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ABSTRACT
Metal-Organic Frameworks (MOFs) have been a main theme in materials chemistry for the past
two decades because of their potential applications such as catalysis and gas storage. Many MOFs are
porous materials consisting of metal clusters and organic linkers through coordination bond with large
pore. Despite of such advantages, synthesis of MOFs with unsaturated metal sites has been a daunting
challenge. Thus, many research groups have been interested in metalloligand. Especially, we have
been interested in the porphyrin linker to be used as a building block for MOF synthesis. Extended
porphyrin linker and various SBU make more complicated structure. The resulting structures can be
simplified using polyhedra such as Platonic and Archimedean solids.
New Expandable Porphyrin-MOF (EP-MOF), assembled from 5, 10, 15, 20-tetrakis [3carboxyphenyl] porphyrin (3-TCPP) ligand and three blade paddlewheel SBU (Zn2(COO)3+), is an
important flexible MOF with rhombicuboctahedron as a basic structure building unit. Overall
topology of this MOF can be considered as body-centered cubic packing with porphyrinic cubes. Also,
the movement of the cubes is expandable upon heating, confirmed by single-crystal x-ray diffraction
data.
Secondly, PMOF-100 is non-pillared structures based on rhombicuboctahedron packing. The
complex was constructed from 5, 10, 15, 20-Tetrakis [3, 5-dicarboxylphenyl] porphyrine (OCPP)
ligand and Cu paddlewheel SBU. The upper and bottom caps, which are composed of two porphyrins
and paddlewheel, are connected with Cu ions. The Cu ions as bridge are special points of middle sites
in a cage. Due to Cu ions of this middle site, PMOF-100 has many unsaturated metal sites when it is
activated. This structure has similar to the amount of open metal sites of HKUST-1.
Lastly, new 2D porphyrinic MOF, PPF-300, was synthesized via self-assembly of 5, 10, 15, 20tetrakis [4-carboxymethyleneoxyphenyl] porphyrin (TCMOPP) ligand and Zn paddlewheel SBU.
PPF-300 has the potential flexibility due to the linker with substituted functional group unlike rigid 4TCPP (5, 10, 15, 20-tetrakis [4-carboxyphenyl] porphyrin). A similar structure by Goldberg group is
also 2D porphyrinic MOF using TCMOPP linker. PPF-300 can be represented by square-grid and
Goldberg’s structure can be simplified to hourglass.
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CHAPTER 1

Porphyrinic Metal-Organic Frameworks

1.1 Introduction
Metal-Organic Frameworks (MOFs) have been a major research theme for energy and materials
chemistry during the past two decades due to the potential applications in areas, such as catalysis, gas
storage and selectivity.1-5 MOFs are synthesized via self–assembly of organic linkers and metal
clusters through coordination bond (Figure 1.1). The first synthetic coordination polymer known to
date, Prussian Blue, consists of iron metals and cyanide ligands.6 In addition, arguably the first
designed coordination polymer synthesized from 4,4’,4’’,4’’’–tetracyanotetraphenylmethane and
copper ion was reported by Hoskins and Robson in 1990.7 MOF-5 is an iconic compound in MOF
history and composed of Zn4O(COO)6 secondary building units (SBUs) and linear 1,4bezenedicarboxylate (BDC) organic linkers reported by Yaghi group.8 HKUST-1 published in the
same years with MOF-5 is assembled from Cu paddlewheel SBUs and benzene-1,3,5-tricarboxylate
(BTC) linkers reported by Williams and co-workers (Figure 1.2).9
As mentioned earlier, MOFs are synthesized from multitopic linkers and metal clusters. Depending
on the metal cluster and organic linkers, it is possible to synthesize numerous types of MOFs. There
are many kinds of SBUs to choose from. Generally, multiple metal-ligand bonds make MOF
structures more robust than those with single metal ion connectors. Rigid MOFs are extremely useful
for applications such as gas sorption and catalysis. Organic linkers are also important for synthesizing
MOFs. The most common linkers are ligands including carboxylate groups.
Many MOFs possess high porosity and large surface areas.10 NU-110 reported by Hupp and coworkers currently displays the highest experimental determined surface area among MOFs (7140
m2/g).11 Some flexible MOFs have a great influence to separation.12 MOFs with unique property have
flexibility according to guest molecules. In respect to chemical properties, some MOFs with amine
group have been shown to increase interaction with CO2 gas for gas selectivity.13 MOFs are useful as
heterogeneous catalysis because of diverse metal sites and functional group of organic linkers.
Ordered porous materials are also used for catalysis in various phases such as gas and liquid.14
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Organic linker
Metal cluster

Figure 1.1. MOFs comprised of organic linkers and metal clusters.

(a)

(b)

Figure 1.2. (a) MOF-5 assembled from Zn4O(COO)6 SBUs and BDC linkers and (b) HKUST-1
composed of Cu paddlewheel SBUs and BTC linkers.
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Unsaturated metal sites play an important role for potential applications such as interaction with
guest molecules and catalytic reaction in active sites. Despite the many advantages of MOFs, creating
MOFs with activated metal sites was a difficult problem because metal clusters often tends to be
saturated by organic ligands.15 Many people have been studied for assembling MOFs with accessible
metal centers. To incorporate unsaturated metal sites, metalloligands are used for creating MOFs
(Figure 1.3). Metalloligands have metal sites in organic linker. MOFs assembled metalloligands have
two kinds of metal sites which are metal nodes and metal sites in organic linkers. MOFs have been
synthesized from diverse metalloligands, porphyrins,16-38 ferrocenes,39

acetylacetonates,40 Schiff

bases41 and other ligands42. In this thesis, we are interested in porphyrin-based MOFs.

Metalloligand linker
Metal cluster

Figure 1.3. MOFs assembled from metal clusters and metalloligand linkers.
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1.2 History of Porphyrinic Metal-Organic Frameworks
We have been interested in porphyrin linkers among metalloligands because various metals can be
incorporated when synthesizing MOFs. Also, porphyrin linkers are tunable with multiple exterior
functional groups (Figure 1.4). Because of tunable and versatile nature of porphyrin linkers, the
number of publications in porphyrinic MOFs has been grown rapidly during the past two decades
(Figure 1.5). Porphyrinic MOFs are reported by Robson,16,17 Godlberg,18,19 Suslick,20-22 Choe,23-30
Ma,31-33 Zhou34,35 and others.36-38
The porphyrin based 3D polymeric network reported by Robson group in 1991 was the first
example in porphyrinic MOF area.16 The structure was built from PdTPyP (TPyP =
tetrapyridylporphyrin) and Cd ions.
Goldberg and co-workers published a coordination polymer composed of TPyP and Zn ions in
1994.18 The Zn ion in the core of the porphyrin is connected to the exterior pyridyl of the porphyrin.
In the initial stages, porphyrin based MOFs are composed of TPyP linkers and single metal ions.
However, the structures are easily collapsed when guest molecules are removed from MOFs.16-19 In
order to make robust MOFs, secondary building units (SBUs) are introduced to build porphyrinic
MOFs.
In 2002, Suslick and co-workers published porous porphyrinic MOF (PIZA-4).20 The structure
consists of tetra [carboxyphenyl] porphyrin (TCPP) and a trinulclear cobalt SBU. PIZA-4 is known to
be robust that it remains porosity when guest molecules are removed in structure.
The first paddlewheel-based porphyrinic MOFs (PPF-1) were published by Choe and co-workers in
2009.23 The 2D porphyrinic MOFs are composed of TCPP linker and paddlewheel SBUs. Based on
2D porphyrin sheet, a series of PPFs has been developed to pillared 3D porphyrinic MOFs, pillar
exchanged structure and heterometallic structures.24-27
In 2011, Ma and co-workers have published a polyhedron based porphyrinic MOFs.31 MMPF-1 is
non-pillared MOFs and composed of porphyrin with dicarboxyphenyl functional group and Cu
paddlewheel SBU. After that, a series of the MMPFs were created by porphyrin with various exterior
and elongated functional groups and diverse metal clusters.
Zirconium based porhyrinic MOFs (PCN-222) were published by Zhou and co-workers in 2012.34
PCN-222 consist of FeTCPP and highly stable Zr6 cluster. The structure is more stable than other
porphyrinic MOFs.
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Figure 1.4. Exterior functional groups of porphyrins used in porphyrinic MOF.
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Figure 1.5. The number of porphyrin MOF publicaions as a function of year.
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1.3 Polyhedra of porphyrinic Metal-Organic Frameworks
MOF structures get more complicated. Also, the way to explain structures has been diverse. The
frameworks assembled with metal nodes and organic linkers are simplified and can be represented by
a series of polyhedra. Through the polyhedral units, structural characteristics of MOFs could be
visualized more efficiently. There are many kinds of polyhedra such as Platonic and Archimedean
solid. Among them, polyhedra such as tetrahedron, cube, octahedron, rhombicuboctahedron are
commonly used for 3D tiling of MOFs (Figure 1.6). For example, MOF-5 is comprised of
Zn4O(COO)6 SBU and BDC linkers. The structure is completely filled with one type of polyhedron,
namely a cube (Figure 1.7). Additionally, HKUST-1 composed of Cu paddlewheel SBU and BTC
linkers can be simplified into rhombicuboctahedron and cube (Figure 1.8). HKUST-1 is twelve Cu
paddlewheels and sixteen BTC linkers form rhombicuboctahedron. The remaining parts can be filled
as cube and tetrahedron.

