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 Metal-organic frameworks (MOFs) are a relatively new class of porous materials 

comprising a metal structural node and an organic building unit.  These materials are 

modular in nature, allowing for a wide variety of solids to be constructed.  This flexibility 

brings with it the ability to tune the frameworks for a range of applications.  

Coordinativley unsaturated metal sites within the MOF have been observed to alter the 

frameworks interaction with guest molecules, and as such much work has been done to 

design solids with these open metal sites.  
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 Post synthetic modification (PSM) of the prefabricated solid is commonly carried 

out to alter the framework, giving new functionality.  This method, while extremely 

effective, does not always bring about the desired function.  By choosing organic 

building units that are already chemically active, new solids can be formed that do not 

require extensive PSM techniques to activate the solid. 

 In Chapter 2, the novel solid constructed using tetrakis-(4-caboxyphenyl) 

porphyrin (TCPP) is presented.  The solids 2-M (M = Fe, Co, Ni, Cu, Zn, Cd, Pd) are 

built of two-dimensional slabs and represent an isostructural series of frameworks.  Using 

a one-pot synthesis technique, the metal ion coordinated to the porphyrin ring was 

altered.  The solids were than shown to retain the same structure using powder X-ray 

diffraction and the identity of the metal bound to the porphyrin core was verified using 

UV-vis and atomic absorbance spectroscopy.  The solid 2-M was probed for possible 

catalytic activity due to the reactive nature of Fe-porphyrin systems. 

 Chapter 3 focuses on a second family of isostructural frameworks, again built 

from the organic building block TCPP.  The family of frameworks 3-M (M = V, Mn, Fe, 

Co, Cu, Zn, Pd, Cd) have two-dimensional square grid structures.  This series of solids is 

shown to have a large dependence on temperature with respect to the inter layer distance.  

The accessibility to the porphyrin metal centers is shown as the V, Mn, Fe and Co 

frameworks all catalyze the oxidation of alkanes and alkenes.  Additionally the 

degradation of the bio-polymer lignin is observed.   

 Chapter 4 describes the two-dimensional solid using manganese as the metal 

which defines both the structural site and the functional site.  This solid, 4-Mn, is similar 

to 3-M, in that the framework is built from stacked two-dimensional sheets.  The Mn-
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porphyrin unit is a known catalyst for oxidation of alkanes and alkenes, and as such, this 

frameworks activity towards small molecules is probed. Additionally the degradation of 

lignin is observed using this MOF. 

 Chapter 5 describes in detail the synthesis of four distinct three-dimensional 

solids built using TCPP as the organic building unit.  While these solids are not an 

isostructural series, they are closely related based on the coordination environment of the 

Cd(II) ions defining the structural node.  The dependence on the ligand coordinated axial 

to the metal bound to the porphyrin is seen when the structural node is defined during the 

solvothermal process. 

 Chapter 6 describes three structures that were discovered during the optimization 

of reactions for those found in the previous chapters.  These solids, while be interesting 

of their own accord, were not pursued because bulk samples could not be prepared.  

Continued work on these solids is to be continued owing to the success of previous 

materials by future graduate students in the Beauvais lab.   
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1.1 Introduction: 

 The rational design of coordination polymers remains an important topic in 

materials chemistry.
1
  Zeolites are a type of coordination polymer widely used in industry 

as catalysts.  Zeolites are comprised of AlO4 or SiO4 building blocks with the general 

formula of Ax/n[Si1y xAlxO2]•mH2O, where A is typically a cation of valence n
2
.  Over two 

hundred known zeolites are used for various industrial applications, such as gas 

separation, catalysis, and ion exchange. These materials are thermally stable and three-

dimensional in nature.  However, the synthesis of zeolites is largely trial and error and, as 

such, little control over the design of new materials is possible.    

 Within the last 20 years, a new class of solids has been described, metal-organic 

frameworks (MOFs)
3
.  These materials, unlike zeolites, are composed of both an 

inorganic cluster and an organic strut, which when assembled can resemble a childs 

tinker toy set.   The organic building unit allows a range of possible structures, as the 

geometry of the organic linker is not limited to a linear motif, but can be trigonal planar, 

square planer, T-shaped ( figure 1-1).  This flexibility in the choice of organic building 

units has led to a vast increase in the number of solid structures dubbed MOFs over the 

last two decades (Figure 1-2).  This explosion of MOF structures has allowed extensive 

research in to the possible applications of theses solids on gas storage,
4
 gas separation,

4
 

catalysis,
5
 luminescent materials,

6
 and drug storage and delivery others.

7
        

             



3 

 

 
 

O

O-

O

-O

-O

O-

NN O

OHHO

O

2,2'-bipyridine-5,5'-dicarboxylic acid

2,5-dioxidoterephthalate

N

NH N

HN

HO O

OH

O

HO

O

OHO

Tetracarboxyphenyl porphyrin

HO O

OHO

NH2

HO O

OHO

HO O

OHO

Br

terephthalic acid 2-aminoterephthalic acid 2-bromoterephthalic acid

HO

O OH

O

HO O

benzene-1,3,5-tricarboxylic acid

4,4',4''-benzene-1,3,5-triyl-tribenzoic acid

O

OH

O

HO

O OH

N

N

H
N

H
N

N

N

NH

NN

1,3,5-tri(1H -1,2,3-triazol-5-yl)benzene

N N

N

H
N

H
N

N

N N

NH

NN

N

1,3,5-tri(1H-tetrazol-5-yl)benzene  

 

Figure 1-1.  A selection of organic building units used in metal-organic framework 

synthesis.   
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Figure 1-2.  Increase of coordination polymer publications since 1979.  Includes non-

novel publications such as improved synthesis for known compounds, further 

applications tested and theoretical calculation based publications.  Data was obtained 

from a SciFinder search using the term ‘metal-organic frameworks’ found in the abstract 

or title of the publication.  

 

 MOFs can be synthesized with a wide range of metal binding groups such as 

carboxylates,
8a,1a,8b

 azolates,
9,1a

 and pyridal
10

 groups. When designing solids,  an 

extensive source of metal cations such as magnesium,
11

 zinc,
8a,12

 cadmium,
13

 as well as 

many other transition row metals
14

 and lanthanides can be chosen from.  When 

combined, the cations form a metal coordination node with the binding group provided 

by the organic linker, while the linker then acts as the support for the new porous solid.   
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 When researchers in the Yaghi group reacted Zn(NO3)2·4H2O with benzene di- 

carboxylic acid (bdc) in N,N’-dimethylformamide (DMF)/chlorobenzene with a slow 

diffusion of triethylamine afforded Zn4O(BDC)3•8DMF•C6H5Cl as small colorless block 

crystals (Scheme 1-1)(MOF-5, IRMOF-1).
8a

  The Zn(II) forms regular Zn4O tetrahedrons 

which are than linked to the bdc through the oxygen atoms (Figure 1-3).  

OH

OHO

O
Zn(NO3)2 +

Et3N

C6H5Cl, DMF
Zn4O(BDC)3(DMF)8(C6H5Cl)

benezendicarboxylic
acid (BDC)  

Scheme 1-1.  Initial synthesis of MOF-5 

 

 Two distinct pores were observed in the solid with the diameters of 15.1 Å and 11.0 Å.  

The solid was 55% void space, which was filled with solvent molecules.  Notably, 

powder X-ray diffraction (PXRD) revealed that the solid could be heated to 300 °C and 

retain crystallinity.  Guest molecules could be removed upon heating and gas storage 

techniques revealed a Langmuir surface area of 2900 m
2
/g,  which is much larger than 

zeolites which typically range from 400 to 600 m
2
/g.   
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Figure 1-3.  (a) Zn4O metal cluster showing the octahedral arrangement. Zn(II) (lt. blue) 

is bridged by oxygen (red) of carboxylates. (b) Cubic structure of MOF-5, the pore size 

of the structure is 11.0 Å and 15.1 Å, with 55% of the volume void space filled by guest 

molecules  

 

 

 To demonstrate the modular nature of this framework, several similar organic 

linkers were chosen to synthesize new materials.  This series of MOFs was termed iso-

reticular metal-organic frameworks (IRMOFs)
15

 and used linear dicarboxylic acid linkers.  

As in IRMOF-1, each structure was comprised of a Zn4O cluster surrounded by bridging 

carboxylate ligands. Pore sizes ranged from 3.8 Å to 19.1 Å as well as a large range of 

accessible void space from 55.8% to 91.1%.
15

  The ability of these materials to adsorb 

gas molecules was also explored with Zn4O(1,2-dihydrocyclobutabenzene-3,6-di-

carboxylic acid)3 (IRMOF-6) adsorbing one of the highest amounts of methane gas of 

any previous material, 155 cm
3
/g.  Most importantly the IRMOF series proved the 

effectiveness of this rational approach towards the design of new solids with varying 
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physical properties. While organic linkers play an integral role in the design of new 

MOFs, the choice of metal node plays an equally important role.  The frameworks 

structure is dependent on both the organic strut used and the coordination environment of 

the metal cation.  In the case of the isostructural IRMOF series, the Zn4O cluster provides 

an octahedral node, that when combined with a linear organic linker produced a cubic 

structure.  The crystal structure of IRMOF-1 shows that the Zn(II) ions are fully 

coordinated by the organic linkers, leaving no coordination site available for interaction 

with guest molecules.  Introduction of coordinatively unsaturated metal sites would allow 

greater functionality of these solids due to metal-guest interactions. 

 The reaction of benzene-1,3,5-tricarboxylic acid (TMA) with Cu(NO3)2 in DMF 

results in the formation of Cu3(TMA)2(H2O)3 (HKUST-1) (Figure 1-4).
14a

  This structure 

is consists of [Cu2(O2CR)4] units ( R = phenyl) with a single water molecule coordinated 

at each Cu(II) node.  The pore sizes were found to be 9 x 9 Å, with an accessible volume 

of 40.7%.  The Langmuir surface area was 917.6 m
2
 g

-1
, much lower than IRMOF-1, 

which was to be expected due to smaller pore size and accessible void volume.  Present 

in HKUST-1 is a single water molecule coordinated to the Cu(II) ion involved in the 

metal node.  Upon heating under vacuum, the unbound guest molecules and the bound 

water molecule were removed, causing formation of a coordinativley unsaturated Cu(II) 

cation.  The ability of the Cu(II) to thus interact with guest molecules was probed using 

hydrogen gas.  It was found that while the amount of hydrogen adsorbed was still lower 

than MOFs such as the IRMOF series with larger surface areas, the enthalpy of 

adsorption was higher.
16
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Figure 1-4.  (a)  Paddlewheel structure of HKUST-1 defined by Cu(II) (dk. Blue) 

bridging to oxygen (red) of carboxylate ligands.  (b)  Three-dimensional representation of 

HKUST-1 

 

 The importance of open metal sites becomes more evident as new solids are 

synthesized that exhibit coordinatively unsaturated metal ions.  Two attractive techniques 

for achieving open metal sites in these solids have been explored: (1)  post synthetic 

modification (PSM)
17

 of the solid to induce an open metal site, such as seen in HKUST-1 

or to functionally add a metal to the MOF along the inside surfaces of the pores; (2) the 

use of bi-functional organic linkers that make use of two distinct metal binding sites.
10,18

   

  

1.2 Post synthetic modifications 

  Post-synthetic modifications (PSM) have been used to allow already synthesized 

MOFs to alter the way in which they interact with guest molecules.
17a

  Several methods 

of PSM have been shown to be effective.  The first and often simplest way PSM 

techniques are used on a solid is the removal of guest molecules trapped in the 
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crystallization process.  Removing the guest molecules is the initial step needed for gas 

sorption studies.  Many times a solvent exchange will be carried such that the high 

boiling solvents used in the formation of the solid are replaced by lower boiling solvents 

to facilitate guest molecule removed.  As seen in the example of HKUST-1 this can lead 

to open metal sites which can have an extensive impact on the adsorption properties of 

the solid.   

 Once coordinated guest molecules are removed, new guest molecules that affect 

the pore sizes by binding to the newly unsaturated metal can be introduced.    The solid 

Zn(btb) (Figure 1-5), where btb is 4,4’,4’’,4’’’-benzene-1,2,4,5-tetrayltetrabenzoic acid, 

was shown to have an open metal site located on the Zn(II) node upon removal of the 

guest molecules.
19

  Pyridine was able to bind to the Zn(II) ion, altering the MOFs ability 

to bind gas molecules.  Modification of the pyridine with side chains of varying lengths 

(Figure 1-6) demonstrated how the pore sizes, and thus accessibility of the MOF, could 

be modified.   CO2 uptake was used to show that the MOF surface area decreased from 

1370 m
2
/g to 310 m

2
/g.  The importance of surface area and open metal sites towards 

hydrogen storage was confirmed, with the solids ranging 2.2 to 0.57 wt% and enthalpy of 

adsorption of 8.2 kJ/mole versus 7.5 kJ/mole. 
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Figure 1-5.    (a) Paddlewheel cluster of Zn(btb) with Zn(II) (lt. blue) bound to oxygen 

(red) from both DMF and carboxylate ligands.  (b)  Three-dimensional view of 

framework.   (c) btb, the organic linker used to form solid 

 

 

 
N N N N N

FF

F

pyridine

4-methylpyridine

4-ethylpyridine 4-vinylpyridine

4-(trif luoromethyl)pyridine  

Figure 1-6.  Choice of pyridine based ligands for coordination to Zn(btb) after removal 

of bound DMF molecules to the Zn(II). 

 

 

 A second approach to PSM is to modify existing side chains on the organic 

building unit used to synthesize the framework.  The structure of Zn4O(NH2BDC)3·7DEF 

(IRMOF-3) (Figure 1-7) contains an amine side chain which is directed inward towards 

the pores, such that it can be modified using amide reactions (Scheme 1-2).
20
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Scheme 1-2.  Synthesis of amide bonds using an amine and acid anhydride 

 

 

 

Figure 1-7.   (b) Zn4O metal cluster which makes up the IRMOF series.  (b)  Three-

dimensional view of cube structure of IRMOF-3.  The amino group (blue) is disordered 

over four positions. 

 

IRMOF-3 was an attractive choice due because it is thermally robust and it has a readily 

accessible amine side chain.  With an average pore size of 9.6 Å and void space of 

78.7%, anhydrides of different sizes were chosen to demonstrate the accessibility of the 

void space based on size of substrate.  Indeed, as the anhydride increased in size, the 
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ability of the amide synthesis decreased, resulting in less conversion of IRMOF-3.  In this 

way, substrate selectivity of a solid has been demonstrated, which is a critical property 

when considering MOFs for catalysis. 

 Exchanging the organic building unit used in solid synthesis is a third approach to 

PSM that has been quite effective.
21

  Work in the Choe lab was one of the first reported 

instances of replacement of the linker used in the synthesis of a MOF
21b

.  The reaction of  

tetra-carboxyphenyl porphyrin (TCPP), Zn(NO3)2, and N,N’-Di-(4-pyridyl)-1,4,5,8-

napthalenetetracarboxydiimide (DPNI), results in the solids PPF-18 and PPF-20 (Figure 

1-8)
22

.   These frameworks contain DPNI as a pillared ligand, giving a three-dimensional 

network.  Introducing the much smaller 4,4’-bipyridine (BPY) (Scheme 1-3) resulted in 

the exchange of the larger DPNI with BPY.  Evidence for this exchange was seen through 

the decrease in the lattice parameter c from 21.2 Å to 12.8 Å.   
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Figure 1-8.  (a) DPNI molecule used to generate pillars of PPF-18 and PPF-20.  The 

nitrogen of the pyridine functionality binds to the metal either at the paddle-wheel site or 

the porphyrin site.  (b) Three-dimensional view of PPF-18 binding of the DPNI strut 

connecting layers.  Two layers are connected by the DPNI at a time, giving the structure 

two-dimensional sheets stacked on one another.  (c)  Three dimensional view of PPF-20 

crystal structure showing DPNI strut connecting individual layers to form a connected 3D 

solid. 

 

 

 
 

Scheme 1-3.  Exchange of PPF-18 pillars formed by DPNI with BPY to generate new 

solid from PPF-18 with BPY pillars 
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 Researchers in the Cohen laboratory were able to demonstrate ligand exchange 

with Zr(IV) solids, which due to strong interactions of the Zr(IV) with carboxylates, were 

previously thought to be inert.
23

  The solid Zr(bdc) (UiO-66) is formed from Zr6O4(OH)4 

clusters and the presence of the Zr(IV) gives this structure expected resilience towards 

hydrolysis.
24

   Two UiO-66 MOFs were studied, UiO-66-NH2 and UiO-66-Br, because of 

of the distinct differences in the substituent on the benzene ring.  Using aerosol time-of-

flight mass spectrometry (ATFMOS) the ability of these two solids to exchange their 

building blocks was observed.  Using UiO-66 and a solution of NH2BDC, direct ligand 

exchange was demonstrated, with up 67% exchange detected (Scheme 1-4).   Further 

probing showed the ability to exchange in functionalized ligands such as 2-azid-1,4-

benzendicarboxylate (N3BDC), which has potential to undergo click chemistry and 2-

hydoxy-1,4-benzendicarboxylatae, as solids containing an uncoordinated hydroxyl group 

are rather uncommon.  

 

 

Scheme 1-4.   Exchange organic linkers in the UiO-66 MOF   

 

 A third possibility towards the functional modification of MOFs is to exchange 

the metal cation used in the initial synthesis.  One of the first MOFs to exhibit the ability 

to undergo metal cation exchange was a MOF developed by Kimoon Kim and co-

workers.
25

  Using Cd(II) as the initial metal, the MOF with the formula 
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Cd1.5(H2O)[Cd4O)3(hett)8·4H2O was synthesized.  This MOF is stable up to 350 °C and 

retains crystallinity after removal of guest molecules.  Soaking the MOF in a solution of 

Pb(II) ions resulted the in the complete exchange of the Cd(II) for Pb(II) as shown by 

ICP-AES.  Replacement with the Pb(II) did not destroy the crystal structure and in fact a 

single crystal was able to be harvested and show the absence of Cd(II) at the nodes.  Long 

range order was also shown to be retained via PXRD of the bulk material.  Using the 

newly formed Pb(II) based structure, Cd(II) was able to be re-introduced to the structure, 

although at a slower rate. 

