C atoms, respectively.

The crystal formation kinetics of the compounds was studied
using a time-course analysis of the yields of reaction products.
The reaction of the metal perchlorates and bpy with disodium-
S-nitroisophthalate (Na,NO,-ip) or S-nitroisophthalic acid
(H,NO,-ip) were employed for different reaction conditions
considering the different chemical reactivity of the precursors.
Although the final products were identical regardless of the
precursors used (see Supporting Information), the crystal
formation kinetics was sensitive to the chemical reactivity of the
precursors,'' which depended particularly on the acidity of the
precursors. © When using Na,NO,-ip as a precursor, the
coordination reaction to form the framework was accelerated
markedly, and this resulted in the rapid preparation of crystals.
Owing to the high chemical reactivity of Na,NO,-ip, similar
crystal formation kinetics was observed for both zinc and
manganese perchlorate precursors (Figure 2a). In contrast, the
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Figure 2. Time-course analysis of the crystal formation of ZnCID-
5DG (circles) and MnCID-5DG (triangles) using: (a) Na,NO,-ip and
(b) H,NO,-ip as precursors.

crystal formation process showed a different behavior employ-
ing S-nitroisophthalic acid (H,NO,-ip) as a low-reactive
precursor. In particular, the value of 4 for crystal formation
is highly dependent on the chemical reactivity of each metal
ion. The reaction employing zinc perchlorate exhibited ¢4 =
100 s, while the reaction employing manganese perchlorate
exhibited ¢, = 5.5 h (Figure 2b). Hence, the reaction of metal
ions with low-reactive precursor provided a clear difference in
the crystal formation behavior.
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One-Pot Synthesis of Metal-Based Solid-Solution
Type PCPs. As we observed either comparable or distinct
reactivity during the formation of crystals, we tried to fabricate
binary metal-based solid-solution type crystals using high-
reactivity conditions. We employed the one-pot reaction of
Na,NO,-ip and bpy with zinc and manganese perchlorate salts
in DMF/MeOH at 70 °C for 3 days as high-reactivity
conditions. The reactions yielded pale-yellow crystalline
powders with a formula of {[Zn, ,Mn,(NO,-ip)(bpy)]-
(0.SDMF-0.5MeOH)},, denoted as Zn, Mn,CID-5DG
(where x is the Mn content of the sample). X-ray powder
diffraction (XRPD) data of the product were measured to
elucidate the crystalline character of the Zn, Mn,CID-50G
samples (Figure 3a). The powder pattern of Zn,_Mn,CID-
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Figure 3. (a) XRPD data for (i) solid-solution type Zn,_Mn,CID-
5DG (x = 046), (ii) phase-separated type Zn/MnCID-50G (x =
0.46), and the parent pure compounds (jii) MnCID-5OG and (iv)
ZnCID-50G (wavelength = 0.8 A). (b) Expansion of the data shown
in part a from 20 = 7.6° to 8.4°. (c) Overlapped image of elemental
mapping for solid-solution type Zn,;_ Mn,CID-5DG (red, Zn; green
Mn). The scale bar corresponds to 1 um. (d) Overlapped image of
elemental mapping for phase-separated type Zn/MnCID-52G (red,
Zn; green Mn). The scale bar corresponds to 1 ym.

5DG showed a single peak in the intermediate position
between ZnCID-5DG and MnCID-5DG for 20 = 8.0° (Figure
3b). This result indicates that the reaction product did not
include the parent pure compounds, ZnCID-52G and MnCID-
5DG. LeBail analysis on the diffraction data indicated that
Zn;_Mn CID-50G has intermediate cell parameters between
ZnCID-5DG and MnCID-5DG (see Supporting Information),
which exhibited the formation of a solid-solution type
compound, according to Vegard’s law.'® Scanning transmission
electron microscopy—energy dispersive X-ray (STEM-EDX)
measurements were conducted to check the distribution of
metal species in the crystals, as shown in Figure 3c. STEM-
EDX images of Zn;  Mn,CID-5DG revealed that both Zn and
Mn were dispersed homogeneously in the crystals, which
supports the proposed homogeneous distribution of each metal
in the crystals.

We studied the time-dependent formation process of solid-
solution type Zn,_ ,Mn, CID-5DG using a time-course analysis
(see Supporting Information). XRPD data for products with
different reaction time showed similar powder patterns, and the
crystals contained the same amount of Zn and Mn ions for each
reaction time. The results indicate that both metal ions have a
similar chemical reactivity when forming frameworks when
Na,NO,-ip was employed in a one-pot reaction, and both metal
ions are dispersed statistically in the crystals to form a single
crystalline solid-solution type framework.” The key for the
successful preparation of solid-solution type compounds is the

analogous behavior of both the crystal formation kinetics and
lattice of the coordination frameworks.