Tetrahedron

Dodecahedron

Cube

Icosahedron

Octahedron

rhombicuboctahedron

Figure 1.6. Platonic solids and rhombicuboctahedron.

7

Figure 1.7. Simplified MOF-5 with cubes.
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rhombicuboctahedron and cube (left). Cube can fill among rhombicuboctahedra (right).
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such

as

We are interested in simplified structures using polyhedra, especially rhombicuboctahedron (Figure
1.9). Rhombicuboctahedron is an Archimedean solid with eight triangular and eighteen square faces.
Some of the porphyrin MOFs could be represented as rhombicuboctahedron. Good examples are
MMPF-1

and

MMPF-4,

published

by Ma

and

co-workers.

MMPF-1

is

filled

with

rhombicuboctahedron, cuboid and tetrahedron (Figure 1.10). This structure is a non-pillared system,
composed of porphyrin with dicarboxyphenyl functional group and Cu paddlewheel SBU. The
porphyrins with two carboxylate groups form walls of rhombicuboctahedron cage. In this polyhedron,
Cu paddlewheel site is simplified by a square and a porphyrin described as a rectangle. Polyhedral
cages are connected through the square. Similarly, MMPF-4 is simplified by rhombicuboctahedron,
cube, cuboctahedron (Figure 1.11). The structure is composed of Zn three blades SBU and OCPP
linker. In this case, Zn three blades SBU is represented as a triangle and porphyrin is a square.
Windows of cage can be represented by square.

Figure 1.9. Rhombicuboctaheron.
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Figure 1.10. Steps for space-filling of MMPF-1. The structure has three polyhedra such as
rhombicuboctahedron, tetrahedron and cuboid. Rhombicuboctahedra are packed by sharing squares of
rhombicuboctahedron. Rectangular faces of rhombicuboctahedron are filled by yellow cuboid.
Triangle face of it can be filled by green tetrahedron.

Figure 1.11. MMPF-4 is filled from three polyhedra, rhombicuboctahedron, cube and cuboctahedron.
Rhombicuboctahedron share squares with other rhombicuboctahedra and yellow cubes. Square faces
of green cuboctahedron are shared with yellow cubes and triangle faces of it are shared with
rhombicuboctahedra.

1.4 Organization of Thesis
There are five chapters in this thesis. Chapter 1 is introduction to porphyrinic MOFs and the way to
simplify MOF as polyhedron. In Chapter 2, the new expandable porphyrinic MOFs (EP-MOF) are
assembled and analyzed depending on temperature. Chapter 3 focuses on gas sorption and open metal
sites of PMOF-100 prepared by the former Choe group member Haemi Chung. In Chapter 4, the
synthesis and structure analysis of new flexible 2D MOF (PPF-300) are described. Chapter 5 details
organic syntheses of three porphyrin linkers used in this thesis.
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CHAPTER 2

Expandable Porphyrinic Metal-Organic Framework

2.1 Introduction
Many researchers including material scientists have been interested in flexible metal-organic
frameworks (MOFs) and considered these systems significant in material fields.1-5 Flexible MOFs
respond to external stimuli, such as pressure, removal/uptake of guest molecules, and temperature.6-10
The latter stimuli often cause structural transformation, resulting positive thermal expansion (PTE), or
negative thermal expansion (NTE). The PTE materials increase volume as temperature increases, and
are relatively usual compared to NTE materials. The thermal behavior of materials is closely related to
topology.11-14
In this chapter, we report an expandable, porphyrin-based MOF, EP-MOF (EP-MOF = Expandable
Porphyrinic Metal-Organic Framework), assembled from 5, 10, 15, 20-tetrakis [3-carboxyphenyl]
porphine (3-TCPP) linker (Figure 2.1) and Zn three-blade paddlewheel SBU that form body-centered
net. Through temperature-dependence experiment, we identified that EP-MOF behaves as an
anisotropic thermal-expansion.

Figure 2.1. 5, 10, 15, 20-tetrakis [3-carboxyphenyl] porphine (3-TCPP) linker.
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2.2 Experimental Section
General methods. Dichloromethane (DCM) was used after purification using molecular sieves. All
commercial reagents are used without further purification. 1H NMR data was collected on 400-MR
DD2 spectrometer and UV/Vis Spectrum was measured using a Cary 5000 spectrophotometer which
located in UNIST Central Research Facilities.
Synthesis of EP-MOF. 7.9 mg of 3-TCPP·pyridine (0.01 mmol), 8.2 mg of Zn(NO3)·6H2O (0.03
mmol) and 3.3 mg of 4,4‘-bipyridyl (0.02 mmol) were added to a solution of N,N-dimethylformamide
(DMF) and ethanol (3:1, 2 ml). 10 ㎕ of 1.0 M nitric acid was added to the solution in 16 ml vial.
The mixture was sonicated for homogeneity, and heated to 100 ℃ for 48 hours.
Powder X-ray diffraction (PXRD): X-ray powder diffraction data were collected on a Bruker 2D
PHASER diffractometer with Cu Kα radiation (λ=1.54184 Å).
Single-crystal X-ray crystallography: Paratone-N oil was used for coating a crystal of EP-MOF. The
diffraction of EP-MOF was measured at 100 K using synchrotron radiation ( = 0.69999 Å ) on a
ADSC Quantum-210 detector at 2D SMC with a silicon (111) double crystal monochromator (DCM)
at the Pohang Accelerator Laboratory, Korea. The diffraction data was collected from the ADSC Q210
ADX program15 and data processing such as cell refinement, reduction and absorption correction was
performed using HKL3000sm (Ver. 703r)16. The crystal structure of EP-MOF was solved by the direct
method and refined with the SHELXTL (Ver. 2008) program.17
The least-squares refinement of the structural model was performed under displacement parameter
restraints such as DANG, DFIX, DELU, ISOR and SIMU. The final refinement was performed with
the modification of the structure factors for the electron densities of the disordered solvents using the
SQUEEZE option of PLATON.18
Temperature

dependent

single-crystal

diffraction:

Temperature-dependent

single-crystal

diffraction data was obtained from EP-MOF at temperatures below room temperature (~293K). The
temperature was increased in 20 K increments from 100-273K. A total of 9 points of temperature
scans were collected on EP-MOF from single-crystal scans.
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2.3 Results and Discussion
Tetrakis [3-carboxyphenyl] porphine (3-TCPP) for MOFs was synthesized as shown in Scheme
2.1.19 A detailed synthetic procedure is shown in Chapter 5.
EP-MOF was synthesized under a solvothermal condition via self-assembly. 3-TCPP linker, zinc
nitrate hexahydrate and nitric acid in a mixture of DMF and ethanol were heated at 100 ℃ for 48
hours in an oven. Single-crystal crystallography data is summarized in Table 2.1. The experimental
and theoretical powder x-ray powder diffraction data are shown in Figure 2.2.

Scheme 2.1. Synthesis process of 3-TCPP.
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Table 2.1. Single-crystal X-ray diffraction data of EP-MOF.
Complex

EP-MOF

formula

C169 H92 N17 O38 Zn11

crystal system

Tetragonal

space group

P4/mnc

fw

3697.89

a, Å

29.565(4)

c, Å

34.208(7)

β, ˚

90

V, Å3

29901(10)

Z

4

ρcalcd, g cm-3

0.819

T, K

100(2)

Å

0.69999

μ, mm-1

0.821

goodness-of-fit (F2)

1.360

F(000)

7436.0

reflections collected

222121

independent reflections

16051 [R(int) = 0.0620]

completeness to q, %

98.2

data/parameters/restraints

15764 / 768 / 538

crystal size, mm3

0.35 x 0.20 x 0.18

? range for data collection, deg

1.63 to 26.23

diffraction limits (h, k, l)

-36<=h<=36, -36<=k<=36, -43<=l<=43

refinement method

Full-matrix least-squares on F2

R1, wR2 [I>2s(I)]

0.1352, 0.3879

R1, wR2 (all data)

0.1849, 0.4141

largest peak, hole, e×Å -3

0.726, -0.775
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Figure 2.2. The experimental and theoretical powder x-ray diffraction data of EP-MOF.