 With the ability to exchange ligands of the remarkably stable UiO-66, Cohen and 

co-workers began probing the ability to exchange the Zr(IV) cation.
26

  Soaking UiO-66 in 

a solution of Ti(IV) ions resulted in the exchange of over 90% of the Zr(IV) ions with 

Ti(IV) ions (Scheme 1-5).  PXRD shows that the bulk material of the original UiO-66 

and the new Ti(IV)-UiO-66 are identical.  The significance of this exchange is two-fold; 

first, Ti(IV) based MOFs are elusive due to instability towards water and oxygen and 

second, while the Hf(IV) analogue of UiO-66 has been synthesized, the Ti(IV) analogue 

had yet to be formed.  

 

Scheme 1-5. Exchange of Zr(IV) with Ti(IV) in the UiO-66 MOF. 
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 While the technique of post-synthetic modification allows structures to be given 

increased functionality, it does have drawbacks.  Removal of guest molecules sometimes 

results in loss of crystallinity, and incomplete linker exchange affords impure material.  

The use of functional organic building units would result in frameworks in which the 

desired application could be selected for, giving greater control over the functionality of 

the MOF. 

 

1.3 Porphyrin Solids 

 Bifunctional metalloligands are attractive organic building units as they bring 

both functional site and a structural site.  Looking to nature for inspiration, organic 

linkers such as porphyrin are an ideal choice due to their versatile nature.
27

  Porphyrins 

are involved in many natural processes such as photosynthesis,
28

  and oxidations.
29,27c

  

Homogenous systems in laboratory settings have found porphyrins using iron and 

manganese to be highly effective towards oxidation reactions.
29b,30

   

 Until recently porous solids based on porphyrin blocks  had been limited to super-

molecular architectures based on weak van der Waals forces,
31

 hydrogen bonding,
32

 and 

metal ligand coordination networks.
33

  While these have been important crystallographic 

studies of both metallated porphyrin and the free base, none of these solids were robust 

coordination polymers like MOFs.   

 The first porphyrin based MOFs used  TCPP as the building block for two 

reasons: (1) it has four accessible carboxylate groups, (2) TCPP is cheap and easy to 

prepare.
34

   The reaction of CoCl2 with H2TCPP in a mixture of pyridine/KOH resulted in 
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the formation of [CoT(p-CO2)PPCo1.5] (PIZA-1)(Figure 1-12).
35

  The void volume was 

calculated to be 74% with total accessible space to be 48% when using a 1.40 Å probe.   

Interestingly water has a van der Waals radius of 1.40 and as such PIZA-1 was probed for 

its ability to store water, much like molecular sieves.  Zeolite 4A, a common molecular 

sieve, contains only 27.2 % accessible void space with a probe radius of 1.40 Å.  When 

PIZA-1 was subjected to water, the results showed that 162 ml of water per 100 g of 

PIZA-1 was adsorbed, well above that of Zeolite 4A which is 22 mL of water per 100 g.   

 Continued work by the Suslick laboratory produced the porphyrin based MOF 

designated PIZA-4.  The reaction of trans-biscarboxylate tetrarylporphyrin (Zn(p-

CO2)P2Mes2P) and Zn(NO3)2 afforded PIZA-4 (Figure 1-12).  The overall framework 

was found to be cubic with tetrahedral ZnO6
+
 clusters as the metal nodes.  Void space for 

the framework was found to be 74 % of the total volume, despite the interpenetration and 

the solid was found to have an accessible surface are of 800 m
2
 g

-1
, larger than many 

zeolites.   

 Attempts to generate new 3-D frameworks using porphyrin were done using the 

lanthanide elements due to the larger size and their ability to bridge several anions 

simultaneously.
36

  Using TCPP and M (M = Dy(III), Sm(III), Pr(III), Gd(III), Er(III)) 

several new coordination polymers were prepared (Scheme 1-6).   

 

H2TCPP + MX3 / M2Y3 Crystalline Solids

DMF. H2O,

HCl / H2SO4

150 ºC, 50 h  

Scheme 1-6.  Reaction of TCPP Lanthanide ions to form crystalline solids 
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Three distinct types of metal coordination nodes were discovered in the eleven new 

crystal structures.  The first saw the metal binding to five porphyrin units and two water 

molecules where one porphyrin uses both oxygen atoms to bind the metal, while the other 

four porphyrins have split the oxygen atoms between two metal centers (Figure 1-10a).  

The second cluster motif shows a much more complex arrangement of metal sites in a 

repeating arrangement of four porphyrin units bridging two metals, A and B.  A third 

metal, C, is than coordinated by two porphyrin units with B (Figure 1-10b).  The third 

motif again sees four porphyrin units bridging two metal centers with a fifth porphyrin 

binding to one of the metal centers with only a single oxygen atom from the carboxylate 

(Figure 1-10c). 

 

 

Figure 1-10.  Representation of the three possible metal clusters of the lanthanide 

porphyrin frameworks 
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 Using a mixed-linker approach to the synthesis of porphyrin-based MOFs, the 

Choe group synthesized several pillared 3D porphyrin structures.
37

  Zinc 5,10-di-(4-

carboxyphenyl)-15,20-diphenylporphyrin (cis-ZnDCPP) and BPY were mixed with 

Co(NO3)2 under solvothermal conditions to afford the solid 

[Co(cisZnDCPP)(BPY)]·4DMF·H2O (PPF-6) (Figure 1-11).  The structure of PPF-6 

shows a 1D array of porphyrin units connected via cobalt paddle-wheels.  The zinc 

housed in the functional porphyrin site connects to BPY via a five-coordinate motif, 

where the second nitrogen from the BPY connects to the cobalt involved with the paddle-

wheel.  This connectivity results in a two-dimensional CdI2-type structure.   

 

 

Figure 1-11.  (a) Paddlewheel of PPF-6 showing Co(II) (dk. blue) bridged by oxygen 

(red) and nitrogen (blue).  (b)  Connection of two-dimensional sheets by the pyridine 

ligand in PPF-6 
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 Using either H2TCPP or PdTCPP, and reacting with Co(II) or Zn(II) and BPY 

under solvothermal conditions,  PPF-3 (Figure 1-12), PPF-4 (Figure 1-13), and PPF-5 

(Figure 1-14).
38

  Each of these structures are two-dimensional paddlewheel units with the 

BPY acting as pillar to give a three-dimensional structure.  The three structures possess a 

BPY molecule coordinated to the structural metal.  PPF-3 uses only Co(II) to coordinate 

both as an octahedral in the porphyrin using BPY as axial ligands that then bind to Co(II) 

paddlewheel clusters.  The structure PPF-4 uses Zn(II) ions centered in the porphyrin as a 

5-coordinate species, with the BPY either connecting to the Co(II) paddlewheel to the 

porphyrin or connecting two paddlewheel units.  PPF-5 consisted of Pd(II) in the central 

porphyrin ring while Co(II) comprised the paddle-wheel portion.  Here the BPY linked 

the Co(II) of the paddle-wheel while the Pd(II) remained in the tetrahedral arrangement 

(Figure 1-12).  Extending this concept to MnTCPP and FeTCPP, PPF-3-Mn and PPF-3-

Fe were prepared, due to the preferred coordination of Mn(II) and Fe(II).
39

  It was also 

possible to synthesize the analogues of PPF-5, PPF-5-Pt, PPF-5-Ni, and PPF-V.
39
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Figure 1-12.  (a) Three dimensional view of PPF-3 showing pillared layers.  Each layer 

is formed by a Co(II) paddlewheel (red) which coordinates to a BPY molecule (blue) 

which in turn coordinates to a Co(II) located in the porphyrin central ring (blue). (b)  The 

Co(II) paddlewheel core showing Co(II) (dark blue) connected to oxygen atoms (red) of 

the carboxylate.  The BPY strut than binds to the Co(II) via the nitrogen atom (light 

blue).  (c) A view of the octahedral Co(II) in the central porphyrin connected to the four 

nitrogen atoms of the porphyrin and the one of the BPY nitrogen atoms (blue). 
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Figure 1-13.   (a) Paddlewheel cluster of PPF-4 showing Co(II) (dk. blue) coordinated to 

oxygen (red) and nitrogen (blue) (b) A view of the five-coordinate Zn(II) in the central 

porphyrin connected to the four nitrogen atoms of the porphyrin and the one of the BPY 

nitrogen atoms (blue). 
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Figure 1-14.  (a) Paddlewheel cluster showing Co(II) (dk. blue) bridged by oxygen (red) 

and nitrogen (blue).  (b)  The square planar Pd(II) (green) porphyrin unit.  (c) Two-

dimensional sheets of PPF-5 connected by pyridine at only the Co(II) nodes 

 

 

 

 

 

 Drawbacks to the pillared approach of porphyrin MOFs is the loss of functionality 

of the metal housed in the central porphyrin ring.   The hindered pillar 2,2’-dimethyl-

4.4’-bipyridine (DMBPY), was found to be more selective for binding the structural 

versus the functional metal.  Using MTCPP (M = Zn(II), Co(II), Fe(II), Fe(II)), either 

Zn(NO3)2 or Co(NO3)2 and DMBPY, the PPF-11 series was prepared (Figure 1-15).
40

  

Indeed the crystal structure reveals that the more hindered DMBPY linker was only able 

to bind to the M(II) involved with the formation of the paddle-wheel cluster, thus leaving 

the metalloporphyrin site accessible. 
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Figure 1-15.  (a)  Three-dimensional view of PPF-11 where Zn(II) (lt. blue) binds the 

DMPBY ligand at the paddlewheel only.  (b) The DMPBY ligand. 

 

 

 Recently a new porphyrin-based MOF using Zr(IV) as the structural metal has 

been reported by Yaghi and co-workers.
41

  The reaction of Zr(O)Cl2·8H2O with H2TCPP 

in a DMF/acetic acid mixture under solvothermal conditions resulted in the solid 

Zr6(OH)4O4(H2TCPP)3 (MOF-525) (Figure 1-16).  The solved PXRD of MOF-525 

revealed cuboctahedral units of Zr6O4(OH)4  connected to square planar H2TCPP.  Using 

the metallo-porphyrin CuTCPP, MOF-525-Cu was also produced.  Switching the solvent 

system to one of DMF/formic acid, the solid Zr5(H2O)8O8(H2TCPP)2 (MOF-545) (Figure 

1-17) was formed.  Using single crystal X-ray diffraction, the structure of MOF-545 was 

revealed to have Zr6O8(H2O)8 clusters connected to a square planar H2TCPP.  Using 

either of the metallo-porphyrins FeTCPP or CuTCPP resulted in MOF-545-Fe and MOF-

545-Cu, respectively.     
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Figure 1-16. (a)  Cluster of MOF-525 formed by Zr(IV) (green) and oxygen (red).  (b)  

Three-dimensional cube formed by Zr(IV) cluster (purple) and porphyrin (blue) 

 

 

 

Figure 1-17.  (a)  Cluster of MOF-525 formed by Zr(IV) (green) and oxygen (red) (b)  

Three-dimensional cage formed by the Zr(IV) cluster (purple) and FeTCPP (brown) 
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 Both MOF-525 and MOF-545 showed exceptionally large Brunauer-Emmett-

Tellar (BET) surface areas of 2620 and 2260 m
2
 g

-1
 respectively.  While the direct 

synthesis of MOF-525-Fe was not possible, it was possible to metallate the empty 

porphyrin site after formation of the solid. Analysis of the resulting solid gave similar 

PXRD and BET measurements, confirming the retention of structure.  Using Zr(IV) 

brings an increased stability to MOFs, and both MOF-525 and MOF-545 are stable in 

aqueous acid solutions.   

 The attractiveness of functional solids has led to the use of bi-functional organic 

building blocks.  Porphyrin, a bi-functional linker, has both a functional metal site as well 

as a structural metal node, allowing for frameworks to be directly synthesized with 

functionality.  Early porphyrin based solids were limited in that both the functional metal 

and the structural were the same or the functional metal was blocked by pillaring agents..  

Moving to a bulky pillar has allowed for the ability to retain a functional porphyrin 

center, while giving rise to a modular solid series.  Additionally the cation Zr(IV) has 

brought increased thermal stability and three-dimensional frameworks not relying on 

auxiliary pillaring unit. 

 

1.4 Gas Storage/separation 

  The robust nature of many porous solids allows for the removal of guest 

molecules without loss of crystallinity.  The activated solid can then be used for gas 
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storage and separation.  Traditionally, compounds such as silica gel, activated carbons, 

molecular sieves, and zeolites are used to separate mixtures into their components or 

store a selected gas.
4
 There are four mechanisms used to achieve separation which solids 

take advantage of; (a) molecular sieving, which uses size and shape of  the pores to 

enable the separation;(b) thermodynamically separation which is governed by the 

interaction of the guests on the surface of the solid;(c) kinetic separation is based on the 

different rates guest molecules enter the pores;(d) last the quantum effect can be used to 

separate small molecules whose sizes are close to those of the pores of the material via 

their respective de Broglie wavelengths.   

 These separation techniques are applied commonly in labs to achieve various 

goals.  Molecular sieves, which zeolites 5A and 3A are a part of, act as drying agents 

trapping water such as that found in organic solvents.  Oxygen gas and nitrogen gas can 

be separated due to oxygen diffusing 30 times faster through a carbon molecular sieve 

owing to the stronger interaction of the nitrogen gas with the walls.  Isotopes of hydrogen 

can be separated when subjected to materials that contain pores close to the De Broglie 

wavelength of the molecule gas and at sufficiently low temperatures.    

 Initial separation techniques using MOFs were explored using nitrogen gas that 

would measure the ability of a MOF to uptake a gas.  Synthetic routes of MOFs use high 

boiling solvents (DMF, DEF, NMP) requiring the exchanging with lower boiling solvents 

(CHCl3, CH2Cl2) and removal of these solvents using applied heat and vacuum.  

Adsorption isotherms are performed using nitrogen gas to determine the surface are of 

the MOF.  These surface areas are than reported as either BET or Langmuir surface area, 
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with the BET surface area not being restricted to uniform layers.  The pore sizes are 

crucial for determining the surface area of the MOF.   

 Hydrogen storage has been explored using MOFs, because there has been a push 

by the US Department of Energy for alternative transportation fuel sources.  The DOE 

has targets for a hydrogen storage system to be 45 g H2 per L, refueling to take less than 

10 minutes, a lifetime of at least 1000 cycles, and a temperature operation range of -30° 

to 50° C.
42

  The ability to sorb/bind hydrogen in a MOF is dependent on the surface area 

available, so those with the largest surface area will have the highest uptake.  However, 

the temperature at which the material is useful to store the hydrogen is dependent on the 

enthalpy of adsorption.  This allows the hydrogen to remain in the storage tank until such 

time as needed by the car. An enthalpy of -13.6 kJ mol
-1 

would be ideal.
42

 

 MOF-5 was one of the first MOFs probed for hydrogen storage,
8a

 and it is able to 

store 4.7 wt % at 77 K.  Increasing the temperature to 298 K revealed that MOF-5 was 

not an hydrogen storage material because only 0.28 wt % could be sorbed.  The enthalpy 

of adsorption was calculated to be -5.2 kJ mol
-1

, indicating that the hydrogen is only 

weakly bound to the walls of MOF-5.  The solid HKUST-1was probed for its ability to 

sorb hydrogen,
43

 showing an uptake of 2.7 wt %, much less than MOF-5, owing to its 

lower Langmuir surface area of 1958 m
2
 g

-1
.  HKUST-1 does, however, have an enthalpy 

of adsorption as high as -10.1 kJ mol
-1

 which can be attributed to an open coordination 

site on the Cu(II) node.  Coordinatively unsaturated metals have been shown to increase 

the enthalpy of adsorption for hydrogen storage.  The Ni(II) nodes in CPO-27-Ni have an 

open metal site directed towards the cavities of the structure,
44

 and when tested for 

hydrogen storage found to have an enthalpy of adsorption of  -13.5 kJ mol
-1

.  
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 Measurement of a MOFs surface area is dictated by the size and shape of the 

pores, and as such, nitrogen gas is not always the ideal choice for Langmuir surface are 

measurements.  The solid CUK-1(Co3(2,4-pyridinedicarboxylate)2(μ3-OH)2) which does 

not adsorb nitrogen gas, does sorb oxygen and hydrogen gas.
45

  The surface area was 

ultimately calculated using carbon dioxide and was found to be 630 m
2
 g

-1
.   

 Interactions of the guest molecules directly with the surface of the MOF play a 

pivotal role on selectivity.  Many molecular interactions such as polarity, quadrapole 

moment, hydrogen bonding, and surface properties need to be considered when designing 

a solid for a particular application.  Two molecules that exhibit similar sizes yet vastly 

different ability to be adsorbed are carbon dioxide and acetylene.  Cu2(pzdc)2(pyz)
46

 was 

found to bind acetylene much more quick than carbon dioxide.  Since both molecules are 

of similar size, the selectivity is based on the ability of the acidic hydrogen atoms on the 

acetylene interacting with the water molecules present in the MOF, giving acetylene an 

increased interaction with the MOF. 