One-Pot Synthesis of Metal-Based Phase-Separated
Type PCPs. Analogous crystal formation kinetics of each
component in the one-pot reactions produced a solid-solution
type framework, whereas distinct crystal formation kinetics
would influence the crystal formation behavior to obtain phase-
separated type structural domains in a crystal. H,NO,-ip, as a
low-reactive precursor, was selected for the successful
preparation of phase-separated type crystals. The one-pot
reaction of H,NO,-ip and bpy with zinc and manganese
perchlorate salts in a DMF/MeOH solution at 70 °C for 3 days
produced pale-yellow crystalline powders {[Zn;_Mn, (NO,-
ip)(bpy)](0.SDMF-0.5MeOH)},, denoted as Zn/MnCID-50G
(where x is the Mn content in the sample). XRPD data were
measured to elucidate the crystalline character of Zn/MnCID-
5DG (Figure 3a,b). The resulting powder pattern showed two
peaks occurring at 26 = 7.9° and 8.1°, which were assigned to
superimposition of the diffraction patterns of pure ZnCID-5OG
and MnCID-5DG. Although these crystals were synthesized
from a one-pot reaction, the solid-solution phase was not
formed because of the different crystal formation kinetics.
Meanwhile, there was the possibility of forming a mixture of
ZnCID-505G and MnCID-55G. STEM-EDX measurements
were conducted to evaluate the distribution of metal ions in the
crystals of Zn/MnCID-5DG (Figure 3d). Observations on Zn/
MnCID-5DG revealed that all the crystals contained Zn-rich
inner crystals and Mn-rich outer crystals. Isolated pure ZnCID-
525G, MnCID-52G, or solid-solution type compounds were
not observed. These results demonstrated that synthesis of
phase-separated type crystals of Zn/MnCID-5DG occurs via a
bottom-up self-assembly process.

We studied the formation mechanism of phase-separated
type crystals via a bottom-up self-assembly process. The
nucleation process for phase-separated type compounds is
discussed by observations of crystal size."*® It is known that a
rapid nucleation rate leads to high particle concentrations
resulting in small particles. In contrast, a slow nucleation rate
leads to a low concentration of seed, which consumes the
monomer, resulting in larger particles. Owing to the clear
difference in nucleation kinetics, the average size of the pure
Mn compound particles was larger than that of the pure Zn
compound particles (see Supporting Information). The size of
the phase-separated type crystals was similar to the size of the
pure Zn crystals, which suggests that the nucleation process of
the phase-separated type compounds is dominated by the Zn-
rich crystals. We also studied the nucleation and growth
mechanisms of the Mn-rich crystals using a time-course analysis
of the chemical composition of the crystals (see Supporting
Information). The chemical composition of Zn/MnCID-5DG
was rich in Zn during the initial reaction period, and thereafter
the ratio of Mn in the crystals gradually increased. This
tendency was supported by ex situ characterization data for the
crystals using XRPD (see Supporting Information). Phase-
separated type Zn/MnCID-5DG contained a Zn-rich crystalline
phase during the initial reaction period, followed by the
formation of a Mn-rich crystalline phase. Importantly, the
formation of the Mn component in phase-separated type Zn/
MnCID-50G was faster than the formation of the pure Mn
crystals (see Supporting Information). These results indicate
that the presence of Zn-rich crystals influenced the crystal
formation process of the Mn component from the heteroge-
neous nucleation of Mn-rich crystals on the Zn-rich crystals.
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Clear differences in crystal formation kinetics of isostructural
components promoted the formation of phase-separated type
frameworks in the one-pot reaction.'”

The reactivity-directed crystallization process is widely
adopted for the facile fabrication of heterogeneous crystal
systems. The synthesis of ternary phase-separated type crystals
was demonstrated. The crystal formation kinetics for the
construction of MCID-5DG structures depends on the metal
ion used (Zn*, Ni**, or Mn**) when using H,NO,-ip as a low-
reactive precursor. The reaction with zinc perchlorate occurred
in a short period of time (t,4 = 100 s) and the reaction with
nickel perchlorate occurred in a moderate period of time (t,4 =
4.5 h), while the reaction with manganese perchlorate occurred
over a longer period of time (t,g = 5.5 h). The crystal
formation reactions with distinct kinetics afforded the
preparation of binary phase-separated type Zn/NiCID-5OG
(see Supporting Information), and even ternary phase-
separated type Zn/Ni/MnCID-5DG crystals with good yields
and purity, as shown in Figure 4. In the ternary system, the