Structural description
EP-MOF consists of 3-TCPP linker, Zn three-blade paddlewheel SBU and bipyridine (bpy) pillar.
Three components can be simplified into a square, a triangle and a rod, respectively (Figure 2.3a). A
polyhedron based EP-MOF can be simplified using of rhombicuboctahedron nanocages. The
nanocage of EP-MOF is formed by six squares, eight triangles and four rods. Each of the four rods
connects two internal Zn ions between clusters in the cage (Figure 2.3b).
The nanocages of EP-MOF are connected by two types of linkers, bpy as pillar and oxo ligand as a
bridging atom (Figure 2.4). The outside bpy connects two Zn ions in each porphyrin core between two
nanocages along c-axis. Due to linkage of the outside bpy, the two Zn ions are axially
pentacoordinated. The oxo ligand plays a role as a bridge between external Zn ions of two other
clusters and contributes to charge balance for maintaining the framework as neutral. Concretely,
charge of two Zn three blades (Zn4(COO)62+) connected with oxo ligand is neutral as Zn4O(COO)6. In
this way, there are ten connectivity, eight oxo ligands and two bpy pillars, with a cage as the center.
EP-MOF based on ten connectivity has body-centered tetragonal (bct) packing (Figure 2.5).
To decide of all packing world, rhombicuboctahedron cages were simplified with small spheres for
analyzing packing system of EP-MOF. After then, the ratio of c over a was calculated using cell
parameter of the structure. The ratio is 1.16 (a= 29.565Å, c=34.208 Å). The c/a ratio of bcc and fcc
packing is 1 and 1.414, respectively. The value of EP-MOF is close to ratio of bcc packing. Thus,
packing system of EP-MOF was determined to bcc packing (Figure 2.6).
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There are several interesting points as analyzing EP-MOF. The pillar has two kinds of positions,
inside and outside of cage. Two Zn ions comprised of three blades have different coordination
geometry. The external Zn ions connected by oxo ligand have tetrahedral geometry. However, internal
Zn ions connected by bpy in cage have octahedral geometry. In the octahedral geometry, two H 2O are
coordinated with an internal Zn ion. The Zn geometry of three blades SBUs in EP-MOF is exceptional
case in MOFs composed of identical SBUs.20-26
(a)

(b)

Figure 2.3. (a) Three components of EP-MOF: 3-TCPP, Zn three blades SBU, bipyridine-pillar. (b) A
nanocage of EP-MOF consists of three elements and is represented by rhombicuboctahedron.
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(a)

=

=

(b)

Figure 2.4. (a) Two types of connectivity: pillar between porphyrins and oxo ligand between three
blades. (b) A cage has ten connections: two pillar and eight oxo ligands.

=
(a)

(b)

Figure 2.5. (a) The cages connected with two types of connectivity. (b) Body-centered tetragonal (bct)
packing of the EP-MOF.

20

(a)

(b)

Figure 2.6. (a) Simplified nanocages of EP-MOF. (b) Compare bcc with fcc packing about c over a
ratio.
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Topological Analysis
As mentioned above, EP-MOF can be described using as rhombicuboctahedron as a building unit.
However, complicated connectivity of EP-MOF makes it difficult to understand the original structure.
Thus, EP-MOF is more clarified using cuboid. Each vertex of cuboid stands for oxygen of oxo ligand.
Consequently, the eight oxo ligands of rhombicuboctahedron are represented by a blue cuboid (Figure
2.7).
All of the cuboids are corner-shared. These cuboids show simple pattern of packing (Figure 2.8).
Considering only oxygen of oxo ligands as connectivity, newly defined boxes have elongated bodycentered cube (bcc) system because of cuboid. The shown pattern at the view of c-axis is easy to
understand topological structure of EP-MOF.
Pattern of EP-MOF simplified with cuboid can be drawn in 2D and 3D tessellation. Dark red
squares of 2D tessellation share their four vertices with pale red squares. In case of 3D tessellation,
dark red cuboids share their eight vertexes with pale red cuboids. Empty space is formed by cornershared squares in 2D tessellation and cuboids in 3D tessellation (Figure 2.9a and 2.9b).
Mechanism for movement of 2D tessellation is much easier to understand than 3D pattern (Figure
2.9c). A dotted square is defined as unit cell. Two different colored squares rotate anticlockwise (dark
red) and the other way (pale red). While rotating the colored squares with 90°, unit cell get longer
than before the rotation. Based on this mechanism, we form a hypothesis that EP-MOF has flexible
property in the solid state. In order to test its flexibility of EP-MOF, we carried out a temperaturedependent single-crystal x-ray diffraction experiment.

Figure 2.7. Simplification of EP-MOF from rhombicuboctahedron to cuboid.
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Figure 2.8. Simple pattern packing of EP-MOF based 3D cuboid-grid at the view of c-axis.

(a)

(b)

(c)

Figure 2.9. (a) 2D square-grid and (b) 3D Central projection cuboid-grid (c) Mechanism of two
dimensional auxetics made from ‘rotating’ squares.
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Thermal response experiment of EP-MOF
In order to test thermal flexibility of EP-MOF, temperature-dependent single-crystal x-ray
diffraction was measured at Pohang Accelerator Laboratory, Korea. The experiment was conducted in
two directions, single crystal in sealed capillary with vapor of mother liquor and immersed in oil. We
have data of single crystal in sealed capillary at 193K to 293K and data of immersed single crystal at
100K to 273K. The cell parameters of the sample were taken directly from the solved structure file
(Table 2.2). As shown in Figure 2.10, all scans indicate that the unit cell of EP-MOF changes
depending on temperature. The a, c parameters and cell volume are increased at 100K-233K and
decreased at 253K. The a parameter undergoes the more drastic change than c parameter does when
temperature is increased. The a and b parameters are same because of tetragonal system in EP-MOF.
Relative change of the parameters is represented as shown in Figure 2.11. The a and b parameters are
changed by 2.3 % and the c parameter is changed by less than 0.8%. Unit cell volume is more
expandable than before and relative volume change amount is about 5% (Figure 2.12).

Table 2.2. Temperature-dependence single-crystal diffraction data.
3

Temp(K)

a (Å)

c (Å)

V (Å )

100

29.532(4)

34.220(7)

29845(8)

133

29.547(4)

34.271(7)

29919(9)

153

29.561(4)

34.302(7)

29975(9)

173

29.613(4)

34.336(7)

30109(9)

193

29.710(4)

34.369(7)

30337(9)

213

29.889(4)

34.424(7)

30752(9)

233

30.218(4)

34.510(7)

31512(9)

253

30.138(4)

34.492(7)

31329(9)
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Figure 2.10. Temperature-dependence single-crystal X-ray diffraction of cell parameters and unit cell
volume of EP-MOF.
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Figure 2.11. The relative change of a and c parameter from their respective 100 K values is plotted
versus temperature.

Figure 2.12. The relative change of unit cell volume from 100K values is plotted depending on
temperature.

26

Analysis of 2D rotating model through single-crystal x-ray diffraction data
Based on temperature-dependent single-crystal x-ray diffraction data, we asked two kinds of
questions. First of all, what is the cause of parameters changing? Secondary, does it follow the
mechanism through rotation of squares? For answering the first question, we need to define several
new parameters firstly. The new parameters help to analyze behavior of increasing cell parameters and
volume. We defined two different edges as D1 and D2. At the view of c-axis, θ is defined as an acute
angle of rhombus between the squares (Figure 2.13). The new parameters of the single-crystal sample
were taken directly from the solved structure file (Table 2.3). We focused on transition of θ based on
the rotating mechanism of 2D squares. The θ is changed by 4˚ from 100 to 233K (Figure 2.14). The
angle of rhombus is changed as squares rotate and it causes a change in area of rhombus. It means that
the area of rhombus was increased as θ change. We analyzed the frameworks of EP-MOF as defined
parameters, θ. In EP-MOF, space is filled with two kinds of cuboid (blue and gray) and hexahedron
with rhombus face (red) (Figure 2.15a and b). There is relative change volume from their 100K value
of hexahedron with rhombus face and blue cuboid (Figure 2.16). The volume of hexahedron with
rhombus face is increased by 13 %. The volume of cuboid is increased by 2%. The difference between
the two values is very high. The change of volume in hexahedron with rhombus face is caused by
transition of θ.
(a)

(b)

Figure 2.13. Definition of (a) D1, D2 and BOX and (2) θ.
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Table 2.3. Temperature-dependence data of parameters.
3

T (K)

D1 (Å)

D2 (Å)

BOX V (Å )

θ (°)

100

17.26

17.11

5095

27.7

133

17.25

17.14

5101

27.8

153

17.27

17.15

5115

27.7

173

17.27

17.17

5119

28.1

193

17.30

17.19

5141

28.4

213

17.32

17.21

5160

29.3

233

17.33

17.26

5180

31.4

253

17.34

17.25

5185

30.7

Figure 2.14. Transition from θ depending on temperature of EP-MOF.
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(a)

(b)

(c)

Figure 2.15. (a) Definition of space-filling about EP-MOF. (b) Cuboid: blue, hexahedron with
rhombus face: red, other cuboid: gray (c) Packing of cuboid and space-filling.
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Figure 2.16. Relative change volume from their 100K values of hexahedron with rhombus face (red)
and cuboid (black).
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Simulation of rotating cube
The second question was ‘does it follow the mechanism through rotation of squares?’. The question
could be solved through the simulation of rotating cube. Rotation of squares has an effect on change
of θ. Back to the crystal system, position of atom as transition of θ can be defined by movement of x-,
y-coordinate. As squares rotate, initial x-, y-coordinates move along dotted line of circle to x’-, y’coordinates (Scheme 2.2). Based on it, we derived formula of θ and x-, y-coordinate (Equation 2.1 and
see Appendix A1). The x-, y-coordinates depending on θ is calculated within 90° and variation of
coordinates is plotted from θ (Figure 2.17).
To test the reliability of the simulation, theoritical data about coordinate are compared with
experimental data from single-crystal x-ray diffraction data (Figure 2.18). Simulation and
experimental are well matched as plotting.