 

1.5 Catalysis 

 The development of synthetic strategies suitable for designing MOFs with 

coordinatively unsaturated metals is a crucial next step in the development of new 

heterogeneous catalysts.  Heterogeneous catalysts offer advantages over homogenous 

catalysts such as ease of recovery, catalyst lifetime, and product selectivity.  An attractive 

feature of porous solids as heterogeneous catalysts is the ability to select a well 

understood homogenous catalyst and immobilize it as the organic building unit of the 
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framework.  This allows the MOF to behave much the same way an enzyme in nature 

does, both protecting the catalyst and giving selectivity for substrates.   

 The design of functional solids is a rapidly developing field owing to the 

attractive nature of using MOFs as heterogeneous catalysts.  Early MOFs relied on 

removal of solvent molecules coordinated at the metal node, which were not always 

available.  Designing new frameworks with bi-functional organic building blocks proves 

challenging due to the reactive nature of the organic building block, requiring careful 

control of the synthesis conditions. 

 Early catalytic experiments with MOFs took advantage of the solids that could be 

activated by removal of bound solvent molecules.  Coordinatively unsaturated metal ions 

allow Lewis acid catalyzed reactions to take place at the metal node, and as such 

HKUST-1 was probed for reactivity.
47

  The cyanosilyaytion of benzaldehyde was carried 

out using HKUST-1 as a catalyst (Scheme 1-7).   

O

Me3SiCN

O

Si

N

 

Scheme 1-7.  Cyanosilylation of benzaldehyde 

 

The yield was 58%, most likely due to instability of the solid towards self-degradation.  

Using  the chromium based solid Cr3F(H2O)2O[BDC]3·25H2O (MIL-101) (Figure 1-18), 

the cyanosilyaytion of benzaldehyde was repeated.
48

  The reaction proceeded with 98.5 % 

yield at room temperature.  This increased efficiency can be attributed to two factors, 
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Cr(III) being a better Lewis acid  compared to Cu(II) and Cr(III) being less susceptible to 

reduction by benzaldehyde.   

 

 

Figure 1-18.  A three-dimensional view of MIL-101 showing the large accessible voids, 

the largest being ~14.5 Å x 16 Å.  Chromium(III) (blue) is bound to BDC (carbon black, 

oxygen red) to form the structure.  Additionally either fluorine (not shown) or oxygen 

(red) from water is bound to the Cr(III) ion.  Upon removal of the water molecules, MIL-

101 becomes catalytically active.    

  

 A manganese based framework, Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2 (BTT = 1,3,5-

benzene tristetrazoyl-5-yl) (Figure 1-19), was found to have open Mn(II) sites directed 
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towards void spaces.  This structure was probed as a Lewis acid under similar conditions 

as HKUST-1 and MIL-101 and found to catalyze benzaldehyde conversion at 98 % yield.  

Additionally this solid was probed for size selectivity. Larger aldehydes could not pass 

through the pores and as such yields were as low as 1 %, thus proving that the activity is 

due to the open Mn(II) sites.
49

 

 

                        

Figure 1-19.  Three dimensional view of MnBTT showing channels with coordinatively 

unsaturated Mn(II) (purple).  These Mn(II) ions are coordinated to the nitrogen atoms  

(light blue) of triazole to form the framework.  Chloride (green) ions are bound to some 

Mn(II) blocking access so only ~10% are available for catalytic reactions.  Black spheres 

represent carbon atoms. 

 

 Introducing bi-functional organic building units in the synthesis of porous solids 

will remove the need to rely the fortuitous formation of coordinatively unsaturated metal 

centers.  One of the early bifunctional linkers used were Schiff base ligands, and they 
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have been studied for alkene epoxidation (Figure 1-20).  Several groups have been able to 

carry out epoxidations of alkenes using these solids.
50

    The reaction of 1,5-

napthalenedisulfonate (NDS) with several lanthanide ions (LnPF series) (Figure 1-21), 

Snejko and coworkers were able to transform linalool compounds to their respective 

oxides (Scheme 1-8).
50a

  Linalool oxides are important to the perfume and fragrance 

industries and normally are obtained through long synthetic pathways or harvesting from 

natural products.     

 

Figure 1-20.    Representative bifunctional Schiff base molecules.   
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Figure 1-21.  A representative MOF of the LnPF series using lanthanide ions.   This 

MOF uses neodymium (III) (brown) to form a two-dimensional array with NDS at the 

oxygen (red) 
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 Using copper catalysts ‘click’ reactions are carried out to synthesize 1,2,3-

triazoles between an azide and an alkyne (Scheme 1-9).   

                                     

N
N

+
cat.

EtOH, 70 ºC

N

NN

+
N

NN

 

Scheme 1-9.  Click chemistry as performed by copper catalysts. 

 

Recently a series of solids using Cu(II)
51

 (Figure 1-22) as the metal linker have been 

shown to catalyze ‘click’ reactions.
52

  Incorporating Cu(II) into MOFs using CuN4 and 

CuO4 based nodes, the activity was explored.  Each MOF showed catalytic activity, with 

results comparable to homogenous systems.  The CuN4 systems showed much higher 

activity towards the reaction.  An interesting note is that in the homogenous system, as 

well as other polymer supported systems, it has been determined that the catalytic process 

involves the Cu(II) ions in solution being reduced to Cu(I) during the catalytic process.
53

  

However the study using MOFs found no spectroscopic evidence of this transformation 

occurring.  While it was not ruled out that the Cu(II) was being reduced, it could not be 

confirmed either. 
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Figure 1-22.  (a) CuN4 solid used for click chemistry (b) CuO4 solid used for click 

chemistry 

 

 Metalloporphyrins are an attractive choice for an active organic linker due to the 

wide range of catalytic activity found porphyrin containing enzymes as a cofactor.
54,29b

  

The side chains of porphyrin molecules can readily be modified to introduce a second 

coordination site besides the central ring, giving rise to a bi-functional organic building 

unit.  Porphyrins are readily ‘tuned’ at the active site, as several transition metals can be 

easily coordinated to the central porphyrin ring.  Additionally the porphyrin molecule 

itself is readily tunable.  Designing MOFs using porphyrin has the added advantage of 

many homogenous porphyrin catalysts for comparison. 

 The reaction of H2TCPP and  Mn(II) under solvothermal conditions resulted in 

the solid [MnTCPP]Mn1.5(C3H7NO)·5C3H7NO (PIZA-3), where Mn(II) is both the active 

metal and the structural metal.
55

  Oxidation of simple alkanes to alcohols and ketones 

were shown to be possible (Scheme 1-10), however no selectivity was observed based on 
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size.  This suggests that the reaction takes place only on the surface of the porous solid, 

thus limiting the usefulness of PIZA-3 as a catalyst.   

 

cat.

PhIO, heat
+

HO O

 

Scheme 1-10.  Oxidation of -cyclohexane to cyclohexanol and cyclohexanone, a 

representative oxidation of alkanes by porphyrin solids 

 

 The reaction between 1,2,4,5-tetrakis(4-carboxyphenyl)benzene (TCB) and 

Zn(NO3)2 4H2O and (5,15-dipyridyl-10,20-bis(pentafluorophenyl))porphyrin (DBPP) 

resulted in the solid (Zn2(Zn-DBPP)TCB)n (ZnPO-MOF) (Figure 1-23).  This MOF is 

found to be catalytically active towards the acyl transformation of 3-pyridinal carbonyl 

and N-acytalimdizole (Scheme 1-11).
56

   

OH
+
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N
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Scheme 1-11.  Acyl transformation using ZnPo-MOF. 
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Figure 1-23.  (a)  Poprhyrin strut used to define three-dimensional structure of ZnPO-

MOF.  (b)  Three-dimensional structure of ZnPO-MOF showing bridging of carboxylates 

(red) and pyridyl (blue). 

 

 PIZA-3 and ZnPO-MOF were first reported porphyrin solids with catalytic 

activity.  Continued development has led to several new porphyrin solids which are 

catalytically active.
57

  Wu and co-workers recently reported a series of MOFs grown with 

Zn(NO3) and Cd(NO3) in the presence of either Mn(III)TCPP or Fe(III)TCPP in DMF 

and acetic acid to afford a three-dimensional structure with either Zn(II)  or Cd(II) 

paddlewheel nodes linked to the metalloporphyrin with a formic acid strut blocking the 

porphyrin active site (Figure 1-24).
58

  The sites on the surface of the framework were 

accessible towards guest molecules and thus were tested for the oxidation of various 



39 

 

 
 

olefins and cyclohexane using iodosyl benzene as the oxidant.  The solids also were able 

to carry out the aldol reaction, in yields as high as 99%. 

 

Figure 1-24.  (a)  Paddlewheel cluster with Zn(II) (lt. blue) with oxygen (red) bridging 

from both porphyrin carboxylate ligands and formate ligands.  (b)  Two-dimensional 

porphyrin sheets connected by formate ligands 

 

 Recently Zhou and coworkers simultaneously developed the Zr(IV) based solid 

MOF-545, showing its exceptional stability and ability to perform oxidative catalysis.  

The reaction of ZrCl4 with M-TCPP (M = Co(II), Fe(II), Mn(II), Zn(II) and, Ni(II)) 

resulted in Zr6(OH)8(FeTCPP)8 (PCN-222).
59

  Of these solids, the PCN-222-Fe was 

tested for catalytic properties.   This series of frameworks make for attractive biomimetic 

catalysts due to unusually large pore sizes and resistance to water and concentrated 

hydrochloric acid.  The oxidation of pyrogallol, a standard to monitor biomimetic-heme 

like activity, was tested using the Fe-PCN-222.  Compared to hemin and horseradish 

peroxidase (HRP), Fe-PCN-222 showed remarkable activity.  Other substrates were 
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tested, 3,3,5,5-tetramethylbenzidine and o-phenylenediamine, and PCN-222-Fe 

outperformed both hemin and HRP towards them as well.   

 The reaction of 5,10,15,20-tetrakis(3,5-biscarboxyphenyl)porphyrin-MnCl 

(MnCl-OCPP) with MnCl2·4H2O  under solvothermal conditions resulted in the 

formation of Mn5Cl2(MnCl-OCPP)(DMF)4(H2O)4 (ZJU-18) (Figure 1-25).
60

  Replacing 

the MnCl2•4H2O with CdCl2•2.5H2O resulted in ZJU-20, identical to ZJU-18 except 

Cd(II)  metal nodes. These MOFs contain three metal nodes, two of which are used in the 

design of the structure as M2(COO)4 and M3(COO)4(μ-H2O)2, the third being located in 

the porphyrin ring as Mn(III)N4Cl.  Structural nodes come together to form a three-

dimensional bimodal net, similar to that of HKUST-1.   The pore sizes (11.5 Å) and 

cavities (21.3 Å) are large in ZJU-18, making it attractive for size selective catalysis.  

Substrates were tested based on size to probe the ability of both ZJU-18 and ZJU-20 

towards olefin oxidation.  As size of substrate increased, the access to the active sites was 

decreased, showing an overall loss of catalytic efficiency.   
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Figure 1-25.   Porphyrin solid ZJU-18 using Mn(II) as both structural metal (red) and 

functional metal (blue).  ZJU-20 replaces the structural Mn(II) with Cd(II) retaining the 

same overall structure.  ZJU-18 show greater catalytic activity possibly due to interaction 

of the structural Mn(II) sites with the substrate. 

 

 

 Designing new porous solids using porphyrin as the organic building unit will 

further expand the number of MOFs showing catalytic activity.  Developing both a 

modular and tunable approach to the incorporation of porphyrin into solids will be shown 

in the following chapters.  Chapter 2 will focus on our initial two-dimensional solid using 

Cd(II) ions as the structural metal while other M(II) ions were coordinated to the 

porphyrin in a one-pot synthetic technique.  Chapter 3 deals with a second, modular solid 

consisting of two dimensional sheets where again Cd(II) binds to the structural site 

allowing for a variety of M(II) ions to coordinate with the central porphyrin.  Chapter 4 

shows a three-dimensional modular framework once again using Cd(II) as the structural 
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metal, with Zn(II) and Mn(II) housed in the porphyrin core.  Chapter 5 shows our Mn(II) 

paddl-wheel structure, unlike our previous MOFs, uses only Mn(II), both as structural 

and functional metal.  Chapter 6 presents solids, while may prove useful in the future, 

were unable to be obtained in bulk sample, despite a satisfactory single crystal structure. 
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2.1 Introduction. 

 The rational design of solid frameworks containing both a structural site and a 

functional site offers an attractive route to porous materials with tunable reactivity.  Early 

approaches to achieve a functional site, or coordinatively unsaturated metal node, were 

accomplished using post-synthetic modifications (PSM) methods, such as by removal of 

guest molecules
1
 or by decorating the pore walls with alkali earth metals.

2
  The 

introduction of open-metal sites into porous solids enhances the ability of these solids to 

adsorb various gasses, due to the interaction of the metal with the guest molecules.  

Additionally, metal-organic frameworks (MOFs) with coordinatively unsaturated metal 

nodes act as catalysts for a range of reactions,
3
 including oxidations of alkanes,

4
 alkenes, 

and others.
5
  The organic building unit can directly introduce functional metal sites by 

being bifunctional (Figure 2-1).  This bifunctionality results in two distinct metal nodes, 

one which binds to a metal and defines the framework and the other which remains 

coordinatively unsaturated and is capable of interacting with guest molecules. 
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Figure 2-1.  Bifunctional organic building units used to synthesize MOFs 

 

 One of the first bifunctional MOFs described comes from Thompson and co-

workers using the salen (N,N’-ethylenebis(salicylaldiminato)manganese(III) 

bromide)(Salen-1) to generate three new coordination polymers.
6
  By employing 

secondary coordinating ligands, three distinct solids using Salen-1 were produced (Figure 

2-2).  These structures extend in only one-dimension, behaving much like pillared metal-

organic frameworks as seen in Choe’s work.
7
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Figure 2-2.   Three-dimensional view of the polymer formed by Mn-Salen-1 using N-4-

pyridylglycinate as the secondary ligand.  N-4-pyridylglycinate bonds to the Mn(II) of 

Salen-1 through either nitrogen atoms (blue) or oxygen atoms (red).  

  

The reaction of  (R,R)-(-)-1,2-cyclohexanediamino-N,N’-bis(3-tert-butyl-5-(4-

pyridyl)salicylidene)Mn(III)Cl (salen-2) with biphenyl di-carboxylic acid (bpdc) and 

Zn(NO3)2•6H2O
8
 under solvothermal conditions afforded crystals of the formula 

Zn2(bpdc)2Salen-2·10DMF·8H2O (Figure 2-3).  This framework defined by ZnO 

paddlewheel clusters with the pyridyl nitrogen atom of Salen-2, a chiral catalyst, forming 

struts between two ZnO clusters.  Coordinatively unsaturated Mn(III) ions are then able 

to interact with guest molecules, allowing the catalytic oxidation of alkenes.  Salen-2 
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retains the enantioselectivty found in the homogenous systems when immobilized in the 

solid.         

 

Figure 2-3.  Crystal structure of Salen-2, where salen acts as a strut defining the three-

dimensional structure.  The nitrogen of the pyridine connects to the Zn(II) (purple) while 

the oxygen atoms (red) and nitrogen atoms (blue) of the salen bind to the functional 

Mn(III) ion.  

 Porphyrin building blocks offer an attractive ligand for the design of MOFs as 

these molecules can readily contain both a functional site and a structural site.  The wide 

range of functions performed by porphyrins in nature makes it an ideal choice to be 

immobilized in a solid and, therefore, attracted a lot of attention as a building 

block.
9a,b,7a,9c

  Most notably are those that are capable of acting as catalysts such as PCN-

222 (Figure 2-4) and PIZA-4 (Figure 2-5).  The reaction of ZrCl4 with FeClTCPP along 

with benzoic acid under solvothermal conditions, afforded the structure PCN-222.   This 
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structure is isostructural with the framework MOF-545.
10

  X-ray data for PCN-222 

reveals a Zr6(OH)6 cluster which is then connected to eight TCPP units. The resulting 

crystal was seen to have large one-dimensional pores of 3.7 nm some of the largest pores 

seen to date.  Additionally, by altering the initial MTCPP, an isostructural family of 

solids was formed.  The solid PCN-222(Fe) was tested for biomimetic catalytic activity 

using the benchmark oxidation of pyrogallol.  Catalytically, PCN-222 was able to 

outperform hemin, a naturally occurring enzyme, but fell short of horseradish peroxidase.  

The high porphyrin density of the MOF can account for the improved performance, as 

there is one active porphyrin per 1286 Da compared to hemin which has 1 active 

porphyrin per 44174 Da. 

 

Figure 2-4.  (a)  The Zr(IV) (green) cluster showing the bridging oxygen atoms (red).  (b) 

Three-dimensional view of PCN-222 showing the structural Zr(IV) clusters (purple) and 

the functional Fe-TCPP unit (orange). 
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Figure 2-5.  Crystal structure of the porphyrin solid PIZA-4.  The Zn(II) paddlewheel 

clusters (red) define the framework, while Zn(II) in the porphyrin (purple) defines the 

functional site. 

 

 An isostructural series of MOFs using which has the ability to tune the active site 

presents a family of solids with versatile functions.  While PCN-222 does tune the 

functional porphyrin cores, there are limitations in using metalloporphyrins in the 

synthesis of a solid, such as removal of the functional metal during synthesis. However, 

by using a free-base porphyrin; the resulting MOF is limited to the chosen metal used to 

create the solid.  While PSM methods exist that can exchange metals in a MOF,
11

 they 

are not selective and run the risk of exchanging both the structural metal and the 

functional metal of the initial MOF.  Developing a one pot synthesis that allows for a 

bimetallic MOF species using porphyrin required the use of a metal ion that would 

selectively bind the structural carboxylate moieties of the porphyrin ring.  Larger ions 

such as Hg(II), Cd(II) and Pb(II) would prefer to bind to the structural sites over the 

porphyrin ring, leaving the ring available for smaller transition row metals. In this regard 
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a isostructural series of solids would be possible where one metal defines the structure of 

the framework, while the secondary metal will define the function. 