Figure 4. STEM-EDX images of the ternary phase separated
compound of Zn/Ni/MnCID-SDG: (a) TEM-images, (b) Zn—K,
(¢) Ni—K, (d) Mn—K elemental mapping images and (e) overlap
image (red, Zn; blue, Ni; green, Mn). The scale bar corresponds to 2
pm.

formation of Zn/Ni phase-separated type crystals occurred,
followed by the formation of Mn-rich crystals on the Zn/Ni
phase-separated type crystals, and finally the Zn/Ni/Mn phase-
separated type crystals formed.

Gas Sorption Behavior of Solid-Solution and Phase-
Separated Type PCPs. It is of interest to investigate the
difference in the porous properties of the solid-solution and
phase-separated type compounds with the same chemical
composition. Recently, PCP/MOFs with structural flexibility,
which exhibit deformation or displacement behavior of
framework upon gas accommodation, have been highlighted.'®
The structural change of frameworks gives a unique sorption
profile Wthh is called gate-opening type gas sorption
phenomena.'” These flexible frameworks change their structure
from a closed (nonporous) form to an open (porous) form on
gas accommodation. Consequently, the framework behaves as
nonporous to gases in the initial state, and structural
transformation from nonporous phase to porous phase at a
given pressure (Pgo) triggered a sudden rise in gas adsorption.
Theoretical study indicates the importance of phase transition
character of ﬂex1b1e PCP/MOFs driven by stabilization of guest
adsorption.”® As the gate-opening phenomena have the phase
transition characteristics, cooperativity is great important factor
to chan nge the behavior regarding to either host—guest
clathrate® or structural transition of the host framework.””
Since modification of domain assembly in one crystal affects the

cooperativity of phase behavior through interactive communi-
cation of cells, the gate-opening gas sorption behavior can be
controlled for adsorptive functions, such as gas storage and
separation.

We investigated the gate-opening type sorption behavior for
MCID-5 due to the structural change of frameworks (see
Supporting Information). The adsorption isotherms of
methanol at 298 K for pure ZnCID-5 and MnCID-S are
shown in Figure Sa. The total uptake for ZnCID-5 and
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Figure 5. (a) Adsorption isotherm of methanol at 298 K for the pure
parent compounds ZnCID-S (orange) and MnCID-S (blue) in the
range 0—6 kPa. The adsorption isotherms of methanol at 298 K for
solid-solution type [Zn,_Mn,(NO,-ip)(bpy)], (purple) and phase-
separated type [Zn,_ Mn,(NO,-ip)(bpy)], (green) for (b) x = 0.12,
(c) x = 046, and (d) x = 0.88 in the range 0—6 kPa. Plots of (e)
adsorption amount at P = 16 kPa,”® and (f) the gate-opening pressure
(Py,) for ZnCID-5 (orange), MnCID-5 (blue), solid-solution type
frameworks (purple), and phase-separated type frameworks (green) as
a function of the metal ratio (x) in the compounds.

MnCID-S was 3 and 2.5 molecules/unit cell at P = 16 kPa,23
respectively, and the value of Py, for ZnCID-5 and MnCID-5
was 3.71 and 2.93 kPa, respectlvely, because of the difference
in their structural flexibility (see Supporting Information). Parts
b—d of Figure 5 show the adsorption isotherms of methanol for
solid-solution and phase-separated type compounds
[Zn,_,Mn,(NO,-ip)(bpy)], (where x = 0.12, 0.46, and 0.88)
that were prepared by reactivity-directed crystallization process
(see Supporting Information). Although the solid-solution and
phase-separated type compounds had the same formula, they
showed distinct gate-opening sorption behavior. As shown in
Figure Se,(f, solid-solution type Zn, Mn,CID-5 compounds
have intermediate values for their total uptake and a value of Py,
between that of ZnCID-S and MnCID-5, which was dependent

dx.doi.org/10.1021/ja303588m | J. Am. Chem. Soc. 2012, 134, 13341-13347
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on the metal ratio present. This tendency is consistent with
previous report.9CI