(𝑥 ′ , 𝑦 ′ )
(𝑥, 𝑦)

Scheme 2.2. Model of x-, y-coordinate about rotating cube.

Equation 2.1

1

cos 𝜃

1

cos 𝜃

𝑥 ′ = 4 (3 − 1+sin 𝜃) , 𝑦 ′ = 4 (3 + 1+sin 𝜃)
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Figure 2.17. Calculation of x-, y-coordinates from rotating cube.

Figure 2.18. Comparison of x’-, y’-coordinates between calculation and experimental data.
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2.4 Conclusions
EP-MOF is successfully synthesized from 3-TCPP linkers, Zn ions, and bipyridine as pillars.
Rhombicuboctahedron based EP-MOF has unique connectivity with external pillars and oxo ligands.
For additional analysis, complicated polyhedron based EP-MOF is newly simplified into cuboid on
the basis of the oxygen atoms of oxo ligands. Through the simplified cuboid pattern, flexibility of
framework can be easily predicted in solid state.
Based on the analysis of topology about EP-MOF, its temperature dependent properties are
presented. Single-crystal x-ray diffraction was measured at 100-253K. Anisotropic change of unit cell
volume and cell parameters is observed depending on temperature.
For explaining transition of unit cell volume and cell parameter depending on temperature, 2D
rotation mechanism was applied to EP-MOF. As 2D squares rotate, θ between squares is changed
depending on temperature. Sequentially, area of rhombus is also changed depending on θ. The area
affects to volume of hexahedron with rhombus face. The volume change of hexahedron with rhombus
face causes alteration of unit cell volume. In this case, 2D model is applied to change of unit cell
volume.
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CHAPTER 3
Polyhedron based Porphyrinic Metal-Organic Framework: PMOF-100
3.1 Introduction
Porphyrinic Metal-Organic Frameworks (MOFs) have been drawn affections for their versatile
applications in gas storage, gas separation and catalysis.1-5 Especially, metalloporphyrin have been
extensively studied because of their biological properties and ability to act as organic ligands. These
molecules are possible to make unsaturated metal centers on the pore surface.6-7 Diverse metal sites in
metalloporphyrin are directly related to the potential applications.
In addition, metal clusters play an important role as component for robust MOFs and potential
active metal sites. However, In the case of pillared MOFs, metal sites of clusters and porphyrins are
often saturated and the frameworks are collapsed because of weak bonds with pillars and metal
clusters.8-12
Thus, realization of these two features (e.g. robust porphyrinic MOFs with coordinatively
unsaturated metal sites) is an important issue in this field. The development of 3D porphyrinic metalorganic frameworks without pillars could make possible to form robust structures with open metal
sites. m-benezenecarboxylate moieties have showed a crucial role in the development of robust nonpillared porous MOFs. Some non-pillared robust MOFs using metalloporphyrin linker with mbenezenecarboxylate moieties are emerged recently.13-15
In this chapter, new non-pillared porphyrinic MOF (PMOF-100, PMOF= Polyhedron based MetalOrganic Framework) was synthesized from Cu paddlewheel SBUs and 5, 10, 15, 20-tetrakis [3, 5dicarboxylphenyl] porphyrins linkers (OCPP) (Figure 3.1). PMOF-100 has three kinds of accessible
metal sites in nanocage.

Figure 3.1. 5,10,15,20-tetrakis [3,5-dicarboxylphenyl] porphyrine (OCPP) linker.
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3.2 Experimental Section
General methods. 5,10,15,20-tetrakis[3,5-dicarboxyphenyl]porphine (OCPP) was synthesized by
Prof. Woo-Dong Jang’s group at Yonsei University and Junghye Lee and me in Choe group. Other
commercial reactants are used without further purification. 1H NMR data was collected on 400-MR
DD2 spectrometer located in UNIST Central Research Facilities.
Synthesis of PMOF-100. A mixture of OCPP (4.7 mg, 0.005 mmol) and copper(II) chloride
dihydrate (4.6 mg, 0.025 mmol) were added to a mixture of DMF/EtOH/H2O/pyridine (1.0 mL, v/v
8:4:1:4) in 16 ml vial. The mixture was sonicated to make homogeneity and reacted at 85 °C for 24
hours. The cooling of sample was maintained for 9 hours yielding purple square crystals.
Powder X-ray diffraction (PXRD). X-ray powder diffraction data was collected on a Bruker 2D
PHASER diffractometer with Cu Kα radiation (λ=1.54184Å).
Thermogravimetric analysis. Thermogravimetric analysis was conducted on a SDT Q600 under N2
Gas sorption analysis. All of the gas sorption studies were performed using Micromeritics
ASAP2020. The purity of the gases, N2 and CO2, are 99.999%. The N2 sorption was measured at 77K
and the CO2 uptake was monitored at 273 K and 298 K.
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3.3 Results and Discussion
Tetrakis [3, 5-dicarboxylphenyl] porphine (OCPP) was synthesized as shown in Scheme 3.1.16-17
The total process of reaction has four steps. There is a detailed description about synthesis condition
in Chapter 5.
For synthesizing non-pillared MOFs, new structure was pre-designed based on HKUST-1. HKUST1, assembled with 1, 3, 5-benzenetricarboxylate (BTC) and Cu paddlewheel SBUs, has been wellknown for a robust MOF without pillars.18 In hypothetical model, the four Cu clusters in HKUST-1
were replaced with four porphyrin linkers.
New polyhedron based MOF (PMOF-100) was synthesized under a solvothermal reaction by the
former Choe group member, Haemi Chung. OCPP linker and copper(II) chloride dihydrate in a
mixture of DMF, EtOH, H2O and pyridine were heated at 85℃ for 24 hours. The characterization of
framework was described by single-crystal x-ray diffraction data (Table 3.1).

Scheme 3.1. Synthesis process of OCPP.
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Table 3.1. Single-crystal characterization data for PMOF-100.

Complex

PMOF-100

chemical formula*

C52H26Cu5N4O19

formula weight*

1328.47

crystal system

Tetragonal

space group

P42/n

crystal color

Purple

a (Å )

19.997(4)

c (Å )

32.322(7)

V (Å 3)

12925(5)

Z

4

ρcalc (g/cm3)*

0.683

μ (mm-1)*

0.176

R1 [ I > 2σ(I) ]

0.1112

wR2 [ I > 2σ(I) ]

0.2394

* Based on framework without guest molecules.
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PMOF-100 is comprised of Cu paddlewheel SBUs like HKUST-1 and OCPP linkers and nanocage
based non-pillared MOF. General skeleton of PMOF-100 is similar to the pre-model, but specific parts
are different from it.
When viewed in detail on the structure, the Cu cluster and porphyrin of PMOF-100 can be
represented by two different squares (Figure 3.2a). With the squares, four porhyrins and Cu
paddlewheels form the nanocage (Figure 3.2b and 3.3a). The nanocage can be divided into three
portions, upper cap, middle fence and bottom cap. Each cap is composed of two paddlewheels and
porphyrins. The caps are faced with different components. The middle fence possesses eight copper
ions and plays a role as a bridge between upper and bottom caps (Figure 3.3b). The Cu ions are
located at perimeter of the middle fence regularly. Cu ions are alternatively placed in distance of
9.072 and 7.298 Å (Figure 3.3c). The Cu ions occupied in short distance are unusually faced with
each other. Also, the structure includes unsaturated metal sites in the middle fence.
The nanocage of the PMOF-100 can be represented by rhombicuboctahedron. The
rhombicuboctahedron is composed of squares (blue and red), distorted squares (grey) and triangles
(grey). The two Cu paddlewheel (blue) and porphyrin (red) squares are in different size. The distorted
square (grey) is an open window existing two edges with special copper sites. The distorted squares
make more elongated cage than an ideal rhombicuboctahedron. The triangle (grey) is also an open
window part between square of Cu paddlewheel and porphyrin (Figure 3.4a).
There are two possible 3D packing systems with rhombicuboctahedra cages, AA and AB stacking
pattern.19 The AA packing is created when the top square of the rhombicuboctahedron is shared by the
bottom of the square of the other rhombicuboctahedron. The remaining parts can be filled with the
cubes and cuboctahedra. In case of the AB packing, four squares of the rhombicuboctahedron of first
layer are shared by four rhombicuboctahedra of the second layer. The void spaces can be filled with
cubes and tetrahedra.
PMOF-100 based on simplified cages has AB stacking pattern and is possible to fill spaces using
three polyhedra, lengthened rhombicuboctahedra, distorted cubes and tetrahedra (Figure 3.4b).
Through arrangement of rhombicuboctahedra, we can find packing system of MOF and the sort of
polyhedrons for space filling.
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(a)

(b)

+

Figure 3.2. (a) Two components such as Cu paddlewheel (blue) and OCPP linker (red) are simplified
as square shape. (b) Two components which consist of PMOF-100. The structure has the skeleton of
the cage (middle site) and the distorted rhombicuboctahedron cage.
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(a)

(b)

(c)

Figure 3.3. (a) Definition of colored square, porphyrin (red), paddlewheel (blue). (b) Three parts of
PMOF-100. (c) Two kinds of length between Cu ions.