2.2 Results and Discussion 

  Previous work has been done using Cd(II) in forming MOFs,
12

 where the Cd(II) 

binds to the carboxylate group in a tetrahedral fashion.  Initial screenings of Cd(II) salts 

and H2TCPP dissolved in DEF led to the discovery of a mixed-phase solution when 

CdCl2 was used.  The resulting solution was impure and contained multiple structural 

phases.  Of the crystals harvested from the mixed-phase solution, the structure 

(Et2NH2)[Cd(H2O)][(H2TCPP)]·4DEF·H2O (2-Cd) was found (Figure 2-6).  Bulk sample 

powder X-ray diffraction (PXRD) measurements proved that the solution was mixed with 

both amorphous material as well as the desired framework.  The structure of 2-Cd reveals 

a two-dimensional framework composed of Cd(II) and porphyrin species linked through 

carboxyphenyl bridges.  The seven-fold coordination environment of the Cd(II) ions 

consists of six oxygen atoms from three carboxylate ligands and one water molecule 

(Figure 2-7).  Each Cd(II) is bound to three TCPP molecules in a distorted trigonal 

pyramidal geometry.  In turn each porphyrin molecule is bound to three Cd(II) ions to 

create a T-shaped vertex, where the fourth carboxylate is protonated (Figure 2-7).   
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Figure 2-6.  The two-dimensional framework 2-Cd.     

 

 

 

 

            

Figure 2-7. (a) The Cd(II) (blue) structural node with oxygen (red) from both water and 

carboxylate ligands.  (b)  T-shaped porphyrin node.  Note free carboxylate ligand. 

  

 

 The resulting two-dimensional slabs display carboxylic acid fingers from adjacent 

slabs interact in π-π stacking to afford slipped co-facial porphyrin units that form one-

dimensional stacks along the y-axis (Figure 2-9), where the center of the porphyrin rings 
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are separated by approximately 5.2 Å.  The framework has a net ionic charge that is 

balanced by diethylammonium cations, which are a result of the acid catalyzed 

decomposition of the solvent DEF.
13

  The largest pores of the structure are defined by a 7 

x 4 Å hole.  The solvent accessible space is filled with DEF and water molecules and is 

calculated to be 42 % of the cell volume.
14

  

 

Figure 2-8. Illustration of how the slabs stack with the interdigitation of the fingers.  The 

three slabs can be distinguished by their colors. 

  

 Initial bulk samples of 2-Cd were not pure and as such reaction conditions were 

screened to obtain a pure bulk sample.  Samples were prepared in Teflon capped 20 ml 

vials, which when heated to 150 °C, caused melting of the cap which was thought to be 

interfering with the reaction.  Additionally porphyrin reacts with oxygen when heated and 

has potential to form radical species which can further interfere with the reaction.  Taking 
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both of these possibilities into account, the reactions were moved from bench top 

scintillation vials and prepared under inert atmosphere of nitrogen in glass tubes, which 

were then sealed.  The first reactions failed to result in any crystal formation, as well as 

any amorphous solids.   

 With the lack of crystals the exploration of the addition of co-solvents, bases, 

acids and altering the heating times was carried out.  The addition of acids resulted either 

in amorphous materials or no solid material at all.  The two bases pyridine and 

diethylammonia were added in attempts to crystallize and produced mixed results.  The 

pyridine samples again resulted in amorphous material based on PXRD, while the 

diethylammonia produced no single crystals yet gave sufficient PXRD to confirm the 

bulk sample was pure.  However it was at this time we had realized our single crystal data 

had an errant peak of 9.67 residual electron density located 2.12 Å from the structural 

Cd(II) node.  This distance is too short for a chlorine atom, which is what it had been 

assigned as originally and too far be assigned as an oxygen atom.  While we had solved 

the bulk sample problem, we had a new challenge in correctly accounting for the extra 

electron density, and thus needed to still determine the best reaction to produce pure 

single crystals (Figure 2-9).   
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Figure 2-9.  PXRD of 1-Cd synthesized with Et2NH2 as an additive.  Blue line represents 

simulated pattern from single crystal data, pink line represents collected data. 

  

 Looking at co-solvent additives for the reaction several were tested as suggested 

by Cohen and co-workers.  Two proved quite useful, ethanol and water, and though both 

produced differing structures, both turned out to be pure samples.  Chapter 3 of this thesis 

will discuss the results of the ethanol additive, while water was able to give the desired 

structure of 2-Cd (Scheme 2-1).  The aliquot of water was carefully added after 

preparation of the sample under inert atmosphere, with subsequent introduction of fresh 

N2. 
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Scheme 2-1.  Reaction to generate solid 1-Cd.   

  

 Using the pure crystals obtained from the water based prep allowed the collection 

of new data using single crystal diffraction methods.  Working closely with the 

crystallography lab at UCSD, Dr.’s Rheingold and Moore helped to determine that the 

crystal molecule was exhibiting ‘whole molecule disorder’, where the Cd(II) was 

noticeable due to its large electron density.  Using SQUEEZE to account for the 

remaining disordered solvents gave us the final structure of 2-Cd. 

 The resulting crystal structure of 2-Cd shows that only approximately 6% of the 

porphyrins contain a Cd(II) ion, this being confirmed with UV-vis spectroscopy (Figure 

2-10).  This result indicates that it should be possible to prepare heterobimetallic MOFs 

while retaining the structure of 2-Cd, if the reaction were to be carried out in the presence 

of transition row metals with a higher affinity for the porphyrin than Cd(II).  In choosing 

the proper ratio of Cd(II), H2TCPP, and M(II), the structure of 2-Cd with a M(II) should 

be possible.  To ensure that the new M(II) did not interfere with the formation of the 

structure, as a majority of M(II) ions will directly form extended networks, a 1:1 ratio of 
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M(II) and porphyrin was used while a 3:1 ratio of Cd(II) and porphyrin was used.  

Indeed, the reaction of CdCl2, MCl2 (M = Fe, Co, Ni, Cu, Zn, Pd) and H2TCPP in air free 

DEF-water afforded block shaped single crystals of 

(Et2NH2)[Cd(H2O)](MTCPP)·4DEF·H2O (2-M).  The molar ratio is crucial as when 

larger amounts of the M(II) was used in the reaction, impure samples were made as 

determined by PXRD.  Structure determination for compounds 2-M reveal that the solids 

are isostructural with 2-Cd: they exhibit the same framework topology but are not 

isomorphous.  PXRD revealed that each structure 2-M is pure (Figure 2-11), atomic 

absorbance reveals that the occupancy of each structure is near 100%, except Pd(II), 

which was approximately 60%. 
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Figure 2-10.  UV-vis of 2-Cd (red) and H2TCPP (black).  Partial occupancy with Cd(II) 

gives rise to shoulder in the Soret band and peak extra peak in Q-band region. 
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Figure 2-11. PXRD of 2-M showing conformity of each structure with 2-Cd.  Each color 

represents a separate solid, simulated (black), 2-Cd (light blue), 2-Zn (purple), 2-Ni 

(red), 2-Cu (green), 2-Co (dark blue), 2-Pd (brown), and 2-Fe (orange). 

  

 To further show the purity of the samples, UV-vis spectroscopy was carried out 

on each material.  Porphyrin spectra changes drastically based on the metal housed in the 

central ring and as such the newly introduced M(II) should produce differing diffuse 

reflectance UV-vis spectra.  Pure H2TCPP has 5 peaks, one Soret band and four Q peaks.  

The solids 2-M all change the Q bands, with Pd(II) and Ni(II) reducing it to a minimum 

of 1 (Figure 2-12).   
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Figure 2-12.    UV-vis of each solid excluding 2-Fe.  2-Cd (purple), 2-Zn (gray), 2-Cu 

(green), 2-Pd (red), 2-Ni (orange), 2-Co (blue). 

  

 Pure, bulk samples were then uses to further characterize the structures.  Thermal 

stability of the solids was investigated in order to assess the micro porosity and suitability 

for gas storage and separation. At room temperature these compounds retain their 

crystallinity for at least 6 months, except 2-Fe which slowly oxidizes to form an 

amorphous product.  TGA analysis indicates that these solids are completely desolvated 

by 225 °C and that they undergo decomposition above 350 °C (Figure 2-13).  PXRD of 

2-M reveal that they retain long range order up to 105 °C, yet become amorphous by 150 

°C (Figure 2-14).  Thus it is not unexpected that nitrogen adsorption isotherms of these 

materials are minimal, < 50 m
2
 g

-1
, which is most likely due to incomplete guest molecule 

removal and collapse of the framework upon guest removal. 
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Figure 2-13.  TGA plot of 2-Cd showing loss of solvent and decomposition upon 

heating.  All solvent molecules are removed by 225 °C.  Decomposition begins around 

300 °C, leaving behind metal oxides after complete loss of organic materials.  Each solid 

gave similar results as 2-Cd. 
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Figure 2-14. PXRD of 2-Cd after heating sample to various temperatures  Simulated 

(black), 2-Cd as prepared (green), 50 °C (blue), 105 °C (red).  
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 While thermal stability is crucial for many applications, it is not essential for 

catalysis.
15

  Thus, we investigated the reactivity of 2-Fe due to its similarity to molecular 

cofacial porphyrin systems.
16

  Its X-ray structure reveals one-dimensional stack of 

FeTCPP units along the y-axis with Fe-Fe separation of 5.28 Å where the porphyrins are 

in a slipped cofacial arrangement with the closest porphyrin-porphyrin contact 3.56 Å.  

Electronic spectroscopy reveals that the Fe(II) centers are resistant to oxidation by 

oxygen over the course of a week, which suggests that the solid is inefficient at 

accommodating Fe-O-O-Fe units, or that the reaction requires protons.  However, 

exposure of 2-Fe to hydrogen peroxide or tert-butyl hydrogen peroxide results in the 

bleaching of the Soret band at 424 nm assigned to Fe(II)TCPP and the appearance of a 

new Soret band centered at 405 nm, which is assigned to the formation of μ-oxo Fe(III) 

porphyrin species (Figure 2-15).  Significantly, selective oxygenation of 2-Fe indicates 

that the frameworks are flexible and that the cofacial porphyrins are close enough that 

cooperative behavior is possible.  All of these properties are promising because 

homogenous cofacial Fe-porphyrin systems have been shown to perform multi-electron 

chemistry, such as the light driven oxidation of alkenes.
16a
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Figure 2-15.  UV-vis data monitoring the reduction and oxidation of 2-Fe using 

hydrazine (red) and tert-butylhydrogen peroxide (orange) compared to 2-Fe as prepared 

(black). 

 

 Because the oxygenated form of 1-Fe is amorphous, a direct synthesis under 

oxygen was sought to confirm its structure.  Reaction of CdCl2, FeCl2, and H2TCPP in 

oxygenated diethylformamide (DEF)-water at 150 °C for 48 h yielded a gel containing 

crystals of (Et2NH2)2-Cd2[TCPPFe-O-FeTCPP] (2-Fe-O-Fe) (figure 2-16).  This gel 

forms from the polymerization of acetaldehyde that results from the oxidative 

decomposition of DEF.
17

  The crystal structure of 2-Fe-O-Fe reveals a three-dimensional 

framework composed of Cd(II) ions and TCPPFe-O-FeTCPP moieties linked via 

carboxyphenyl bridges (Figure 2-17). The Cd(II) ions, as in 2-Fe, act as distorted trigonal 

pyramidal units connected to three diporphyrin units.  The diporphyrin building blocks 

are bound to six Cd(II) ions and can be described as two stacked T-shaped units rotated 

45° with respect to each other.  The Fe···Fe separation is 3.6 Å in the Fe–O–Fe species. 
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The overall framework has a similar connectivity compared to 2-Fe, but has a much 

different overall structure consisting of interwoven three-dimensional nets linked via oxo-

bridged porphyrins.  The solvent accessible space, which is filled with DEF and Et2NH2
+
, 

was calculated to be 31.3%  of the total volume.
14

  Due to the formation of the 

acetaldehyde gel, it is not possible to prepare 2-Fe-O-Fe in large quantities.  While the 

framework topology is quite different, we propose that similar Fe–O–Fe building blocks 

form upon oxidation of 2-Fe with peroxides. 

                                 

Figure 2-16.  (a) Top and side view of 2-Fe-O-Fe.  The porphyrins are bridged by Fe 

(brown) and oxygen (red)  (b) Coordination of 2-Fe-O-Fe with Cd(II) (blue) in same 

geometry as 2-M. 
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2.3 Conclusions. 

 In conclusion we have demonstrated the use of TCPP as a metalloligand for the 

one-pot synthesis of mixed metal MOFs.  In an initial application of this strategy, we 

obtain frameworks exhibiting slipped cofacial diporphyrin species that exhibit 

cooperative reactivity.  The porphyrin stacks form due to the tendency of porphyrin 

aggregating in solution prior to the formation of the framework.
18

  The framework found 

for 2-M can only be accessed when using metal ions that form four coordinate porphyrin 

complexes, as axial coordination to the metal ion inhibits porphyrin aggregation.
19

  The 

solids are two-dimensional and as such are not suitable for gas storage and separation 

studies.  However, catalytic functions require only for guest molecules to be able to 

access the functional sites.  The ability for substrates to reach the functional porphyrin 

was demonstrated by the interaction of 2-Fe with both hydrazine monohydrate as tert-

butyl hydroperoxide.  While it was not possible to isolate the species directly synthesized 

by this reaction, a possible trapped species was isolated when the reaction to synthesize 

2-Fe was exposed to air prior to heating.  The crystal of 2-Fe-O-Fe was able to be 

isolated showing similar geometries to 2-M.   

2.4 Experimental Methods 

 General. All reagents were of commercial origin and used as received. Product 

identity and purity were verified by comparison of the observed X-ray powder diffraction 

pattern with calculated pattern generated from the single-crystal results.  The solvent of 

each compound was determined by elemental and thermogravimetric analysis.  CHN 
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analysis was performed by Ecology Analytical Lab in the Department of Biology at 

SDSU. 

 Preparation of (Et2NH2)[Cd(H2O)][H2TCPP]·4DEF·H2O (-Cd).  A 1.3 cm o.d. 

x 23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), H2TCPP (40 mg, 

0.05 mmol), and DEF (3 ml) under anhydrous conditions.  An aliquot of water (0.150 ml) 

was added, the sample frozen with liquid N2, and the tube sealed under vacuum.  The 

tube was heated to 150 °C for 48 h followed by slow cooling to room temperature over 4 

h.  The solid was collected by filtration, washed by successive aliquots of DEF (3 x 10 

ml), and dried in air to afford 52 mg (73.03%) of dark purple block-shaped crystals.  

Anal. Calc. for C72H86N9O14Cd1.1: C, 60.72; H, 8.84; N, 6.01%. Found: C, 57.34; H, 8.67; 

N, 5.63%.  UV-vis (solid): λmax/nm = 422, 527, 574, 623, 659. IR (solid IR) νmax/cm
-1

: 

2975 (CH), 1462 (CO), 1584 (conj. CC), 1535, 1380, 990. 

 Preparation of (Et2NH2)[Cd(H2O)][H2TCPP]·4DEF·H2O (-Fe).  A 1.3 cm o.d. 

x 23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), H2TCPP (40 mg, 

0.05 mmol), FeCl2 (6.3 mg, 0.05 mmol), and DEF (3 ml) under anhydrous conditions.  

An aliquot of water (0.150 ml) was added, the sample frozen with liquid N2, and the tube 

sealed under vacuum.  The tube was heated to 150 °C for 48 h followed by slow cooling 

to room temperature over 4 h.  The solid was collected by filtration, washed by 

successive aliquots of DEF (3 x 10 ml), and dried in air to afford 46 mg (60.56%) of dark 

purple block-shaped crystals.  Anal. Calc. for C62H64N7O12CdFe : C, 58.67; H, 5.00; N, 

7.73%. Found: C, 54.86; H, 4.60; N, 7.07%.  UV-vis (solid): λmax/nm = 428, 524, 566, 
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606, 654. Metals Analysis (Fe:Cd ratio): Calc. 1.0, Found 0.93. IR (solid IR) νmax/cm
-1

: 

2975 (CH), 1647 (CO), 1582 (conj. CC), 1534, 1376, 997. 

 Preparation of (Et2NH2)[Cd(H2O)][H2TCPP]·4DEF·H2O (2-Co).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), H2TCPP (40 

mg, 0.05 mmol),CoCl2 (6.5 mg, 0.05 mmol) and DEF (3 ml) under anhydrous conditions.  

An aliquot of water (0.150 ml) was added, the sample frozen with liquid N2, and the tube 

sealed under vacuum.  The tube was heated to 150 °C for 48 h followed by slow cooling 

to room temperature over 4 h.  The solid was collected by filtration, washed by 

successive aliquots of DEF (3 x 10 ml), and dried in air to afford 61 mg (83.18%) of dark 

orange block-shaped crystals.  Anal. Calc. for C72H86N9O14Co: C, 58.84; H, 5.82; N, 

8.58%. Found: C, 59..46; H, 5.39; N, 7.94%.  UV-vis (solid): λmax/nm = 410, 540. Metals 

Analysis (Co:Cd ratio) Calc. 1:1, Found 0.92 IR (solid IR) νmax/cm
-1

: 2979 (CH), 1651 

(CO), 1586 (conj. CC), 1541, 1396, 1000. 

 Preparation of (Et2NH2)[Cd(H2O)][H2TCPP]·4DEF·H2O (2-Ni).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), H2TCPP (40 

mg, 0.05 mmol), NiCl2 (6.5 mg, 0.05 mmol) and DEF (3 ml) under anhydrous conditions.  