In contrast, the phase-separated type frameworks exhibited
anomalous sorption behaviors, which are not explained by a
simple overlapping of the behavior of the two pure parent
compounds. The phase-separated type frameworks exhibited a
constant uptake (2.5 molecules/unit cell) at P = 16 kPa,*
which was independent of the metal ratio in the framework, as
shown in Figure Se. Although the adsorption amount was lower
than that of the pure Zn framework, the Mn domains
dominated the adsorption amount in phase-separated type
frameworks. This can be understood as follows. Because of the
mutual integration of the Zn and Mn crystal domains in the
phase-separated type compounds, the presence of Mn domains
do not allow adsorbing the maximum uptake of the pure Zn
framework (3.0 molecules/unit cell), otherwise the phase-
separated type crystals would segregate. The constant uptake of
the phase-separated type frameworks at P = 16 kPa> indicates
that these crystals possess a strong coupling of Mn and Zn
phases through their interfaces. In addition, the phase-separated
type frameworks exhibited an anomalous gate-opening
behavior. The value of P, of the phase-separated type
frameworks increased upon the increase of Mn ratio in the
phase-separated type framework, which was even higher than
the solid-solution type frameworks and the parent crystals, as
shown in Figure 5f. Although the structure—property relation-
ships for this sorption behavior have not been elucidated from
the experimental point of view, there are suggestive works on
the mechanism. Theoretical study suggests the importance of
interplay of adsorption interaction and elastic deformation.
Cooperative sorption behavior is investigated in case with the
strong host—host interaction in elastic frameworks.”* One
possible mechanism can be considered that mutual integration
of two distinct phases in one crystal would enhance the
elasticity of overall framework which leads to high cooperativity
in sorption systems. We are still unsure why domain assembly
in phase-separated type architecture enhances the cooperativity
of gate-opening behavior, and we will explore this theme in our
future work. However, there is some precedence in the
nanowire literature: the elasticity of phase-separated Ge/Si
semiconducting nanowires shows nonlinear relationships
between mother compounds.”® The coexistence of ordered
domains in phase-separated architecture might enhance the
elasticity of framework which leads to high cooperativity of
gate-opening type sorption behavior. These results demonstrate
the potential diversity of porous functions induced by the
mesoscopic design of modular domain assembly in porous
crystals.

B CONCLUSIONS

In conclusion, we have proposed a simple methodology for the
modular design of domain assembly in PCP/MOF crystals.
This reactivity-directed crystallization process enables a
bottom-up approach to be adopted for variable domain
assembly, resulting in a facile preparation of PCP/MOF
crystals, ranging from perfect homogeneity (solid solution) to
heterogeneity (phase separation). Regulation of the reaction
kinetics of frameworks is the key for the successful synthesis of
domain-controlled porous coordination frameworks. The
control of the domain distribution in a crystal is widely
applicable via a self-assembly process, and we were able to
fabricate binary solid-solution, binary phase-separated, and even
ternary phase-separated systems using a one-pot reaction. We

also investigated how crystal domain assembly influenced the
structural flexibility of the frameworks, and as a consequence,
distinct sorption behavior was observed, regardless of the same
chemical composition of compounds. Especially, phase-
separated type compounds showed an anomalous cooperative
gas sorption behavior that cannot be explained by a simple
overlap of single-phasic crystals. These results demonstrate the
potential diversity of porous functions contributed by the
mesoscopic design of porous crystals. We believe that the
modular design of domain assembly in porous solids opens up
cooperative functionality in mesoscale science.

B EXPERIMENTAL SECTION

Synthesis of Na,NO,-ip. H,NO,-ip (2.1 g, 10 mmol) and NaOH
(0.8 g, 20 mmol) were dissolved in 40 mL of water and precipitated by
the addition of 70 mL of ethanol. The white precipitate was filtered
and dried at room temperature in vacuo to give 1.63 g (yield = 64%).
Caution! Na,NO,-ip is explosive on heating.

Synthesis of {{M(NO,-ip)(bpy)]0.5DMF-0.5MeOH}, (M = Zn,
Mn, and Ni). ZnCID-52G, MnCID-5DG, and NiCID-5DG were
synthesized according to a slightly modified published procedure.”
Mn(ClO,),"6H,0 (0.37 g, 1.0 mmol) and S-nitroisophthalic acid
(022 g, 1.0 mmol) were dissolved in 20 mL of N,N’-
dimethylformamide (DMF). 4,4"-Bipyridyl (0.16 g 1.0 mmol) was
dissolved in 20 mL of methanol. A solution of bpy in methanol was
then slowly layered onto the reactant in the DMF solution. After a few
days at 70 °C, colorless plate-like single crystals of MnCID-5DG were
obtained. Caution! Metal perchlorate is explosive on heating.