(a)

(b)

Figure 3.4. (a) AB stacking pattern of structure 3 based on rhombicuboctahedron. (b) The structure 3
is possible to space-filling having three polyhedra, rhombicuboctahedron (grey), cube (orange),
tetrahedron (light blue). Schematic representation of space-filling steps.
- 42 -

Relationship between packing system and space-filling with rhombicuboctahedra, can be also
applied to other MOFs. There are three examples, HKUST-1, MMPF-1 and MMPF-4 (Figure 3.5).18, 20,
15

HKUST-1 is composed of BTC linkers and Cu paddlewheel SBUs. MMPF-1 and MMPF-4 as

polyhedron based porphyrinic MOFs were published by Ma and co-workers. MMPF-1 consists of Cu
paddlewheel SBUs and 5, 15-Bis (3,5-dicarboxyphenyl) porphyrin (bdcpp) linkers. MMPF-4 is made
up of Zn three blades SBU and OCPP linkers. The each cage of three MOFs can be simplified by
rhombicuboctahedron cage in common.
However, in case of HKUST-1 and MMPF-1, four squares of the rhombicuboctahedron of first
layer is shared by four rhombicuboctahedra of the second layer. Two MOFs have same packing
system with PMOF-100. Thus, two MOFs possess three kinds of polyhedra, rhombicuboctahedron,
cube and tetrahedron. In case of MMPF-4, the top square of the rhombicuboctahedron is shared by the
bottom of the square of rhombicuboctahedron in the second layer. MMPF-4 has AA packing and
cuboctahedron instead of tetrahedron (Figure 3.6). Through the examples, we confirm that sequence
of rhombicuboctahedron influences on packing of MOFs and filled polyhedra.

(a)

(b)

(c)

Figure 3.5. (a) HKUST-1. (b) MMPF-1. (c) MMPF-4.
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(a) HKUST-1

(b) MMPF-1

(c) MMPF-4

Figure 3.6. Schematic representation of space-filling steps. (a) HKUST-1 and (b) MMPF-1 have same
polyhedra, rhombicuboctahedron, cuboid and tetrahedron, for space-filling. (c) MMPF-4 has three
polyhedra, rhombicuboctahedron, cube and cuboctahedron. Polyhedra for space-filling are changed as
shared faces of rhombicuboctahedra.
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Thermostability of PMOF-100 was measured using Thermoravimetric Analyzer (TGA) (Figure 3.7).
The solvent was removed around 100 ℃ and the framework was collapsed around 300 ℃.
Surface area was measured for confirming porosity of the framework. The sample had to be
activated before measurement. The temperature for activation was predicted via TGA. The sample
was washed using the fresh ethanol and activated for 12 hours at 70 ℃. After then, surface area was
measured under nitrogen at 77K (Figure 3.8). The value obtained through BET surface area plot is
1290 m2/g (Figure 3.9) and Langmuir surface area is 1400 m2/g. We concluded that the porosity of
PMOF-100 could be maintained after activation.
For confirming amount of gas sorption and open metal sites, gas uptake of PMOF-100 was
performed under CO2 and N2 gas at 273 and 298 K (Figure 3.10). At 273 K, CO2 uptake was 114
cm3/g (5 mmol/g, 22.3 wt, %) and N2 as 7 cm3/g. At 298 K, CO2 uptake was 65 cm3/g (2.9 mmol/g,
12.8 wt, %) and N2 as 3.8 cm3/g.
The measured CO2 uptake is used for calculating isosteric heat of adsorption (Qst) which is average
binding energy of adsorbing gas molecule. Interaction between gas molecules and structure is strong
as Qst is high. The Qst of CO2 was calculated using uptake data at 273K and 298K by the virial
equation. The Qst is 24 kJ/mol. The value is maintained with increasing amount of CO2 uptake without
rapid variation (Figure 3.11).

Figure 3.7. Thermogravimetric analysis of PMOF-100.
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Figure 3.8. Isotherm graph at 77K under N2 condition: Adsorption (filled square) and Desorption
(empty square).

Figure 3.9. BET Surface Area Plot.
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Figure 3.10. CO2 -square/N2-circle uptake at 273K (black) and 298K (red).

Figure 3.11. Calculation of Isosteric heat of adsorption (Qst) about CO2 of PMOF-100.
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The CO2 uptake of PMOF-100 was compared with other porphyrinic MOFs (Table 3.2). The CO2
uptake of the framework is larger than the other porphyrinic MOFs. The gas sorption is related to
surface area in a sense that generally material with high porosity can adsorb many gas molecules. We
compared 11 porhyrinic MOFs14-15, 20, 21-26 in the aspects of CO2 uptake and surface area (Figure 3.12).
For recognizing important factor for gas adsorption, we focused on open metal sites. PMOF-100
has three accessible metal sites such as metalloporphyrin linker, Cu sites of paddlewheel SBU and Cu
ions of middle fence. When the coordinated solvent is totally removed at these positions, gas
molecules are possible to be adsorbed to the unsaturated metal sites. The density of open metal sites
was calculated and PMOF-100 was compared with other MOFs7,

14-15, 18, 20, 23, 25-30

(Table 3.3 and

Figure 3.13). PMOF-100 is one of the porphyrinic MOFs with high density of open metal sites.

Table 3.2. CO2 uptake of porphyrinic MOFs at 273K.

Complex

CO2 uptake (cm3/g)

BOP MOF

50

MMPF-7

55

MMPF-5

67

MMPF-3

70

MMPF-1

80

MMPF-8

82

UNLPF-1

85

M/M-RPM

90

MMPF-4

124

MMPF-2

170

PMOF-100

170
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Figure 3.12. CO2 uptake and surface area of porphyrinic MOFs.

Table 3.3. Open metal sites of porphyrinic MOFs.
1

NOMS/unit cell

2

Vunit cell (nm3)

3

DOMS/nm3

4

Dpor/nm3

PIZA-4

96

133.63

0.72

0.36

PPF-5

2

3.89

0.51

0.26

Zn/Zn-RPM

4

6.21

0.64

0.32

MMPF-1

32

12.58

2.54

0.64

MMPF-2

12

14.09

0.60

0.30

MMPF-4

48

79.67

0.60

0.30

MMPF-5

6

11.42

0.53

0.26

UNLPF-1

24

27.29

0.88

0.15

PCN-224

24

56.91

0.42

0.21

PCN-225

16

21.53

0.74

0.37

Cu2(ZnBDCBPP)

32

18.35

1.74

0.44

HKUST-1

48

18.32

2.62

-

PMOF-100

32

12.92

2.48

0.31

(1) NOMS/unit cell = Number of Open Metal Sites per Unit Cell
(2) Vunit cell (nm3) = Unit Cell Volume (nm3)
(3) DOMS/nm3 = Density of Open Metal Sites per nm3
(4) Dpor/nm3 = Density of Porphyrin per nm3
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PMOF-100

Figure 3.13. Open metal sites per nm3 of porphyrinic MOFs.

3.4 Conclusion
PMOF-100 as non-pillared 3D structure was successfully synthesized from OCPP linkers and Cu
ions. PMOF-100 has nanocage and the cage can be specified into three portions. In these parts, there
are special metal sites in middle fence of cage. Polyhedron based PMOF-100 can be filled with
rhombicuboctahedron, distorted cube and tetrahedron. Packing system of the framework and the kinds
of polyhedron for space-filling could be predicted through arrangement of rhombicuboctahedron.
PMOF-100 show high CO2 uptake among porphyrinic MOFs. In addition, the density of open metal
sites in frameworks for gas uptake are calculated and compared to other porphyrinic MOFs. The
PMOF-100 is one of the porphyrinic MOFs with high density of open metal sites.
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CHAPTER 4

The Assembly of a New 2D Porphyrinic Metal-Organic Framework: PPF-300

4.1 Introduction
As the number of MOFs is increasing, it is very important to create optimal structures which are
well matched depending on diverse applications. One of the attractive advantages of MOFs is that the
structure can be “designed” in advance using the various components to fit for purpose. A particular
architecture can be synthesized using a combination of metal clusters and organic ligands. Especially,
predicting topology in advance is extremely helpful to produce new structure because it is possible to
select the metal clusters through coordination geometry and the organic ligands through angle and
shape.
Recently, flexible MOFs have been studied by many research groups. The flexible MOFs can react
to external stimuli, such as removal/uptake of guest molecules, temperature, and pressure.1-2 Physical
and mechanical stimuli cause transformation of original structure without chemical change. In this
case, simplified structure along topology is possible to predict flexibility of structure.
In this chapter, we record new 2D flexible PPF-300 (PPF = Porphyrin Paddlewheel Framework),
constructed from paddlewheel SBU and 5, 10, 15, 20-tetrakis [4-carboxymethyleneoxyphenyl]
porphyrin (TCMOPP) linker.