An aliquot of water (0.150 ml) was added, the sample frozen with liquid N2, and the tube 

sealed under vacuum.  The tube was heated to 150 °C for 48 h followed by slow cooling 

to room temperature over 4 h.  The solid was collected by filtration, washed by 

successive aliquots of DEF (3 x 10 ml), and dried in air to afford 46 mg (72.5%) of dark 

orange-red block-shaped crystals.  Anal. Calc. for C62H64N7O12CdNi: C, 58.67; H, 5.01; 

N, 7.72%. Found: C, 58.83; H, 5.47; N, 8.07%.  UV-vis (solid): λmax/nm = 413, 533, 651.  
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Metals Analysis (Ni:Cd ratio) Calc. 1:1, Found 0.94. IR (solid IR) νmax/cm
-1

: 2976 (CH), 

1650 (CO), 1586 (conj. CC), 1537, 1392, 1345, 1000. 

 Preparation of (Et2NH2)[Cd(H2O)][H2TCPP]·4DEF·H2O (2-Zn).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), H2TCPP (40 

mg, 0.05 mmol), ZnCl2 (6.8 mg, 0.05 mmol) and DEF (3 ml) under anhydrous 

conditions.  An aliquot of water (0.150 ml) was added, the sample frozen with liquid N2, 

and the tube sealed under vacuum.  The tube was heated to 150 °C for 48 h followed by 

slow cooling to room temperature over 4 h.  The solid was collected by filtration, washed 

by successive aliquots of DEF (3 x 10 ml), and dried in air to afford 43 mg (67.5%) of 

dark purple block-shaped crystals.  Anal. Calc. for C62H64N7O12CdZn : C, 58.36; H, 4.97; 

N, 7.68%. Found: C, 56.25; H, 5.35; N, 8.15%.  UV-vis (solid): λmax/nm = 428, 524, 566, 

606, 654. Metals Analysis (Zn:Cd ratio) Calc. 1:1, Found 0.92. IR (solid IR) νmax/cm
-1

: 

2976 (CH), 1647 (CO), 1584 (conj. CC), 1540, 1376, 994. 

 Preparation of (Et2NH2)[Cd(H2O)][H2TCPP]·4DEF·H2O (2-Pd).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), H2TCPP (40 

mg, 0.05 mmol), PdCl2 (8.5 mg, 0.05 mmol) and DEF (3 ml) under anhydrous conditions.  

An aliquot of water (0.150 ml) was added, the sample frozen with liquid N2, and the tube 

sealed under vacuum.  The tube was heated to 150 °C for 48 h followed by slow cooling 

to room temperature over 4 h.  The solid was collected by filtration, washed by 

successive aliquots of DEF (3 x 10 ml), and dried in air to afford 38 mg (57.7%) of dark 

red-brown block-shaped crystals.  Anal. Calc. for C62H64N7O12CdPd: C, 56.45; H, 4.82; 

N, 7.45%. Found: C, 57.74; H, 5.44; N, 8.11%.  UV-vis (solid): λmax/nm = 413, 530, 565, 
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612, 660. Metals Analysis (Pd:Cd ratio) Calc. 1:1, Found 0.62.  IR (solid IR) νmax/cm
-1

: 

2976 (CH), 1651 (CO), 1585 (conj. CC), 1537, 1392, 1011. 

 Preparation of (Et2NH2)2Cd2[TCPPFe-O-FeTCPP] (2-Fe-O-Fe).  A 20 ml vial 

was loaded with CdCl2 (27 mg, 0.15 mmol), H2TCPP (40 mg, 0.05 mmol), FeCl2 (6.3 mg, 

0.05 mmol) and DEF (3 ml) under anhydrous conditions.  An aliquot of water (0.150 mL) 

was added and the solution was oxygenated.  The vial was sealed with a Teflon-lined cap 

and heated to 150 °C for 48 h followed by a slow cooling to room temperature over 4 h.  

Crystals suitable for X-ray diffraction were collected from the gelatinous mixture.  

 Reaction of 2-Fe with peroxides.  For UV-vis measurements, freshly prepared 

samples of 2-Fe were ground to fine powder and diluted with CaO (5 mas % 2-Fe).  The 

samples were treated with either 30% H2O2 or 70% tert-butyl hydroperoxide to afford a 

pale green mixture.  For elemental analysis, 2-Fe crystals were treated with 70% tert-

butyl hydroperoxide and air-dried.  Anal. Calcd. For 1281.184: C, 58.67; H, 5.00; N, 

67.74%.  Found: C, 58.35; H, 5.01; N, 7.72%. UV-vis (solid): λmax/nm = 402, 580, 623. 

 X-ray Structure Determinations.  Single crystals of compounds 2-Cd, 2-M and 

2-Fe-O-Fe were extracted from the product mixture, mounted on Cryoloops coated in 

Paratone oil, transferred to a diffractometer, and cooled in a dinitrogen stream.  The 

single crystal X-ray diffraction studies were performed on a Bruker D8 Smart Apex II 

CCD diffractometer equipped with a Mo Kα radiation (λ = 0.71073 Å) (Compounds 2-

Cd, 2-Zn, 2-Pd, 2-Fe-O-Fe) or a Bruker D8 Smart 6000 CCD diffractometer equipped 

with a Cu Kα radiation (λ = 1.54178 Å) (Compounds  2-Fe, 2-Co, 2-Ni, 2-Cu).  Data 

were collected in a nitrogen gas stream at 100(2) K using φ and ω scans.  Lattice 
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parameters were initially determined from a least squares refinement of more than 200 

carefully centered reflections.  The data were integrated using the Bruker SAINT 

software program and scaled using SADBS software program.  Solution by direct 

methods (SHELXS) produced a complete phasing model consistent with the proposed 

structures.  Using Olex2, the structures were refined with the XL refinement package 

using least squares minimization.  Lattice solvent molecules and Et2NH2
+
 cations were 

disordered and could not be located in the structures.  Unless noted, all atoms except 

hydrogen were refined anisotropically.  Contributions to scattering from all solvent 

molecules and cations were removed using the SQUEEZE routine of PLATON, and the 

structures were refined against this data.  Note that several PLATON A-level alerts are 

found with these structures.  Some of these errors are expected because MOF structures 

typically have a large amount of void space.  For all of these compounds, several data 

sets were collected from several crystals and the best data set was used for the 

refinement.  The large residual density arises due to disordered solvent molecules or 

occur near a heavy atom (Cd).  Full explanations and refinement details are available in 

the CIF files. 

 Other Physical Methods.  Routine X-ray powder diffraction data were collected 

using Cu Kα (λ = 1.5406 Å) radiation with a PANalytical Xpert diffractometer.  Diffuse 

reflectance UV-vis spectra were acquired on a JASCO V670 spectrophotometer equipped 

with a 60 mm integrating sphere.  Thermogravimetric analyses were performed in a 

dinitrogen atmosphere at a ramp rate of 5 °C/min using a TA Instruments TGA 2950.  

Infrared spectra were recorded on a Perkin Elmer Spectrum RX FTIR spectrometer 
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equipped with an attenuated total reflectance accessory.  Metals analysis was performed 

with a Perkin Elmer AAnalyst 100 atomic absorption spectrometer. 
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2.5 Appendix 

Table 2-1.  Crystallographic data for 2-Cd 

Compound 2-Cd 

Empirical Formula C57H53.32Cd1.07N6O12 

Formula Weight 1135.33 g mol
-1 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System monoclinic 

Space Group P21/c 

Unit Cell Dimensions a = 18.170(3)             α = 90.000 

b = 9.386(2)               β = 109.80(1) 

c = 36.028(6)              γ = 90.000 

Volume 5781 Å 

Z 4 

Density (calculated) 1.443 

F(000) 2570 

Crystal Size 0.37 x 0.23 x 0.20 

Theta Range for all collection 2.38 to 56.56° 

Index ranges -23 = h = 24, -12 = k = 10, -48 = l = 48 

Reflections collected 110880 

Independent collections 14359 

Completeness 100% 

Data/restraints/parameters 14359/21/570 

Goodness of fit 1.463 

Final R indices [I>2σ(I)] R1 = 0.1434, wR2 = 0.3502 

R indices of all data R1 = 0.1609, wR2 = 0.3645 

Largest diff peak and hole 13.97/-1.31 
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Table 2-2.  Crystallographic data for 2-Fe 

Compound 2-Fe 

Empirical Formula C55.75H49.25CdFeN5.75O11.75  

Formula Weight 1156.01 

Temperature 100(2) K 

Wavelength 1.5406 Å 

Crystal System Orthorhombic 

Space Group Pbca 

Unit Cell Dimensions a = 30.1121(1)       

b = 9.2525(4) 

c = 41.8531(2) 

Volume 11660.8(9) 

Z 8 

Density (calculated) 1.317 

F(000) 4736.0 

Crystal Size 0.23 x 0.19 x 0.11 

Theta Range for all collection 4.22 to 115.8° 

Index ranges -30 = h = 33, -10 = k = 10, -45 = l = 34 

Reflections collected 40806 

Independent collections 8053 

Completeness 99.8% 

Data/restraints/parameter’s 8053/24/532 

Goodness of fit 1.029 

Final R indices [I>2σ(I)] R1 = 0.1441, wR2 = 0.3300 

R indices of all data R1 = 0.1661, wR2 = 0.3531 

Largest diff peak and hole 10.20/-.070 
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Table 2-3. Crystallographic data for 2-Co 

Compound 2-Co 

Empirical Formula C57H52CdCoN6O12 

Formula Weight 1184.38 

Temperature 100(2) 

Wavelength 1.5406 Å 

Crystal System Orthorhombic 

Space Group Pbca 

Unit Cell Dimensions a = 30.1991(9) 

b = 9.2075(3) 

c = 41.8863(1) 

Volume 11646.8(6) 

Z 8 

Density (calculated) 1.351 

F(000) 4856.0 

Crystal Size 0.56 x 0.34 x 0.23 

Theta Range fo all collection 4.22 to 118.06° 

Index ranges -33 = h = 33, -10 = k = 10, -42 = l = 45 

Reflections collected 28096 

Independent collections 8051 

Completeness 99.7% 

Data/restraints/parameters 8051/15/557 

Goodness of fit 1.077 

Final R indices [I>2σ(I)] R1 = 0.0830, wR2 = 0.2265 

R indices of all data R1 = 0.0939, wR2 = 0.2380 

Largest diff peak and hole 3.40/-1.01 
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Table 2-4.  Crystallographic data for 2-Cu 

Compound 2-Cu 

Empirical Formula C48H24CdCuN4O7 

Formula Weight 944.65 

Temperature 100(2) 

Wavelength 1.5406 Å 

Crystal System Orthorhombic 

Space Group Pbca 

Unit Cell Dimensions a = 9.3440(6) 

b = 41.835(3) 

c = 30.0493(2) 

Volume 11746.6(2) 

Z 8 

Density (calculated) 1.068 

F(000) 3784.0 

Crystal Size 0.20 x 0.17 x 0.14 

Theta Range for all collection -10 = h = 9, -46 = k = 41, -33 = l = 29 

Index ranges 4.22 to 118.04° 

Reflections collected 36393 

Independent collections 7487 

Completeness 100% 

Data/restraints/parameters 7487/6/550 

Goodness of fit 1.062 

Final R indices [I>2σ(I)] R1 = 0.0986, wR2 = 0.2579 

R indices of all data R1 = 0.1092, wR2 = 0.2670 

Largest diff peak and hole 4.26/-0.81 
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Table 2-5.  Crystallographic data for 2-Ni 

Compound 2-Ni 

Empirical Formula C105.5H76Cd2N10Ni2O20.5 

Formula Weight 2153.98 

Temperature 100(2) 

Wavelength 1.5406 Å 

Crystal System Orthorhombic 

Space Group Pbca 

Unit Cell Dimensions a = 59.431(2) 

b = 9.3517(4) 

c = 41.7871(2) 

Volume 23224.5(2) 

Z 8 

Density (calculated) 1.232 

F(000) 8760.0 

Crystal Size 0.25 x 0.20 x 0.16 

Theta Range for all collection 2.98 to 122.32 

Index ranges -66 = h = 67, -9 = k = 10, -47 = l = 47 

Reflections collected 95677 

Independent collections 17152 

Completeness 100% 

Data/restraints/parameters 17152/24/1103 

Goodness of fit 1.524 

Final R indices [I>2σ(I)] R1 = 0.1341, wR2 = 0.3052 

R indices of all data R1 = 0.1582, wR2 = 0.3175 

Largest diff peak and hole 2.72/-1.46 
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Table 2-6.  Crystallographic data for 2-Zn 

Compound 2-Zn 

Empirical Formula C61.75H42.75CdN6.75O13Zn 

Formula Weight 1265.05 

Temperature 100(2) 

Wavelength  

Crystal System Monoclinic 

Space Group P21/n 

Unit Cell Dimensions a = 18.3303(1)                

b = 9.3256(5)                   β = 99.735(2 ) 

c = 34.5564(2) 

Volume 5822.0(5) 

Z 4 

Density (calculated) 1.443 

F(000) 2570 

Crystal Size 0.21 x 0.14 x 0.12 

Theta range for all collection 5.1 to 127.36° 

Index ranges -21 = h = 20, -10 = k = 10, -39 = l = 40 

Reflections collected 22590 

Independent collections 8603 

Completeness 100% 

Data/restraints/parameters 8603/1/569 

Goodness of fit 1.608 

Final R indices [I>2σ(I)] R1 = 0.1201, wR2 = 0.3390 

R indices of all data R1 = 0.1318, wR2 = 0.3604 

Largest diff peak and hole 4.10/-0.90 
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Table 2-7.  Crystallographic data for 2-Pd 

Compound 2-Pd 

Empirical Formula C57H53.25CdN6O13Pd 

Formula Weight 1249.11 

Temperature 100(2) 

Wavelength  

Crystal System Monoclinic 

Spacei Group P21/c 

Unit Cell Dimensions a = 18.329(7) 

b = 9.543(4)             β = 109.701(2) 

c = 35.954(1) 

Volume 5921(4) 

Z 4 

Density (calculated) 1.401 

F(000) 2541.0 

Crystal Size 0.19 x 0.14 x 0.07 

Theta range for all collection 2.36 to 50.7° 

Index ranges -22 = h = 22, -11 = k = 11, -43 = l = 43 

Reflections collected 85816 

Independent collections 10830 

Completeness 100% 

Data/restraints/parameters 10830/0/554 

Goodness of fit 1.017 

Final R indices [I>2σ(I)] R1 = 0.0818, wR2 = 0.2202 

R indices of all data R1 = 0.0980, wR2 = 0.2300 

Largest diff peak and hole 4.11/-1.24 
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Table 2-8.  Crystallographic data for 2-Fe-O-Fe 

Compound 2-Fe-O-Fe 

Empirical Formula C120.75H104.75Cd2Fe2N13O23 

Formula Weight 2442.43 

Temperature 100(2) 

Wavelength  

Crystal System Tetragonal 

Space Group I41/a 

Unit Cell Dimensions a = 18.967(2) 

c = 61.245(2) 

Volume 22032(7) 

Z 8 

Density (calculated) 1.473 

F(000) 10018.0 

Crystal Size 0.28 x 0.10 x 0.09 

Theta range for all collection 2.24 to 37.7° 

Index ranges -17 = h = 17, -17 = k = 17, -55 = l = 55 

Reflections collected 105508 

Independent collections 4335 

Completeness 98.2% 

Data/restraints/parameters 4335/234/595 

Goodness of fit 2.517 

Final R indices [I>2σ(I)] R1 = 0.1175, wR2 = 0.3037 

R indices of all data R1 = 0.1322, wR2 = 0.3091 

Largest diff peak and hole 4.73/-0.65 
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3.1 Introduction. 

 The metalloligand meso-tetra(4-carboxyphenyl)porphyrin (TCPP) has been used 

extensively to prepare a wide range of frameworks,
1
 some of which act as catalysts,

2
 light 

harvesting arrays,
3
 or selective small molecule binding agents.

4
  Some of these 

MOFs
1h,i,1k

 can be synthesized as isostructural series with accessible metal centers; 

however, their synthesis entails metallating the porphyrin before or after solid synthesis.  

In Chapter 2 our strategy for preparing isostructural MOFs containing open metal sites 

was demonstrated, utilizing the  variable binding affinities of metal cations to porphyrin.
5
  

The advantage of our synthetic route includes a one-pot synthesis and identical synthetic 

conditions for all th e compounds.  In this chapter we demonstrate that this strategy can 

be extended to other structure types with the synthesis of a new family of isostructural 

heterobimetallic frameworks.  Additionally these new frameworks possess the ability to 

catalyze the oxidation of a wide range of organic substrates. 

3.2 Results and Discussion.   

 While designing the synthetic conditions required to prepare pure samples of the 

solids presented in Chapter 2, the MOF with the formula (Et2NH2)2([Cd2(μ-

Cl)2][Cd0.5TCPP] (3-Cd) (Figure 3-1) was discovered.  The reaction of CdCl2 and 

H2TCPP in a mixture of DEF and ethanol under anhydrous conditions at 120 °C for 72 h 

resulted in the formation of dark-green plate shaped crystals (Scheme 3-1).  X-ray 

analysis of a single crystal of 3-Cd revealed a structure in which the TCPP building 

blocks are linked via square planar [Cd2(μ-Cl)2]
2-

 nodes to generate anionic two-

dimensional square grids.   
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Scheme 3-1.  Reaction to form 3-Cd. 