Synthesis of Solid-Solution Type {[Zn,_,Mn,(NO,-ip)(bpy)]
0.5DMF-0.5MeOH},,. Solid-solution type Zn; Mn,CID-50G was
synthesized as follows. Disodium-S-nitroisophthalate (0.26 g, 0.10
mmol) and 4,4’-bipyridyl (0.16 g, 1.0 mmol) were dissolved in 40 mL
of 1:1 v:v DMF/MeOH solution at 70 °C. Zn(ClO,),-6H,0 (0.18 g,
0.5 mmol) and Mn(ClO,),-6H,0 (0.18 g, 0.5 mmol) were then added
to the solution under stirring. After a few days, pale-yellow crystalline
powders of solid-solution type Zn,_ ,Mn,CID-5DG were obtained.

Synthesis of Phase-Separated Type {[Zn,_,Mn,(NO,-ip)-
(bpy)] 0.5DMF-0.5MeOH},,. Phase-separated Zn/MnCID-50G was
synthesized as follows. S-Nitroisophthalic acid (0.21 g, 0.10 mmol)
and 4,4'-bipyridyl (0.16 g, 1.0 mmol) were dissolved in 40 mL of 1:1
v:v. DMF/MeOH solution at 70 °C. Zn(ClO,),-6H,0 (0.18 g, 0.5
mmol) and Mn(ClO,),-6H,0 (0.18 g, 0.5 mmol) were then added to
the solution under stirring. After a few days, pale-yellow crystalline
powders of phase-separation type Zn/MnCID-50G were obtained.

Synthesis of Ternary Phase-Separated Type
{[Zn1_x_yNiany(NOZ-ip)(bpy)]O.SDMF'O.SMeOH}n. Ternary phase-
separated Zn/Ni/MnCID-50G was synthesized as follows. 5-Nitro-
isophthalic acid (0.25 g, 0.10 mmol) and 4,4'-bipyridyl (0.16 g, 1.0
mmol) were dissolved in 40 mL of 1:1 v:v DMF/MeOH solution at 70
°C. Zn(ClO,),-6H,0 (0.12 g, 0.3 mmol), Ni(ClO,),-6H,0 (0.12 g,
0.3 mmol) and Mn(ClO,),-6H,0 (0.12 g, 0.3 mmol) were then added
to the solution under stirring. After a few days, pale-green crystalline
powders of ternary phase-separated Zn/Ni/MnCID-5OG were
obtained.

Scanning Transmission Electron Microscope Observation.
An ethanol dispersion of the powder samples was dropped onto a
carbon grid and allowed to dry by standing at room temperature.
STEM-EDX measurements were conducted using a JEOL JEM-2200
TEM under an operating voltage of 200 kV.

Synchrotron Powder X-ray Diffraction Measurement and
Analysis. Powder samples of each compound were sealed in silica
glass capillaries. XRPD patterns with good count statistics were
measured using synchrotron radiation employing a large Debye—
Scherrer camera with imaging plate detectors on the BL02B2 beamline
at the Super Photon Ring (SPring-8) facility in Japan. All the XRPD
patterns were obtained using a step size of 26 = 0.01°. The powder
patterns were indexed using the DICVOL9I indexing software
package. The unit cell parameters were refined using the Le Bail
fitting method employing the Rietica software package.
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Other Physical Measurements. The adsorption isotherms of
MeOH at 298 K were conducted using a BELsorp-18. Thermogravi-
metric analysis (TGA) was conducted using a Rigaku Thermo plus TG
8120 TGA apparatus at a heating rate of 10 K/min. Inductively
coupled plasma (ICP) analysis was conducted after the degradation of
the crystals had occurred in HNO; using a Shimadzu ICPE-9000
spectrometer.

Time-Course Analysis of the Crystal Formation Kinetics of
Powder Crystals. Time-course analysis of the crystal formation
kinetics was conducted as follows. Addition of the metal perchlorate
precursors to a DMF/MeOH solution of the ligand precursors at 70
°C was determined as the starting point (t = 0) of the experiments.
The crystals were filtered, washed with MeOH, and then dried under
vacuum at 150 °C. The sample weight of the crystals was measured.
The yield of the crystals was calculated by measuring the sample
weight of crystals collected at each reaction time. The ratio of metal
ions was determined from ICP analysis and X-ray fluorescence data of
the mixed metal compounds.

Determination of the Induction Time (t;,4). The induction time
(tna) was defined as the time required for powder formation from the
reaction solution. In the experiment, ¢,y was determined from visual
inspection of the solution which corresponds to the onset of turbidity.
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