Figure 4.1. 5, 10, 15, 20-tetrakis [4-carboxymethyleneoxyphenyl] porphyrin (TCMOPP) linker.
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4.2 Experimental Section
General methods. 5,10,15,20-Tetrakis [4-(carboxymethyleneoxy)phenyl] porphyrin (TCMOPP) was
synthesized by modifying original recipe of literatures.3-4 Hyuk Jun who is undergraduate student and
author synthesized TCMOPP. Other commercial reactants were used without further purification. 1H
NMR data was collected on 400-MR DD2 spectrometer located in UNIST Central Research Facilities
(UCRF).
Synthesis of PPF-300. 4.5 mg of TCMOPP (0.005 mmol) and 4.1 mg of Zn(NO3)2·6H2O (0.025
mmol) were added to a solution of DMF/EtOH (1.0 ml, 3:1) in 16 ml vial. 1N Nitric acid (15 ㎕) was
added in the solution. The mixture was sealed and sonicated to assure homogeneity. After then, the
solution was heated at 80 °C for 24 hours, followed by slow-cooling to room temperature for 9 hours
yielding purple crystals.
Powder X-ray diffraction (PXRD): X-ray powder diffraction data was collected on a Bruker 2D
PHASER diffractometer with Cu Kα radiation (λ=1.54184Å).
Single-crystal X-ray diffraction: Paratone-N oil was used for coating a crystal of PPF-300. The
diffraction data of PPF-300 was obtained at 173 K using Mo Kα radiation with a curved imaging plate
(IP) X-ray diffraction system equipped with a graphite crystal incident beam monochromator. The
data was collected and processed with Rapid Auto software package6. The crystal structure of PPF300 was solved by the direct method with SHELXTL-XS program and refined using the SHELXTLXL (Ver. 2008) program package7. The refinement was performed under displacement parameter
restraints such as DFIX and ISOR. The disordered free solvents in the framework were removed using
the SQUEEZE option of PLATON8 in refinement process.
Exfoliation process: DEF was added to 5 ml in vial of sample and then, the sample was filtered using
filtering set. The sample was sonicated typically for 3 hours. The suspension after sonication was
centrifuged to deposit the large particles, and decanted into a new vial.
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4.3 Results and Discussion
Structure Description
Synthesis process of TCMOPP for making PPF-300 was shown as Scheme 4.1. There is a detailed
description about synthesis condition of TCMOPP in Chapter 5. The linker is extended by functional
group, including aliphatic parts. The parts were located between the porphyrin ring and the carboxyl
groups.
PPF-300 was synthesized under a solvothermal reaction. TCMOPP linker, zinc nitrate hexahydrate
and nitric acid in a mixture of DMF and ethanol were heated at 80 ℃ for 24 hours in an oven.
Single-crystal characterization data was summarized in Table 4.1.

Scheme 4.1. Synthesis process for TCMOPP.
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Table 4.1. Single-crystal characterization data for PPF-300.
Complex

PPF-300

chemical formula

C182 H152 N20 O63 Zn9

formula weight

4215.75

crystal system

monoclinic

space group

P 2/n

crystal color

Purple

a (Å )

19.523(4)

b (Å )

19.675(4)

c (Å )

29.300(6)

V (Å 3)

10729(4)

α

90.00

β

107.58(3)

γ

90.00

Z

2

ρcalc (g/cm3)*

1.213

μ (mm-1)*

1.059

R1 [ I > 2σ(I) ]

0.1019

wR2 [ I > 2σ(I) ]

0.2941
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PPF-300 is constructed from flexible TCMOPP linkers and Zn paddlewheel SBU (Zn2(COO)4). The
cluster and linker form a 2D square grid (Figure 4.2). The Zn in porphyrin core and centroid of Zn
paddlewheel SBU were indicated by pink and green balls, respectively. In case of Zn paddlewheel,
green point was defined as a center between two Zn ions. Red balls are oxygen atoms which play
“joints” role between metal cluster and porphyrin.
PPF-300 has a complicated stacking pattern, which is repeated for six layers in unit cell and each
layer is based on irregular staircase as shown in Figure 4.3a. The coordinated solvents have influence
on the intricated stacking pattern. The coordinated solvents such as DMF and H2O in Zn atoms exist
between the stacked layers (Figure 4.3b). There are two kinds of Zn atoms in porphyrin core. Zn1 has
five coordinated geometry and is coordinated with DMF solvent. Zn5 has octahedral geometry witih
two coordinated DMF solvents. Three kinds of Zn atoms exist in paddlewheel SBUs. Zn2 and Zn4 in
one paddlewheel have DMF and H2O respectively. Zn3 in the other paddlewheel has DMF. Stacking
pattern of PPF-300 is irregular and complicate because of close interval between each layers in unit
cell (~4.6 Å) and many coordinated solvents.
For simplicity, the solvents are removed from original structure (Figure 4.4). Six layers can be
divided into two parts, each with three layers. The packing has 2-fold axis parallel to x-axis and one
part is overlapped with the other part when it rotates along 2-fold axis. Three layers of one part are
represented by different colors (Figure 4.5).

(a)

(b)

Figure 4.2. (a) Two dimensional porphyrinic (3, 3)-grids found in TCMOPP (PPF-300). Solvents and
hydrogen were omitted for clarity. (b) Simplified PPF-300: Zinc in porphyrin core (pink point),
Center of Zn paddlewheel (green point) and oxygen of porphyrin linker (red point).

- 57 -

(a)

(b)

Figure 4.3. (a) PPF-300 stacking pattern which is repeated for six layers in unit cell from x-axis.
(b) The coordinated solvents such as DMF and H2O in Zn atoms.

Figure 4.4. Two dimensional porphyrinic (3,3)-grids layers stacking of PPF-300.

Figure 4.5. The top view of the 2D packing system of PPF-300.
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2D porphyrinic MOFs
Porphyrin-based 2D MOFs have been already published by many research groups.4,9 Especially, we
compared PPF-300 with PPF-1 and {Zn2[Zn(TCMOPP)(DMF)](DMF)2}∙2(DMF) constructed from
Zn paddlewheel SBUs in common.
The PPF-1, published by Choe and co-workers9 is composed of rigid 4-TCPP (5, 10, 15, 20-tetra[4carboxyphenyl]porphyrin linkers) and Zn paddlewheel SBUs. Both PPF-300 and PPF-1 have Zn
clusters and the 2D square grid in common. However, a difference between PPF-300 and PPF-1 is in
porphyrinic linkers. TCMOPP linker of PPF-300 is more elongated than 4-TCPP linker because of
functional group with aliphatic spacers (Figure 4.6). Thus, PPF-300 is more extended than PPF-1
when comparing 2D porphyrinic (3, 3)-grid (Figure 4.7).
PPF-301 (originally published by Goldberg co-workers4) is also constructed from TCMOPP and Zn
paddlewheel SBU. Unlike PPF-1, composed of different linker to PPF-300, PPF-301 has the same
componets, but shape of TCMOPP is different to PPF-300. In the case of PPF-301, aliphatic parts of
TCMOPP linker are bent and it is influenced on 2D layer of PPF-301. The bent parts make much
easier to find its structure through simplified 2D layer. In simplified feature, Zn TCMOPP units and
Zn paddlewheel SBU are indicated by pink and green point, respectively (Figure 4.8). Green point
indicates center of two Zn ions in cluster and red point does oxygen.
Through comparison with three 2D structures, we can easily understand structure of PPF-300.
Especially, PPF-300 and PPF-301 have same components such as TCMOPP linker and Zn cluster.
However, difference of structures such as packing and 2D grid pattern was made by reaction condition.
In focusing on porphyrin, density of porphyrin per volume and surface was calculated as shown in
Table 4.3.
PPF-301, PPF-1 and PPF-300 are arranged in order of density of porphyrin per 100 Å2 from the
highest to lowest. When compared to PPF-300 and PPF-1, porphyrins of PPF-301 as bent linkers are
more concentrated in the same area. Difference of density between PPF-301 and PPF-300 is almost
twice. However, PPF-300 has similar density of porphyrin per 1000 Å3 (0.562) with PPF-301’s
(0.578). The similar value is due to different packing system between PPF-300 and PPF-301.
Specifically, layers of extended PPF-300 are more packed between 2D layers. On the other hand,
PPF-301 with distorted paddlewheel due to bent parts has loose packing pattern. That’s why interval
between 2D layers is larger than PPF-300.
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Figure 4.6. TCMOPP and 4-TCPP.

39 Å

59 Å

Figure 4.7. Wire-frame illustration of two dimensional porphyrinic (3, 3)-grids found in PPF-300 (left)
and PPF-1 (right).

- 60 -

(a)

(b)

Figure 4.8. (a) The PPF-301 reported Goldberg and co-workers (b) Simplified PPF-301 (center of
paddlewheel-green dot, Zn of porphyrin core-pink dot, oxygen-red dot, benzene center of porphyrin
linker-black dot).