 

The dicadmium nodes contain Cd(II) ions, each with a pseudotetrahedral coordination 

environment bound to two bridging chloride ions and two carboxylate ligands.  This 

particular node has not been seen in cadmium containing MOFs, but has been observed 

for molecular anions such as [Cd2Cl6]
2-

 and [Cd2(μ-Cl)2(SC(O)Me)2]
2-

.
6
   The bridging 

chloride ions and carboxyphenyl groups are disordered over two sites.  The porphyrins 

are partially metallated: in the crystal structure approximately 50% of the sites are 

occupied by Cd(II) ions and the remaining porphyrins are in the free base form.  Based 

on metals analysis of the bulk material, 40% of the sites are metallated.  The porphyrin 

molecules are planar with the Cd(II) ions disordered above and below the plane at a 

distance of approximately 0.52 Å.  The two-dimensional square grids are flat and stack in 

the AA pattern with an interlayer spacing of approximately 8.1 Å.   This spacing, which 

is defined by the lattice parameter c, is highly dependent on temperature, ranging from 

8.091 Å (100 K) to 8.54 Å (240 K), which is a significant change (Table 3-1).  The other 

lattice parameters do not change appreciably over the same temperature range.  The 
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framework charge is balanced by Et2NH2
+
 cations that form hydrogen bonds with the 

oxygen atoms of the carboxylate ligands.  The diethylammonium cations are formed by 

the acid catalyzed decomposition of the DEF during solid synthesis.
7
  Along the [001] 

direction there are square channels with apertures of 6.1 x 10.1 Å, after accounting for 

van der Waals radii resulting in solvent accessible space calculated using PLATON to be 

56.3% of the total unit cell volume.
8
    These channels, along with the empty space 

between the layer are filled with solvent molecules and, due to the lack of rigid 

connections along the [001] direction, the loss of these solvent molecules leads to crystal 

degradation  

Table 3-1.  Unit cell parameters of 3-Cd from 298 K to 100 K. 

Temperature 

(K) 

a (Å) b (Å) c (Å) 

298 26.65 26.65 8.74 

260 26.18 26.18 8.50 

250 26.18 26.18 8.46 

240 26.19 26.19 8.44 

230 26.21 26.21 8.40 

220 26.12 26.12 8.35 

210 26.22 26.22 8.35 

200 26.21 26.21 8.31 

190 26.23 26.23 8.29 

180 26.25 26.25 8.27 

170 26.23 26.23 8.24 

160 26.26 26.26 8.22 

150 26.18 26.18 8.18 

140 26.12 26.12 8.15 

130 26.18 26.18 8.16 

120 26.16 26.16 8.14 

110 26.16 26.16 8.13 

100 26.17 26.17 8.13 
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Figure 3-1.  (a)  Pseudotetrahedral environment of the Cd(II) ions (blue) with bridging 

chlorine  atoms (green) and carboxylate oxygen atoms (red).  The diethylammonium 

cation is shown near the [Cd2(μ-Cl)2]
2- 

node.  (b)  Three-dimensional view of 3-Cd 

looking down the [001]  

 

 Powder X-ray diffraction (PXRD) was used to probe the purity of the 3-Cd and to 

monitor the structural changes upon desolvation.  As expected, the solid 3-Cd exhibits a 

strong preferred orientation due to its plate habit (Figure 3-2).  Noting the large change of 

c-axis length as the structures are warmed to room temperature, a discrepancy between 

the simulated PXRD and actual PXRD patterns was observed (Figure 3-3).  

Discrepancies arise because single crystal data is collected at 100 K and PXRD is 

performed at 298 K.  By extrapolating the single-crystal data from 240 K to 298 K, a 

better fit to the simulated data can be seen.   The structure is veryu flexible, with large 

changes in interlayer spacing with respect to temperature.  Similar diffraction patterns 

have been observed for other two-dimensional frameworks constructed from TCPP.
1h

  

PXRD measurements of 3-Cd indicate that long-range order is lost upon desolvation, 

leaving a broad peak centered at d = 4.7 Å.  Upon exposure to solvent the powder pattern 
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reveals that long range order is regained.  This behavior has been observed in other 

TCPP-based MOFs,
9
 and is taken as evidence of framework flexibility (Figure 3-4).   

 

Figure 3-2.  (a) PXRD of 3-Cd (blue) compared to the simulated pattern based on single 

crystal data (green). (b)  PXRD of 3-Cd (blue) compared to the simulated pattern based 

on single crystal data (green) after simulating the preferred orientation. 
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Figure 3-3.  PXRD pattern of 3-Cd (green) compared to the simulated single crystal 

pattern (blue) that has not been corrected for the expansion of the unit cell due to 

temperature.   

 

Figure 3-4.  Demonstration of the flexibility of the framework as solvent is removed and 

re-introduced to the solid.  Fresh 3-Cd (blue) is dried under vacuum (red) and then 

soaked in a humidifier containing DEF (black) and compared to simulated data of 3-Cd 

(green). 
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 The resulting crystal structure of 3-Cd shows that the Cd(II) occupancy 0f thr 

TCPP is approximately 50%, which was confirmed by UV-vis (Figure 3-5) and atomic 

absorbance spectroscopy. From this result, coupled with our previous compounds,
5
 we 

surmised it should be possible to prepare heterobimetallic frameworks isostructural to 3-

Cd using a one-pot synthesis.  Indeed, the reaction of CdCl2, MCl2 (M = V, Co, Mn, Fe, 

Cu, Zn, Pd) and H2TCPP in a mixture of anhydrous DEF and ethanol at 120 °C afforded 

plate shaped crystals of (Et2NH2)2[Cd2(μ-Cl)2][MTCPP] (3-M).  As in the synthesis of 2-

M, the ratio of Cd(II) and M(II) must be at least 3:1.    X-ray analysis of single crystals of 

3-M revealed that they are isomorphous with 3-Cd.  PXRD reveals that each solid 3-M is 

pure, except in the case of 3-Cu where PXRD patterns were unobtainable.  The lack of a 

suitable PXRD can be attributed to the solid 3-Cu being comprised of thin plates that 

desolvate quickly upon removal from the mother liquor.  Presence of the new M(II) was 

confirmed using diffuse reflectance UV-vis spectroscopy and the occupancy of was 

verified by atomic absorbance spectroscopy.  The structures of 3-V, 3-Mn, 3-Fe, 3-Zn all 

have the metal ion disordered above and below the plane of the porphyrin (Table 3-2), 

similar to Cd(II) ions in  3-Cd.  In the structures of 3-Co, 3-Cu, and 3-Pd, the metal ions 

sit directly in the plane of the porphyrin molecule (Figure 3-6). 

Table 3-2.  Out of plane distances of 3-M 

Solid Distance out of Plane 

3-V 0.60 Å 

3-Mn 0.41 Å 

3-Fe 0.42 Å 

3-Zn 0.26 Å 
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Figure 3-5.  Diffuse reflectance UV-vis spectra of 3-Cd (red) compared to H2TCPP 

(black). 

 

 

 

Figure 3-6.  (a) View of porphyrin molecule with Cd(II) (purple) resting either above or 

below the plane of the ring with the ions Zn(II), V(II), Fe(II), Mn(II) being identical.  (b) 

View of Co(II) (dark blue) resting in the plane of the porphyrin molecule, Cu(II) and 

Pd(II) are identical. 
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 Many attempts were carried out to acquire a PXRD pattern for 3-Cu using as-

prepared samples.  Noting the low occupancy of the Cd(II) in the porphyrin of 3-Cd, 

attempts at post-synthetuc modification (PSM) to introduce Cu(II) in the porphyrin ring 

were carried out.  The metallation of free-base porphyrins
10

 is facile in either DMF or 

DEF using elevated temperatures.  By taking 3-Cd, CuCl2, and either DMF or DEF and 

heating to 80 °C for 3 days the structure was observed to change from dark green/purple 

to a deep orange brown color similar that of 3-Cu.  PXRD patterns revealed an 

amorphous material.  Using atomic adsorption to probe the ratio of Cu:Cd revealed that 

no Cd(II) was left in the resulting solid.  Similar to other cation exchange PSM seen in 

solids,
11

 all of the Cd(II) was being replaced by the Cu(II).   In an attempt to prevent the 

substitution of the Cd(II) ions in the [Cd2(μ-Cl)2]
2-

 nodes, a large excess of CdCl2 was 

included in the reaction.  After three days of heating in DMF, the color of the crystals 

again changed to a deep, brown-orange color similar to that of 3-Cu.  PXRD patterns 

revealed an amorphous solid was formed after the reaction.  Atomic absorption 

spectroscopy revealed that no Cd(II) remained in the solid after the reaction.  Efforts to 

ensure no collapse of the framework were carried out where the 3-Cd was processed such 

that the solid remained solvated.  The reaction of 3-Cd, CuCl2 and CdCl2 in DEF at 80 °C 

resulted in amorphous orange-brown solid which upon inspection contained no Cd(II) 

ions.  While PSM techniques are able to insert a Cu(II) in to the porphyrin ring, it also 

exchanges with the Cd(II) ions located in the [Cd2(μ-Cl)2]
2-

 node.   

 To further demonstrate the purity of the samples, UV-vis spectroscopy was 

carried out on each material.  Porphyrin visible spectra change drastically depending on 
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the metal housed in the central ring and the newly introduced M(II) ions should produce 

differing diffuse reflectance UV-vis spectra.  Pure H2TCPP has 5 peaks, one Soret band 

and four Q peaks.  The spectra for 3-Co, 3-Mn, 3-Fe, 3-Cu, and 3-Pd all have one 

maximum in the Soret region as expected and modify the Q-region (Figure 3-7).  For 3-

Zn, two maximum in the Soret region are seen; an absorption band centered at 430 nm, 

which would be expected for a five-coordinate Zn(II) ion, and one 415 nm, expected for a 

four coordinate Zn(II).  The single crystal X-ray diffraction revealed no axial ligand; 

however the Zn(II) is disordered over two sites and any axial ligand would it self be 

disordered and difficult to identify in the single crystal X-ray diffraction data (Figure 3-

8). 
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Figure 3-7.  Uv-vis spectroscopy spectra of 3-M.  3-Fe (green), 3-Cu (blue), 3-Co 

(purple), 3-Mn, (light blue), 3-V (orange), and 3-Pd (pink). 
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Figure 3-8.  Uv-vis spectroscopy spectra of 3-Zn.  Two peaks in the Soret region 

represent either a five-coordinate Zn(II) or a four-coordinate Zn(II) species. 

 

 The identity of the axial ligand bound to the Zn-porphyrin complexes can cause 

notable shifts in the Soret band.  For Zn(TPP)L (TPP = tetraphenylporphyrin), changing 

the identity of the fifth ligand (L) can cause a shift of over 35 nm.
12

  Thus, it is possible to 

monitor the axial ligand chemistry of the 3-Zn after drying and exposure to a range of 

solvents.  Upon vacuum, drying at 150 °C for 24 h, the electronic spectrum exhibits only 

broad and weak peaks that indicate the at the coordination environment of the ZnTCPP is 

heterogeneous.  Exposure to DEF affords a spectrum nearly identical to that of the freshly 

prepared material indicating that the solvent enters the solid and binds at the Zn(II) ion to 

afford a relatively homogenous sample.  Exposure to DMF results in spectrum nearly 

identical to the DEF sample, which is expected considering the similarity of the solvents.  

The spectrum for the sample exposed to THF exhibits a Soret band that is blue-shifted by 
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5 nm, which agrees very well with the results for ZnTPP
12

. Further experiments indicate 

that polar solvents, such as acetonitrile and diethyl ether are able to access the metal sites 

but the larger molecules triphenylphosphine and imidazole cannot.  The solvachromatic 

behavior may be useful to sensing small molecules (Figure 3-9). 
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Figure 3-9.  Uv-vis spectroscopy of 3-Zn after soaking in solvents.  A base reading of 3-

Zn (green) is compared to a sample dried (magenta).  After being dried the sample was 

soaked in DEF (blue), DMF (black) or THF (red). 

 

 Thermogravimetric analysis (TGA) of 3-Cd revealed that 40% of its mass is lost 

between room temperature and 350 °C, which can be attributed to the loss of solvent 

molecules (Figure 3-10).  Above 350 °C, the framework and diethylammonium cations 

decompose.  PXRD measurements demonstrate that the structure is stable to at least 150 

°C and that the samples are crystalline after exposure to solvent.  If the samples are dried 

under vacuum at 150° C for 24 h, subsequent TGA measurements reveal that most of the 
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solvent molecules have been removed from the material, leaving only 10-15 % solvent 

content.  The first 5% of the remaining solvent is lost before 100 °C, and most likely 

arises due to water being adsorbed by the solid when the sample is transferred from the 

vacuum flask to the instrument.  The remaining solvent is probably trapped when the 

layers collapse during the vacuum drying of the sample.  Similar TGA results were 

obtained for the other seven compounds.  Powder X-ray experiments revealed that these 

materials are crystalline with exchange of guest molecules at room temperature, yet 

become amorphous upon heating past 110 °C.  Thus it is not unexpected to see minimal 

surface areas of < 50 m
2
 g

-1
 , which is most likely due to incomplete removal of guest 

molecules and pore collapse upon guest removal. 
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Figure 3-10.  Thermogravimetric analysis of 3-Cd as prepared (solid line).  Performing a 

pre-removal of the guest molecules (dashed line) at 105 °C gives a better indication that 

the material begins to decompose at 350 °C. 
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 While thermal stability is crucial for many applications, it is not essential for 

catalysis.  Thus we began exploring the ability of 3-V, 3-Mn, 3-Co, and 3-Fe to catalyze 

oxidations of various organic substrates.  The X-ray of each structure reveals one-

dimensional stacks of MTCPP units along the z-axis with a M···M separation ranging 

from 8.261 Å to 7.092 Å with the porphyrins stacked directly on top of each other. 

Electronic spectroscopy reveals that each of the reactive M(II) centers are resistant to 

oxidation by O2 over the course of a week, which suggests that the solid is inefficient at 

accommodating M–O–O–M units or the reaction requires protons.  However exposure of 

each of the solids to hydrogen peroxide or tert-butyl hydrogen peroxide (TBHP) results 

in the bleaching of Soret bands associated with the M(II)TCPP and appearance of a new 

Soret band consistent with M(III)TCPP or M(IV)TCPP species.  Reaction of the resulting 

compound with a reducing agent such as hydrazine mono-hydrate results in some return 

to the M(II)TCPP species (Figure 3-1). 
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Figure 3-11.  Uv-vis spectroscopy showing red-ox reaction of (a) 3-Co, (b) 3-V and (c) 

3-Fe.  The ‘as prepared’ solid (red) was oxidized with TBHP (purple), and then reduced 

using hydrazine monohydrate (blue).  

 To illustrate the catalytic capabilities of 3-V, 3-Mn, 3-Co, and 3-Fe, the 

oxidations of both cyclohexane (Scheme 3-2) and styrene (Scheme 3-3) were 

investigated.   

+

OH O

catalyst

TBHP. Heat

 

Scheme 3-2.  Oxidation of cyclohexane to cyclohexanol and cyclohexanone 
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Scheme 3-3.  Oxidation of styrene to styrene oxide 

 

 

The cyclohexane oxidation was carried out under neat conditions at 65 °C for 24 hr using 

tert-butylhydrogen peroxide (TBHP) as the oxidant.  GC-MS analysis after each reaction 

showed two products, cyclohexanol and cyclohexanone with 3-Fe having the largest 

overall yield of 64% and a corresponding TON of 72 (Table 3-2).  During the oxidation 

of cyclohexane, an additional unidentifiable peak arises from over oxidation of the 

substrate.  Attempts to identify this product have been so far unsuccessful.  3-Fe and 3-

Co produce the largest amounts of this peak, based solely on GC-MS data, with 3-Mn 

producing the least over oxidation product.  The reduction in yield is most likely due to 

the formation of this over oxidation product.  In attempts to remove this by-product, 

reaction conditions were altered to optimize for only the oxidation of cyclohexane to 

cyclohexanone or cyclohexanol.  Reducing the amount of catalyst form 10% loading to 

1% loading only served to slow the reaction down, resulting in formation of the third 

oxidation product in much the same fashion as before.  Reducing the amount of oxidant 

only slowed the reaction down so that completion was seen after 48 hr.  The third 

oxidation product was still formed. 
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Table 3-3.  Oxidation of cyclohexane by active 3-M species. 

Solid TON Time Yield 

3-Fe 72 24 h 64% 

3-Mn 68 24 h 60% 

3-Co 70 24 h 61% 

3-V 64 24 h 55% 

 

 The styrene oxidation was carried out in acetonitrile at 65 °C for 200 min using 

iodobenzene diacetate (IBDA) as the oxidant.  GC-MS analysis after each reaction 

showed one product, styrene oxide, with 3-Fe having the largest yield at 86% and a 

corresponding TON of 20 (Table 3-3).  After the reaction proceeds for more than 200 

min, oxidation of styrene oxide to phenylglyoxal was observed.  This product, while not 

identified unequivocally, is believed to be the next possible oxidation of styrene.  The 

increased levels of styrene oxide allow for the formation of phenylglyoxal after ~200 

min.   

 

Table 3-4.  Oxidation of styrene by active 3-M solids 

Solid TON Time Yield 

3-Fe 20 24 h 86% 

3-Mn 18 24 h 84% 

3-Co 18 24 h 85% 

3-V 15 24 h 80% 

  

Oxidation of toluene was also carried out to aid in the isolation of the rate limiting 

step of the oxidation of small molecules.  This reaction was carried out in a neat solution 

of toluene with TBHP used as oxidant for 24 h at 65 ºC,  GC-MS analysis after each 
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reaction showed three products, benzoic acid, benzaldehyde, and benzyl alcohol with 

each solid showing comparable reaction yields (Table 3-5).   

Table 3-5.  Oxidation of toluene by active 3-M solids 

Solid TON Time Yield 

3-Fe 39 24 h 57% 

3-Mn 39 24 h 53% 

3-Co 46 24 h 68% 

3-V 36 24 h 55% 

 

To test the recyclability of the solids, the MOFs were subject to repeated 

oxidation experiments.  Samples were washed using acetonitrile and then dried under 

vacuum.  Before initiation of the next catalytic reaction, the sample was analyzed for any 

residual components.  Each solid was introduced to a neat solution of cyclohexane or to a 

mixture of acetonitrile and styrene.  Upon repeating this process for five cycles, no loss 

of catalytic efficiency was observed.  Reduction in activity after five cycles can most 

likely be attributed to loss of solid due to mechanical recovery process.   

 Metalloporphyrin-containing enzymes, such as cytochrome P-450 and lignin 

peroxidase, catalyze the oxidation of a wide range of organic substrates.  The active 

species in these oxidations is a high valent metal-oxo species, typically iron or 

manganese, which transfers oxygen to the organic substrate.  Because of the versatility of 

these reactions, small molecule analogues have been studies extensively.  Ideally, these 

catalysts could be prepared in a solid matrix and act as heterogeneous catalysts for a 

number of industrially relevant reactions.  
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 The catalytic cycle for a metalloporphyrin active site housed in a porous solid is 

shown in Figure 3-12. The three primary steps are (1) the reaction between the oxidant 

and the metal ion to afford a high-valent metal-oxo intermediate, (2) the diffusion of 

substrate into the pores of the solid, and (3) the reaction of the high-valent species and the 

substrate to generate product and reduced metal ion. For heterogeneous porphyrin 

catalysts, step 2 is typically rate-limiting. For porous solids, the rate-limiting step will be 

determined by the size of the pores, oxidant, and substrate. For the solids discussed here, 

step 1 does not appear to be rate-limiting. Electronic spectroscopy reveals that the oxidant 

reacts rapidly with the metal ion. This is not surprising because the oxidants are small 

relative to the pores. If step 2 is rate-limiting, we would expect to see identical reaction 

rates regardless of the metal ion housed in the porphyrin. If step 3 is rate-limiting, we 

would expect to see dramatic differences in reaction rates depending on the active metal 

ion and product selectivity for more complicated substrates. 
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Figure-3-12.  General mechanism of alkane oxidation using metalloporphyrin-containing 

solids. Depending on the system, there are a range of choices for use as oxidants, 

including oxygen, hydrogen peroxide, organic peroxides, iodobenzene, and iodobenzene 

diacetate. The metal oxidation state is typically increased by two upon formation of the 

oxo species. 

 

 The solids 3-M, while isostructural, contain different active metal sites and each 

should catalyze the oxidation of organic substrates at different rates.  For example, 

soluble Fe-porphyrin species catalyze oxidation of styrene with a 50-fold larger relative 

rate constant than the analogous Mn-porphyrin species (4.6 to 0.1).
13

  The reaction of 

solids 3-M (M = Fe, Mn, Co, V) with styrene using iodosylbenzene diacetate (IBDA) 

revealed no significant differences in the time course or yield (Figure 3-13). It is apparent 

that the initial rate, as determined using the linear portion of the plot, reveals that the rates 

are independent of the choice of metal ion.  A recent study of analogous homogenous and 

heterogeneous metalloporphyrins systems has observed similar results as 3-M.
14

  The 

solids 3-M are isostructural, leading us to believe that the rate limiting step to oxidize 
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styrene does not involve the formation of the active metal species, but rather the ability of 

styrene to diffuse through the pores of the solid (Figure 3-13).  Solids 3-M and 4-Mn 

were studied for their ability to catalyze the oxidation of cyclohexane to cyclohexanol 

and cyclohexanone, a reaction often studied with metal-porphyrin species. For 

homogenous systems, the Fe-porphyrin species will typically react faster than the 

analogous porphyrin containing other metal ions. 
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Figure 3-13.  Reaction of styrene with IBDA and 4-Mn (green), 3-Fe (brown, 3-Co 

(blue), 3-Mn (black) and 3-V (red), 3-Zn (circle), and no catalyst (triangle). 

 

 Solids 3-M and 4-Mn are all observed to catalytically oxidize cyclohexane, 

supporting the hypothesis that the rate determining step of the oxidation is not based on 

the activity of the metalloporphyrin, but rather the rate at which the substrate can enter 

the pores of the solid (Figure 3-14).   
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Figure 3-14.  Reaction of cyclohexane with TBHP and 4-Mn (green), 3-Fe (brown, 3-Co 

(blue), 3-Mn (black) and 3-V (red) 3-Zn (circle), and no catalyst (triangle). 

 

 To better facilitate the substrate entering the pores, the organic compound toluene 

was chosen.  Toluene is composed of a benzene ring that will allow the opportunity of π-

π interactions between toluene and the solids.  This interaction may lead to an increased 

rate at which the substrate can enter the pores, allowing for the active metal site to 

become the rate determining step in the oxidation of the methyl group in toluene.  The 

solids 3-M and 4-Mn were found to oxidize toluene, forming the expected products of 

benzyl alcohol, benzaldehyde, and benzoic acid. As observed with the oxidation 

reactions, each solid resulted in similar reaction rates.  While no homogenous systems 

directly comparing toluene oxidation by multiple M-porphyrin species was found, the 
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lack of variance between solids shows that the diffusion of the substrate remained the rate 

limiting step in the oxidation (Figure 3-15).   
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Figure 3-15.  Reaction of toluene with TBHP and 4-Mn (green), 3-Fe (brown, 3-Co 

(blue), 3-Mn (black) and 3-V (red), 3-Zn (circle), and no catalyst (triangle). 

 

 The ability of the active 3-M to carry out simple oxidations led to the testing of 

these solids on lignin model compounds.  Lignin (Figure 3-16) is a possible renewable 

source of petrochemicals,
15

 and as such much research is being developed towards the 

breakdown of this large polymer.
16

  Due to lignin’s large size, smaller model compounds 

are often employed to test the catalysts reactivity.  To test the ability of the solids 3-M 

towards degradation of lignin, the oxidation of veratryl alcohol was performed (Scheme 3-

4).   
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Scheme 3-4.  Oxidation of veratryl alcohol to veratraldehyde. 

 

The veratryl oxidation was carried out in acetonitrile at 65 °C for 24 hr using TBHP as the 

oxidant.  GC-MS analysis of the reaction showed that each solid catalyzed the reaction, 

with 3-Fe having the best yield of 13% (Table 3-6).  These yields are comparable to other 

porphyrin supported catalysts demonstrating that 3-M may be useful in degrading 

lignin
17

.   

Table 3-6.  Oxidation of veratryl alcohol by the active 3-M solids 

Solid TON Time Yield 

3-Fe 19 24 h 13% 

3-Mn 12 24 h 7.5% 

3-Co 18 24 h 10% 

3-V 16 24 h 9.2% 
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Figure 3-16.  Representation of soft-wood lignin. 

 

 Indulin-AT, a commercial source of purified lignin from MeadWestvaco, was 

obtained and solids 3-M were probed for their ability to degrade it.  Indulin-At was found 

to dissolve in a limited range of solvents, with the best being dimethyl sulfoxide (DMSO) 

and aqueous solutions at a pH of 12. The solids 3-M also readily dissolve in these 

solvents as well.  However, a mixture of 1:10 DMSO/CH3CN was found to dissolve the 

lignin sample, leaving the framework intact.  An initial mass analysis of the lignin sample 

reveals that a large range of high molecular weight species are present and this was used 

as the benchmark for determining if the lignin was degraded by our catalyst (Figure 3-

17).  The reaction of lignin dissolved in DMSO/CH3CN with 3-M using IBDA as oxidant 

at 65 °C for 48 hr resulted in the degradation of lignin (Figure 3-18).  The identity of 

products was attempted using GC-MS yet only the product of oxidation of DMSO could 

be found.  In fact it could be seen as the reaction was carried out; oxidation of DMSO 

caused the lignin to precipitate from solution.  A mixture of pyridine and acetonitrile was 

found to dissolve lignin and not dissolve the frameworks.  Using this new solvent system, 
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catalytic reactions were conducted.  The lignin was degraded but it took 48 hours before 

it could be detected.   

 

Figure 3-17.  Mass analysis of Indulin-AT 
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Figure 3-18.  Degradation of lignin using 3-Fe as the catalyst and IBDA as the oxidant.  

Possible products have been identified and noted. 

 

 In order to force the reaction to proceed to completion, the catalyst loading was 

increased to 20% and oxidant was added intermittently.  After 48 hours, no significant 

change was noted in the mass of the lignin sample leading to believe that the temperature 

was a limiting factor.   Acetonitrile boils at a low temperature and a new solvent system 

was sought.  Switching to the high boiling solvent chlorobenzene, reaction temperatures 

were increased to 100-110 °C and significant change in the mass analysis was observed 

after 24 hours.  Additionally, using 3-Fe, four different oxidants (TBHP, H2O2, IB, and 

oxone) were used to test the selectivity of the reaction.  Indeed, each oxidant resulted in a 

different product profile, based on mass spectrometry.  While the degradation of the 

lignin is possible, identifying the products proves challenging.  The over oxidation of the 

smaller subunits produced requires the synthesis of many possible products which has yet 
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to be done.  Research has been done on the degradation of Indulin-At and as such the 

larger fragments produced are assigned based on these previous results (Figure 3-19) and 

(Figure 3-20) and (Figure 3-21).   

 

Figure 3-19.  Mass analysis of the degradation of lignin using the solid 3-Fe with the 

catalyst H2O2. 

 

 

Figure 3-20.  Mass analysis of lignin degradation using the solid 3-Fe and oxzone as the 

oxidant. 
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Figure 3-21.  Mass analysis of lignin degradation using the solid 3-Fe and TBHP as the 

oxidant. 

 

 

3.3 Conclusions.   

 In summary this chapter presents the synthesis and characterization of a new 

family of mixed metal frameworks 3-M (M = Cd, Co, V, Mn, Fe, Cu, Zn, Pd), thus 

demonstrating the generality of our strategy for preparing isostructural MOFs.  The solids 

are constructed by stacking two-dimensional square grid layers and they exhibit dramatic 

and reversible structural changes upon desolvation.  Using diffuse reflectance UV-vis 

spectroscopy, the effect of the axial ligand could be seen on the solid 3-Zn, which gives 

the promise of these solids being applicable towards chemical sensing.  Four of the solids 

3-M (M = Co, V, Fe, Mn) are known to be effective catalysts for the oxidation of alkanes 

and alkenes.  Using the substrates cyclohexane, styrene and toluene, these solids were 
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observed to carry out catalytic oxidations.  While metalloporphyrins reactive rate is 

largely dependent on the nature of the metal species in homogenous systems, it has been 

observed that heterogeneous systems rate are not.
13-14

   Our porphyrin solids are in 

agreement with this as each solid, while containing a different active metal, give rates 

similar to each other.  In addition the lignin model compound veratryl alcohol was used 

to determine the possibility of these solids degrading the biopolymer lignin.  All four of 

these solids performed at similar levels as previous porphyrin systems.  Using a 

commercially available source of purified lignin, these solids were than observed to be 

able to degrade lignin.  With the degradation of lignin, the difference in reactivity of  

metalloporphyrins was observed.  Each od 3-M were able to degrade lignin, and each 

solid gave rise to a variance in the selectivity of products.  Coupled with the solid 3-Fe 

providing selectivity based on choice of oxidant, this family of solids offers a promising 

application towards the degradation of lignin to high value products.  Further work on 

identifying the resulting products from the oxidation of lignin will continue. 

3.4 Experimental Section 

 General Methods.    All reagents were of commercial origin and used as 

received. Product identity and purity were verified by comparison of the observed X-ray 

powder diffraction pattern with a calculated pattern generated from the single-crystal 

results. The solvent content of each compound was determined by thermogravimetric 

analysis. CHN analysis was performed by Ecology Analytical Lab in the Department of 

Biology at SDSU. 
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 Preparation of [Cd2(μ-Cl2)(Cd.4TCPP][NH2Et2]·2DEF·3CH3CH2OH (3-Cd). 

A 1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), 

H2TCPP (40 mg, 0.05 mmol), and DEF (3 mL) under anhydrous conditions. An aliquot 

of ethanol (0.150 mL) was added, the sample frozen with liquid N2, and the tube sealed 

under vacuum. The tube was heated to 120 °C for 72 h followed by slow cooling to room 

temperature over 12 h. The solid was collected by filtration, washed by successive 

aliquots of DEF (3  10 mL), and dried in air to afford 46 mg (57%) of dark purple 

block-shaped crystals. Anal. Calcd. for C44H43.75Cd1.23ClN5O9 : C, 44.08; H, 4.42; N, 

5.90%. Found: C, 42.09; H, 3.86; N, 6.16%. UV-vis (nm): λ= 437, 521, 579, 624.  IR 

(solid, ATR) (cm
-1

):  2975 (C-H (DEF)), 1642 (C=O (DEF)), 1583 (C=C (aromatic)) 

1530, 1392, 1345, 998. 

 Preparation of [Cd2(μ-Cl2)][CuTCPP][NH2Et2]·3DEF·3CH3CH2OH  (3-Cu).  

A 1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), 

H2TCPP (40 mg, 0.05 mmol), CuCl2 (6.7 mg, 0.05 mmol) and DEF (3 mL) under 

anhydrous conditions. An aliquot of ethanol (0.150 mL) was added, the sample frozen 

with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C for 72 

h followed by slow cooling to room temperature over 12 h. The solid was collected by 

filtration, washed by successive aliquots of DEF (3  10 mL), and dried in air to afford 

31 mg (43%).  Anal. Calcd. (%) for C98H150Cd2Cl4CuN12O20 :  C, 55.11 N, 9.18 H, 6.13%  

Found:  C, 56.95%  N,  8.26%  H, 5.10%  UV-vis (nm) λ= 415, 551, 591, 633, 662.  

Metals Analysis (Cd:Cu ratio) Calc 2:1, found 2:0.99.  IR (solid, ATR) (cm
-1

):  2976 (C-

H (DEF)), 1650 (C=O (DEF)), 1586 (C=C (aromatic)) 1537, 1392, 1345, 1000. 
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 Preparation of [Cd2(μ-Cl2)][ZnTCPP]NH2Et2]·4DEF·2CH3CH2OH  (3-Zn).  

A 1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), 

H2TCPP (40 mg, 0.05 mmol), ZnCl2 (6.8 mg, 0.05 mmol) and DEF (3 mL) under 

anhydrous conditions. An aliquot of ethanol (0.150 mL) was added, the sample frozen 

with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C for 72 

h followed by slow cooling to room temperature over 12 h. The solid was collected by 

filtration, washed by successive aliquots of DEF (3  10 mL), and dried in air to afford 

56 mg, (78%). Anal. Calcd C87H127Cd2Cl2ZnN9O21 : C, 51.67; N, 7.09;  H, 5.23% Found:  

C,  51.28; N, 7.82; H, 4.98%  UV-vis (nm) λ= 430, 521, 562, 602.  Analysis (Cd:Zn ratio) 

Calc 2:1, Found 2:0.94.  IR (solid, ATR) (cm
-1

): 2982 (C-H (DEF)), 1672 (C=O (DEF)), 

1585 (C=C (aromatic)), 1370, 1011. 

 Preparation of [Cd2(μ-Cl2)][CoTCPP][NH2Et2]·5DEF·5CH3CH2OH  (3-Co). 

A 1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), 

H2TCPP (40 mg, 0.05 mmol), CoCl2 (6.5 mg, 0.05 mmol) and DEF (3 mL) under 

anhydrous conditions. An aliquot of ethanol (0.150 mL) was added, the sample frozen 

with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C for 72 

h followed by slow cooling to room temperature over 12 h. The solid was collected by 

filtration, washed by successive aliquots of DEF (3  10 mL), and dried in air to afford 

22 mg (35%).  Anal Calcd. C122H206Cd2Cl2CoN15O28: C, 53.08 N, 5.9 H 4.3% Found:  C, 

53.80 N, 5.72 H. 4.65% UV-vis (nm) λ= 413, 539.  Metals Analysis (Cd:Co ratio) Calc 

2:1, Found Cd:Co 2:0.97.  IR (solid, ATR) (cm
-1

): 2979 (C-H (DEF)), 1651 (C=O 

(DEF)), 1586 (C=C (aromatic)), 1541, 1396, 1345, 1000. 
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 Preparation of [Cd2(μ-Cl2)][PdTCPP][NH2Et2]·3DEF·2CH3CH2OH (3-Pd). A 

1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), 

H2TCPP (40 mg, 0.05 mmol), PdCl2 (8.5 mg, 0.05 mmol) and DEF (3 mL) under 

anhydrous conditions. An aliquot of ethanol (0.150 mL) was added, the sample frozen 

with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C for 72 

h followed by slow cooling to room temperature over 12 h. The solid was collected by 

filtration, washed by successive aliquots of DEF (3  10 mL), and dried in air to afford 

29 mg, (38%).  Anal. Calcd. C88H85.5Cd2Cl2PdN10O18 : C, 56.45 N, 7.45  H 4.82%  

Found:  C,  57.74 N,  8.11  H, 5.44% UV-vis (nm) λ= 414, 529, 565, 609, 660.  Metals 

Analysis (Cd:Pd ratio) Calc 2:1, Found 2:0.89.  IR (solid, ATR) (cm
-1

): 2976 (C-H 

(DEF)), 1651 (C=O (DEF)), 1585 (C=C (aromatic)), 1537, 1392, 1011. 