Table 4.2. 2D porphyrinic MOFs.
Complex

PPF-300

PPF-301

PPF-1

V (Å3)

10729(4)

1729.73(8)

4868.15

4215.75

1466.41

1034.94

d (g/cm3)

1.305

1.408

1.661

Porphyrin

6

1

2

Formula weight
(g/mol)
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2D Tessellations
The tessellation is the tiling of surface and there are many repeating pattern for tiling. Among the
patterns, the square-grid and lozenge-grid have been observed in polymeric materials in the past 10.
The lozenge-grid is similar with hourglass tessellation. The relation between square-grid and
hourglass is shown in Figure 4.9a. The square-grid can be converted into the hourglass tessellation by
bending the edges. The tessellation of 2D structures, PPF-300 and PPF-301 was studied on the basis
of this relation (Figure 4.9b). PPF-300 (upper) and PPF-301 (bottom) have square-grid and hourglass
tessellation, respectively. The hourglass tessellation and PPF-301 look a little different each other.
However, when the 4-connected nodes of hourglass are more rotated, the pattern was similar with
tessellation of PPF-301. Fundamental difference of two compounds comes from bending the flexible
aliphatic part as “hinge” without chemical change. The hourglass like PPF-301 can be attained by
rotation of metal clusters (green) around center of porphyrin (pink) in PPF-300.

(a)

(b)

Figure 4.9. (a) Relation between Square-grid (gray) and hourglass (yellow) tessellation. (b)
Tessellation of PPF-300 (upper) and PPF-301 (bottom).
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4.4 Conclusion
New 2D porphyrinic MOF, PPF-300 was assembled from TCMOPP linkers and Zn paddlewheel
SBUs. PPF-300 has a complicated stacking pattern, which is repeated by six layers in unit cell. The
irregular packing was caused by coordinated solvents in layer and length between extended 2D layers.
Through comparison with other 2D porphyrinic MOFs, PPF-1 and PPF-301, we interpreted the
structure of PPF-300. As difference between TCMOPP and 4-TCPP linkers, PPF-300 is more
extended than PPF-1. In same linker system, we understood flexibility of TCMOPP linker between
PPF-300 and PPF-301.
The tessellation is analyzed with PPF-301 and PPF-300, both using TCMOPP linker. Two
structures identically consist of Zn paddlewheel SBUs and TCMOPP linker and can be simplified to
interesting pattern. PPF-300 and PPF-301 have square-grid and hourglass respectively. By the hinged
point, it is possible to change from square to hourglass. This feature is due to aliphatic spacers of
TCMOPP linker with flexibility.
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CHAPTER 5

Syntheses of Porphyrin Linkers for Metal-Organic Frameworks

5.1 Introduction
In this dissertation, three types of porphyrin linkers are used for constructing polyhedron-based
MOFs. All of these linkers have carboxylic acid as functional group. The position of substituted
functional group is different (3-carboxyphenyl group, 3, 5-dicarboxylphenyl group, 4carboxymethyleneoxyphenyl group) (Figure 5.1). Many Secondary Building Unit (SBU) and MOFs
can be created as the substituted functional groups of porphyrin linker.

R=

Figure 5.1. Exterior functional groups of porphyrins used in the syntheses of organic ligands.
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5.2 Experimental Section
General Methods. Dichloromethane (DCM) and Tetrahydrofuran (THF) for synthesis were used after
purification using molecular sieves. All commercial reagents are used without further purification. 1H
NMR was measured using 400-MR DD2 spectrometer located in UNIST Central Research Facilities.

5.2.1 Synthesis of 5, 10, 15, 20-tetrakis [3-carboxyphenyl] porphyrin: 3-TCPP
The 5, 10, 15, 20-tetrakis [3-carboxmethoxy] porphyrin (3-TCPP) was synthesized by modifying
original recipe of literature.1 The linker has simply two steps for synthesis (Scheme 5.1). 3-TCPP was
used as organic linker for synthesizing EP-MOF in Chapter 2.

Scheme 5.1. Synthesis process of 3-TCPP.

- 66 -

Synthesis of 1-1. 3-TCPP was synthesized by modified recipe. 0.425 ml of distilled pyrrole (6.12
mmol) and 1 g (6.09 mmol) of 3-carbomethoxybenzaldehyde was dissolved in 350 ml of dry CH2Cl2.
Ar gas was purged in the solution for 30 min. After then, the solution was protected from light. The
mixture added 0.2 ml of BF3 etherate (1.62 mmol) via syringe reacted at room temperature for 1hours.
1.15 g of p-chloranil (4.67 mmol) added in the solution was reacted at room temperature for 24 hours.
After reaction had finished, solvent was removed using a rotary evaporator. The silica gel was added
in solution of a small volume. After then, all solvent was removed in the mixture and the compound
was dried in vacuum. Through the column, impurities were separated from product using CHCl3. First
yellow impurity was removed in column and the crude porphyrin could be separated with 2-4%
acetone in CHCl3. After then, the crude product was purified by recrystallization using methanol and
CHCl3 in low temperature. The product was dried and yield of product was 0.28 g (yield. 5.7 %). 1H
NMR (400 MHz, CDCl3) δ 8.89 (s, 4H), 8.80 (s, 8H), 8.49 (d, 4H), 8.40 (d, 4H), 3.99 (s, 12H), -2.792
(s, 2H) (Figure 5.2).

Figure 5.2. NMR of 5,10,15,20-tetra [3-carboxmethoxy] porphyrin
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Synthesis of 3-TCPP. The 0.25 g of obtained product (0.295 mmol) was dissolved in 40 ml THF.
1.65 g of KOH (0.0295mol) dissolved in 1 ml of H2O was added in the solution. After then, the
mixture was reacted for 24 hours using reflux. THF was totally removed using rotary evaporator after
reaction had finished. The crude product was protonated using 2N HCl solution (30ml). The obtained
precipitate had green color and was filtered, washed with water, and dried. The green powder was
dissolved in 10 ml of pyridine for neutralization and the solvent was totally removed by vacuum
distillation. The purple solid was washed with water, filtered and dried under a vacuum. 1H NMR (400
MHz, DMSO-D6) δ 13.25 (s, 4H), 8.82 (s, 8H), 8.70 (s, 4H), 8.48 (d, 4H), 8.41 (d, 4H), 7.96 (t, 4H), 2.792 (s, 2H) (Figure 5.3).

Figure 5.3. NMR of 5,10,15,20-tetra [3-carboxyphenyl] porphyrin.
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5.2.2 Synthesis of 5, 10, 15, 20-tetrakis [3, 5-dicarboxylphenyl] porphyrin: OCPP
The 5, 10, 15, 20-tetrakis [3, 5-dicarboxylphenyl] porphyrin (OCPP) was synthesized by modifying
original recipe of literature.2,3 For synthesizing OCPP, there are two kinds of starting materials (Figure
5.4). Difference of two components is terminal groups: methyl and ethyl group. Two starting materials
have same synthetic conditions of OCPP. When using the Dimethyl 5-formylisophthalate as starting
material, synthetic condition has four steps (Scheme 5.2). The step for synthesis is changed as starting
material. In case of Diethyl 5-formylisophthalate, synthetic condition has three steps. OCPP was used
as porphyrin ligand for creating PMOF-100 in Chapter 3.

(1)

(2)

Figure 5.4. Dimethyl 5-formylisophthalate (1). Diethyl 5-formylisophthalate (2).

Scheme 5.2. Synthesis process of OCPP.
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Synthesis of 2-1. 7.4 g (29.3 mmol) of Trimethyl-1,3,5-tricarboxylbenzoate was added in round
bottom flask and purged with N2 gas. After then, 40 ml of anhydrous THF was added to the reaction
flask. 4.5 g of NaBH4 were added in solution and stirred for 1 hour at room temperature. Mixed
solution of THF and MeOH (5:1, 24 ml) was added drop wise to the solution via additional funnel.
The solution was heated for 1 hour using reflux to complete the reaction. After reaction had finished
and the solution was cooled at room temperature, 40 ml of H2O was added for quenching in the
mixture. The two solvents, ethyl acetate and H2O, are used for extraction of the reaction mixture. The
solvent of extracted organic phase was totally removed using rotary evaporator. The product was
attained by chromatography using the mixture solvents (CH2Cl2/MeOH 95:5). White solid of dimethyl
5-(hydroxymethyl)isophthalate was obtained and dried under vacuum (44%). 1H NMR (400 MHz,
CDCl3) δ 8.60 (s, 1H), 8.24 (s, 2H), 4.81 (d, 2H), 3.95 (s, 6H), 1.85 (s, 1H) (Figure 5.5).

Figure 5.5. NMR of Dimethyl 5-(hydroxymethyl) isophthalate.
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Synthesis of 2-2. 5 g (22.3mmol) of Dimethyl 5-formylisophthalate was dissolved in 150ml of dry
CH2Cl2 under nitrogen atmosphere. The mixture added 10 g of activated MnO2 was reacted for 22
hours at 45 ℃ using reflux. After then, MnO2 was removed by filtration. The crude product was
separated using chromatography (CH2Cl2). White solid of dimethyl 5-formylisophthalate was obtained
(77 %). 1H NMR (400 MHz, CDCl3) δ 10.13 (s, 1H), 8.92 (s, 1H), 8.71 (s, 2H), 4.00 (s, 6H) (Figure
5.6).

Figure 5.6. NMR of Dimethyl 5-formylisophthalate.

- 71 -

Synthesis of 2-3. One necked flask of 1000 ml was filled with 300ml of dry CH2Cl2. Dimethyl 5formylisophthalte (0.7110 g, 3.2 mmol) and distilled pyrrole (222.04 ㎕, 3.2 mmol) were added in the
solvent. N2 gas was purged for 15 min and the flask was protected from light. The mixture added 1.37
ml of BF3 etherate via syringe was reacted for 1 hour at room temperature. The reaction mixture
added 0.59 g of p-chloranil was stirred for 5 hours. The solvent in mixture was removed to small
volume and added silica in the solution. The dried dark powder was loaded on silica of column. After
the impurity was removed using CHCl3, the crude product was obtained using CHCl3/ethyl acetate
(10:1). The violet fraction was crystallized from MeOH/CHCl3. 5, 10, 15, 20-tetrakis [3, 5dicarboxmethoxy] porphyrin as a green solid was dried (1.4 %). 1H NMR (400MHz, CDCl3) δ 9.15 (t,
4H), 9.06 (d, 8H), 8.76 (s, 8H), 4.03 (s, 24H), -2.80 (s, 2H) (Figure 5.7).

Figure 5.7. NMR of 5, 10, 15, 20-tetrakis [3, 5-dicarboxmethoxy] porphyrin.
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Synthesis of OCPP. A mixture of 1g of 5, 10, 15, 20-tetrakis [3, 5-dicarboxmethoxy] porphyrin, 10 g
of KOH, 40ml of H2O and 250 ml of MeOH was heated for 12 hours using reflux. After then, the
solvent was totally removed in mixture. For protonation of porphyrin, 1N HCl solution was used for
protonation of porphyrin until pH 1. The green precipitate was filtered, washed with H2O and dried in
oven. The green product was obtained (70 %). 1H NMR (400MHz, DMSO-D6) δ13.01 (s, 4H), 9.15 (s,
4H), 9.0 (s, 8H), 8.7 (s, 8H), -2.9(s, 2H) (Figure 5.8).

Figure 5.8. NMR of 5, 10, 15, 20-tetrakis [3, 5-dicarboxylphenyl] porphyrin.
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5.2.3 Synthesis of 5, 10, 15, 20-tetrakis [4-carboxymethyleneoxyphenyl] porphyrin: TCMOPP
The 5, 10, 15, 20-tetrakis [4-carboxymethyleneoxyphenyl] porphyrin (TCMOPP) was synthesized by
the literatures.4,5 Hyuk Jun who is undergraduate student synthesized organic ligand until step 2 and I
completed final step. The porphyrin linker has three steps for synthesis (Scheme 5.3).TCMOPP was
used as organic ligand in Chapter 4.

Scheme 5.3. Synthesis process for TCMOPP.
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Synthesis of 3-1. 4-hydroxybenzaldehyde (12.2 g, 100 mmol) and ethyl chloroacetate (10.6 ml, 100
mmol) was dissolved in 100 ml of acetone. The solution added to anhydrous potassium carbonate
(13.8 g, 100 mmol) was reacted for 8 hours at 70 ℃ using reflux. After reaction, all solution was
removed by using rotary evaporator and extracted with H2O/CHCl3. The solvent of separated organic
phase was removed and the crude product was obtained from a mixture of 0.5 % MeOH in CHCl3. A
white solid of 4-carboethoxymethyleneoxybenzaldehyde was obtained. 1H NMR (400MHz, CDCl3) δ
9.87 (s, 1H), 7.82 (d, 2H), 6.97 (d, 2H), 4.68 (s, 2H), 4.26 (q, 2H), 1.27 (t, 3H) (Figure 5.9).

Figure 5.9. NMR of 4-carboethoxymethyleneoxybenzaldehyde.
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Synthesis of 3-2. 4-carboethoxymethyleneoxybenzaldehyde (4.2 g, 20.19 mmol) and pyrrole (1.4 ml,
20.27 mmol) was dissolved in 20 ml of nitrobenzene and 40 ml of propionic acid. The solution was
heated at 170 ℃ for 1 hour and then stored for 24 hours at room temperature. After then, the solvent
of mixture was removed except small volume and the silica gel was added in the mixture. The powder
was loaded on the silica of chromatography column. The crude product was obtained with 2 %
acetone in CHCl3. The violet crude product was recrystallized with MeOH and CHCl3 in low
temperature. 5, 10, 15, 20-tetrakis [4-carboethoxymethyleneoxyphenyl] porphyrin was filtered and
dried in oven. 1H NMR (400MHz, CDCl3) δ 8.84 (s, 8H), 8.12 (d, 8H), 7.29 (d, 8H), 4.92 (s, 8H), 4.41
(q, 8H), 1.41 (t, 12H), -2.78 (s, 2H) (Figure 5.10).

Figure 5.10. NMR of 5,10,15,20-tetrakis [4-carboethoxymethyleneoxyphenyl] porphyrin.
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Synthesis of TCMOPP. 5,10,15,20-tetrakis [4-carboethoxymethyleneoxyphenyl] porphyrin (0.2 g,
0.204 mmol) was refluxed with sodium hydroxide (66.2 mg, 1.626 mmol) and H2O of 2 ml in MeOH
of 20ml for 4 hours. After then, the solvent was removed by using rotary evaporator. 4 ml of 0.5 N
HCl solution was added in crude product. After protonation, color of precipitate is green. The product
was filtered, washed with water, and dried. The green product was dissolved in 600 ㎕ of pyridine for
neutralization of porphyrin and pyridine was removed by rotary evaporator. Then, the final product, 5,
10, 15, 20-tetrakis [4-carboxymethyleneoxyphenyl] porphyrin, was washed with water, filtered and
dried under a vacuum (94%). 1H NMR (400MHz, DMSO-D6) δ 8.82 (s, 8H), 8.10 (d, 8H), 7.33 (d,
8H), 4.94 (s, 8H), -2.92 (s, 2H) (Figure 5.11).

Figure 5.11. NMR of 5, 10, 15, 20-tetrakis [4-carboxymethyleneoxyphenyl] porphyrin.
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A1. Chapter 2 Data
Calculation of x’-, y’-coordinate from rotating squares

β
α

r
l

a
Figure A1.1. Rotating model of EPMOF-1.
Relationship of θ and α
Eqn-A1.1

√2

2

( 2 𝑎) = 𝑟 2 + 𝑟 2 − 2𝑟 2 cos 𝛽

Eqn-A1.2

1 2
𝑎
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Eqn-A1.3
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Eqn-A1.4

1 + sin 𝜃 = 1 − cos 𝛽

Eqn-A1.5

sin 𝜃 = − cos 𝛽

Eqn-A1.6

sin 𝜃 = − cos(𝜋 − 2𝛼)

Eqn-A1.7

sin 𝜃 = −[cos 𝜋 cos 2𝛼 + sin 𝜋 sin 2𝛼]

Eqn-A1.8

∴ 𝐬𝐢𝐧 𝜽 = 𝐜𝐨𝐬 𝟐𝜶

= 2𝑟 2 (1 − cos 𝛽)
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1
2

= 2 ( 𝑙 2 ) (1 − cos 𝛽)

Eqn-A1.9

cos 2𝛼 = cos 2𝛼 − sin 2𝛼 = 2 cos 2𝛼 − 1 = 1 − sin 2𝛼

Eqn-A1.10

sin 𝜃 = cos 2𝛼 = 2 cos 2𝛼 − 1

Eqn-A1.11

sin 𝜃 + 1 = 2 cos 2𝛼

Eqn-A1.12

sin 𝜃+1
2

Eqn-A1.13

∴ 𝐜𝐨𝐬 𝜶 = √
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Relationship of x’-, y’-coordinate and α
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Figure A1.2. Schematic illustration of x’-, y’-coordinates.
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√𝟐𝒓
(𝐬𝐢𝐧 𝜶
𝟐𝒂

+ 𝐜𝐨𝐬 𝜶)

Relationship of x’-, y’-coordinate and θ
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Pillar release
Bpy pillars of EP-MOF have two kinds of Zn-O distance depending on position in EP-MOF. The “1”
is located in inside nanocage and connected with two Zn three blades SBUs. The “2” is located in
outside nanocage and connected with two porphyrins between nanocages. The distance of 1 is longer
0.4Å than distance of 2 due to difference of Zn-N distance (Figure A1.3). We found that elongated
Zn-N distance of 1 is rare when compared with Zn-N distance of around 800 materials in CCDC
(Figure A1.4)
(a)

(b)

Figure A1.3. Two kinds of Zn-N distance. (a) Internal bpy in the nanocage of EP-MOF. (b) External
bpy used in connectivity between nanocages.

(a)

(b)

Figure A1.4. (a) Zn to Zn distance (Ltotal) and N to N distance (LN-N) of bpy in CCDC. (b) Zn to Zn
distance (Ltotal) and Zn to N distance (LZn-N) of bpy in CCDC.
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