 Preparation of [Cd2(μ-Cl2)][VTCPP][NH2Et2]·12DEF·6CH3CH2OH (3-V). A 

1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), 

H2TCPP (40 mg, 0.05 mmol), V(O)SO4(H2O)3 (10.85 mg, 0.05 mmol) and DEF (3 mL) 

using bench top conditions. An aliquot of ethanol (0.150 mL) was added, the sample 

frozen with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C 

for 72 h followed by slow cooling to room temperature over 12 h. The solid was collected 

by filtration, washed by successive aliquots of DEF (3  10 mL), and dried in air to 

afford 15 mg, (28%).  Anal. Calcd. C64.5H101.5Cd2Cl2VN9O13.25 : C, 53.8 N, 6.7 H, 4.61%  

Found:  C,  53.03 N,  6.37  H, 5.34% UV-vis (nm) λ= 424, 438, 520, 576, 616.  Metals 

Analysis (Cd:V ratio) Calc 2:1 Found 2:0.99 .  IR (solid, ATR) (cm
-1

): 2973 (C-H 

(DEF)), 1656 (C=O (DEF)), 1575 (C=C (aromatic)), 1535, 1385, 991. 
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 Preparation of [Cd2(μ-Cl2)][MnTCPP][NH2Et2]·5DEF·5CH3CH2OH (3-Mn). 

A 1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 mmol), 

H2TCPP (40 mg, 0.05 mmol), MnCl2 (6.2 mg, 0.05 mmol) and DEF (3 mL) under 

anhydrous conditions. An aliquot of ethanol (0.150 mL) was added, the sample frozen 

with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C for 72 

h followed by slow cooling to room temperature over 12 h. The solid was collected by 

filtration, washed by successive aliquots of DEF (3  10 mL), and dried in air to afford 

54 mg, (58%).  Anal. Calcd. C63H109Cd2Cl2MnN8O14 : C, 54.0 N, 7.6 H, 5.6%  Found:  C,  

55.8 N,  6.8  H, 4.7% UV-vis (nm) λ= 427, 472, 576, 612, 772.  Metals Analysis (Cd:Mn 

ratio) Calc 2:1, Found 2:0.97.  IR (solid, ATR) (cm
-1

): 2975 (C-H (DEF)), 1655 (C=O 

(DEF)), 1584 (C=C (aromatic)), 1537, 1122, 1002. 

 Preparation of [Cd2(μ-Cl2)][FeTCPP][NH2Et2]·4.5DEF·3.5CH3CH2OH (3-

Fe). A 1.3 cm o.d.  23 cm length pyrex tube was charged with CdCl2 (27 mg, 0.15 

mmol), H2TCPP (40 mg, 0.05 mmol), FeCl2 (6.3 mg, 0.05 mmol) and DEF (3 mL) under 

anhydrous conditions. An aliquot of ethanol (0.150 mL) was added, the sample frozen 

with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C for 72 

h followed by slow cooling to room temperature over 12 h. The solid was collected by 

filtration, washed by successive aliquots of DEF (3  10 mL), and dried under N2 to 

afford 24 mg, (37%).  Anal. Calcd. C116H186Cd2Cl2FeN15O25 : C, 53.1 N, 6.74   H, 4.25%.   

Found:  C, 52.41 N, 6.45  H, 4.79%. UV-vis (nm) λ= 407, 579, 624, 776.  Metals 

Analysis (Cd:Fe ratio) Calc 2:1, Found 2:0.95.  IR (solid, ATR) (cm
-1

): 2975 (C-H 

(DEF)), 1647 (C=O (DEF)), 1582 (C=C (aromatic)), 1534, 1376, 997. 
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 X-ray Structure Determinations.  Single crystals of compounds 3-M were 

extracted from the product mixture, mounted on Cryoloops coated in Paratone oil, 

transferred to a diffractometer, and cooled in a dinitrogen stream.  The single crystal X-

ray diffraction studies were performed on a Bruker D8 Smart Apex II CCD 

diffractometer equipped with a Mo Kα radiation (λ = 0.71073 Å)  Data were collected in a 

nitrogen gas stream at 100(2) K using φ and ω scans.    Lattice parameters were initially 

determined from a least squares refinement of more than 200 carefully centered 

reflections.  The data were integrated using the Bruker SAINT software program and 

scaled using SADBS software program.  Solution by direct methods (SHELXS) produced 

a complete phasing model consistent with the proposed structures.  Using Olex2, the 

structures were refined with the XL refinement package using least squares minimization.  

Lattice solvent molecules were disordered and could not be located in the structures.  

Unless noted, all atoms except hydrogen were refined anisotropically.  Contributions to 

scattering from all solvent molecules were removed using the SQUEEZE routine of 

PLATON, and the structures were refined against this data.  Note that several PLATON 

A-level alerts are found with these structures.  Some of these errors are expected because 

MOF structures typically have a large amount of void space.  For all of these compounds, 

several data sets were collected from several crystals and the best data set was used for 

the refinement.  Full explanations and refinement details are available in the CIF files.  

The effect of temperature on each 3-Cd was carried out on a single crystal mounted on a 

Cryoloop coated in Paratone oil.  Measurements were taken at 10 K intervals. 
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 Procedure for Cyclohexane Oxidation: A typical reaction was comprised of 9 

mL of cyclohexane in a 20 ml scintillation vial TBHP (50 μl 360 μmol), chlorobenzene 

(1 mL of .06 M in cyclohexane, 60 μM), and 3-M complex (5.2 mg, 1.8 μmol).  The 

solution was heated to 65 ºC for 24 hours.  The identity of the products was determined 

by analyzing aliquots of the bulk solution using GC-MS and compared with authentic 

samples analyzed under the same conditions.  After 24hrs, there was approximatley 60% 

conversion based on added oxidant.   To determine the %yield, response factors were 

calculated based on GC analysis of samples containing a known concentration of the 

products and the internal standard chlorobenzene.  The 3-M catalyst was recovered by 

carefully removing the cyclohexane and via pipette, washing several times with 

acetonitrile and then used in successive runs. 

 Procedure for Styrene Oxidation.  To 8 mL of acetonitrile styrene (1 mL of  

0.0082 M in acetonitrile, 820 μmol), chlorobenzene (1 mL of 0.06 M in acetonitrile, 60 

μmol), 3-M catalyst (9 mg, 3.0 μmol), and iodobenzene diacetate (40.0 mg, 124 μmol). 

The solution was stirred and heated to 65 ºC for 200 minutes.   The identity of the 

products was determined by analyzing aliquots of the bulk solution using GC-MS and 

compared with authentic samples analyzed under the same conditions. After 180 min 

there was 75% conversion based on oxidant used for the iodobenzene diacetate.  By 300 

min in 86% conversion was seen for 3-Fe.   To determine the %yield, response factors 

were calculated based on GC analysis of samples containing a known concentration of 

the products and the internal standard chlorobenzene. 
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Procedure for Toluene Oxidation: A typical reaction was comprised of 9 mL of toluene 

in a 20 ml scintillation vial TBHP (50 μl 360 μmol), chlorobenzene (1 mL of .06 M in 

toluene, 60 μM), and 3-M complex (5.2 mg, 1.8 μmol).  The solution was heated to 65 ºC 

for 24 hours.  The identity of the products was determined by analyzing aliquots of the 

bulk solution using GC-MS and compared with authentic samples analyzed under the 

same conditions.  After 24hrs, there was approximatley 50% conversion based on added 

oxidant.   To determine the  percent yield, response factors were calculated based on GC 

analysis of samples containing a known concentration of the products and the internal 

standard chlorobenzene.  The 3-M catalyst was recovered by carefully removing the 

toluene and via pipette, washing several times with acetonitrile and then used in 

successive runs. 

Procedure for Indulin-At oxidation.  To 1 mL sample of Indulin-At in pyridine 

(1 mg), 9 mL of chlorobenzene was added.  The resulting solution was transferred to a 20 

ml scintillation vial containing active 3-M (10 mg, 5 μmol) and iodobenzene diacetate 

(40.0 mg, 124 μmol).  The solution was stirred and heated to 110 °C for 24 hours.  The 

resulting mixture was than analyzed using GC-MS. 

 Determination of TON of Cyclohexane converted by 3-M.  A series of 

reactions were comprised of 9 ml of cyclohexane in a 20 mL scintillation vial TBHP (50 

μL, 360 μmol), chlorobenzene (1 mL of .06M in cyclohexane, 60 μM), and 3-M (5.2 mg, 

1.8 μmol).  Each reaction was heated to 65 ºC and samples were analyzed using GC-MS 

at 2, 4, 6, 8, 24, 48 and 72 hours.  The TON was then determined based on the moles of 

catalyst used compared to the overall % yield based on all products of the reaction. 
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Determination of TON of toluene converted by 3-M.  A series of reactions were 

comprised of 9 ml of toluene in a 20 mL scintillation vial TBHP (50 μL, 360 μmol), 

chlorobenzene (1 mL of .06M in cyclohexane, 60 μM), and 3-M (5.2 mg, 1.8 μmol).  

Each reaction was heated to 65 ºC and samples were analyzed using GC-MS at 2, 4, 6, 8, 

and 24.  The TON was then determined based on the moles of catalyst used compared to 

the overall percent yield based on all products of the reaction. 

Determination of TON of Styrene converted by 3-M.  To 8 mL of acetonitrile 

styrene (1 mL of 0.0082 M in acetonitrile, 820 μmol), chlorobenzene(1 mL of 0.06 M in 

acetonitrile, 60 μmol ), 3-M catalyst(9.0 mg, 3.2 μmol), and iodobenzene diacetate (40.0 

mg, 125 μmol).  The solution was stirred and heated to 65 ºC and samples were analyzed 

using GC-MS at 30, 60, 120, 180, 240, 300 minutes.  The TON was than determined 

based on moles of catalyst compared to the overall % yield based on all products of the 

reaction.     

 Determination of Reusability of 3-M on Styrene:  After a successful catalytic 

run, the catalyst was recovered by decanting the solution and washed (3 x 10 ml) with 

acetonitrile.  After washing the sample was dried under vacuum and reintroduced to the 

above conditions for catalysis of styrene.  Before oxidant was added, an initial GC-MS 

was run to ensure no styrene oxide was present.   Upon confirmation of no product, 

Iodosobenzene diacetate was added (50.0 mg, 154 μmol) and the reaction was carried out 

at 65 ºC for 210 minutes.  This process was repeated 4 times giving a total of 5 catalytic 

runs with 1 6.5 mg 3-Fe sample (Table 3-7).   
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Table 3-7.  Catalytic cycles of 3-Fe towards styrene oxidation 

Cycle % yield 

1 86% 

2 86% 

3 84% 

4 82% 

5 85% 

 

 Procedure for Toluene Oxidation: A typical reaction was comprised of 9 mL of 

toluene in a 20 ml scintillation vial, TBHP (50 μl 360 μmol), chlorobenzene (1 mL of .06 

M in toluene, 60 μM), and 3-M complex (5.2 mg, 1.8 μmol).  The solution was heated to 

65 ºC for 24 hours.  The identity of the products was determined by analyzing aliquots of 

the bulk solution using GC-MS and compared with authentic samples analyzed under the 

same conditions.  After 24hrs, there was approximately 50% conversion based on added 

oxidant.   To determine the %yield, response factors were calculated based on GC 

analysis of samples containing a known concentration of the products and the internal 

standard chlorobenzene.  The 3-M catalyst was recovered by carefully removing the 

toluene and via pipette, washing several times with acetonitrile and then used in 

successive runs. 

 

Procedure for veratryl alcohol oxidation.  To 8 mL of acetonitrile veratryl 

alcohol (1 mL of  0.0082 M in acetonitrile, 820 μmol), chlorobenzene (1 mL of 0.06 M in 

acetonitrile, 60 μmol), 3-M catalyst (9 mg, 3.0 μmol), and TBHP (50 μl 360 μmol). The 

solution was stirred and heated to 65 ºC for 24 hr.   The identity of the products was 

determined by analyzing aliquots of the bulk solution using GC-MS and compared with 
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authentic samples analyzed under the same conditions. After 24 hr there was 13% 

conversion based on oxidant used for the iodobenzene diacetate for 3-Fe.  To determine 

the %yield, response factors were calculated based on GC analysis of samples containing 

a known concentration of the products and the internal standard chlorobenzene 

 Other Physical Methods.  Routine X-ray powder diffraction data were collected 

using Cu Kα (λ = 1.5406 Å) radiation with a PANalytical Xpert diffractometer.  Diffuse 

reflectance UV-vis spectra were acquired on a JASCO V670 spectrophotometer equipped 

with a 60 mm integrating sphere.  Thermogravimetric analyses were performed in a 

dinitrogen atmosphere at a ramp rate of 5 °C/min using a TA Instruments TGA 2950.  

Infrared spectra were recorded on a Perkin Elmer Spectrum RX FTIR spectrometer 

equipped with an attenuated total reflectance accessory.  Metals analysis was performed 

with a Perkin Elmer AAnalyst 100 atomic absorption spectrometer. 
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3.5 Appendix 

Table 3-8. Crystallographic data for 3-Cd 

Compound 3-Cd 

Empirical Formula C44H43.75Cd1.24ClN5O9 

Formula Weight 960.83 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.270(3) Å                 

b = 26.270(3) Å 

c = 8.0907(1) Å 

Volume 5583.3(1) Å
3
 

Z 4 

Density (calculated) 1.143 

F(000) 1964.0 

Crystal Size 0.24 mm x 0.23 mm 0.11 mm 

Theta Range for all collection 4.9 to 49.42° 

Index ranges -30 = h = 30, -29 = k = 27, -9 = l = 9 

Reflections collected 38849 

Independent collections 2643 

Completeness 100% 

Data/restraints/parameters 2643/12/140 

Goodness of fit 1.111 

Final R indices [I>2σ(I)] R1 = 0.0690, wR2 = 0.1719  

R indices of all data R1 = 0.0747, wR2 = 0.1753 

Largest diff peak and hole 1.37/-0.68 
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Table 3-9.  Crystallographic data of 3-V 

Compound 3-V 

Empirical Formula C64.5H101.5CdCl2N9O13.25V 

Formula Weight 1449.29 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.205(1) Å 

b = 26.205(1) Å 

c = 8.283(4) Å 

Volume 5687(4) Å
3
 

Z 4 

Density (calculated) 1.693 

F(000) 3050.0 

Crystal Size 0.36 mm x 0.22 mm x 0.20 mm 

Theta Range for all collection 0.36 to 48.8° 

Index ranges -29 = h = 30, -28 = k = 30, -9 = l = 9 

Reflections collected 54496 

Independent collections 2608 

Completeness 100% 

Data/restraints/parameters 2608/48/139 

Goodness of fit 1.270 

Final R indices [I>2σ(I)] R1 = 0.0913, wR2 = 0.2655 

R indices of all data R1 =0.1003, wR2 =  0.2780 

Largest diff peak and hole 1.89/-2.62 
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Table 3-10. Crystallographic data for 3-Co 

Compound 3-Co 

Empirical Formula C122H206Cd2Cl4N15O28Co 

Formula Weight 2756.55 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.1948 (1) Å 

b = 26.1948(1) Å 

c = 8.2609(4) Å 

Volume 5668(5) Å
3
 

Z 2 

Density (calculated) 1.615 

F(000) 2916.0 

Crystal Size 0.37 mm x 0.37 mm x 0.23 mm 

Theta Range for all collection 3.1 to 46.5° 

Index ranges -28 = h = 29, -24 = k = 29, -9 = l = 9 

Reflections collected 58746 

Independent collections 2285 

Completeness 99.5% 

Data/restraints/parameters 2285/12/122 

Goodness of fit 1.123 

Final R indices [I>2σ(I)] R1 = 0.0759, wR2 = 0.2216 

R indices of all data R1 =0.0815, wR2 =  0.2277 

Largest diff peak and hole 0.96/-1.68 
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Table 3-11. Crystallographic data for 3-Fe 

Compound 3-Fe 

Empirical Formula C115H186Cd2Cl2N15O25Fe 

Formula Weight 2530.34 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.1818(8) Å 

b = 26.1818(8) Å 

c = 8.2170(3) Å 

Volume 5632.6(3) Å
3
 

Z 2 

Density (calculated) 1.492 

F(000) 2674.0 

Crystal Size 0.31 mm x 0.25 mm x 0.22 mm 

Theta Range for all collection 3.12 to 44.42° 

Index ranges -24 = h = 27, -27 = k = 25, -8 = l = 8 

Reflections collected 29864 

Independent collections 2005 

Completeness 100% 

Data/restraints/parameters 2005/30/142 

Goodness of fit 1.096 

Final R indices [I>2σ(I)] R1 = 0.0478, wR2 = 0.1408 

R indices of all data R1 =0.0558, wR2 =  0.1471 

Largest diff peak and hole 0.76/-0.38 
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Table 3-12. Crystallographic data for 3-Mn 

Compound 3-Mn 

Empirical Formula C63H109CdCl2N8O14Mn 

Formula Weight 1440.82 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.233(3) Å 

b = 26.233(3) Å 

c = 8.146(9) Å 

Volume 5602.6(1) Å
3
 

Z 4 

Density (calculated) 1.708 

F(000) 3048.0 

Crystal Size 0.19 mm x 0.17 mm x 0.14 mm 

Theta Range for all collection 3.1 to 49.48° 

Index ranges -29 = h = 30, -30 = k = 30, -9 = l = 9 

Reflections collected 59298 

Independent collections 2673 

Completeness 100% 

Data/restraints/parameters 2673/1/140 

Goodness of fit 1.268 

Final R indices [I>2σ(I)] R1 = 0.0993, wR2 = 0.2698 

R indices of all data R1 =0.1026, wR2 =  0.2827 

Largest diff peak and hole 2.50/-3.21 
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Table 3-13. Crystallographic data for 3-Cu 

Compound 3-Cu 

Empirical Formula C98H150Cd2Cl4N12O20Cu 

Formula Weight 2246.44 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.253(3) Å 

b = 26.253(3) Å 

c = 8.0542(9) Å 

Volume 5551.0(1) Å
3
 

Z 2 

Density (calculated) 1.344 

F(000) 2350.0 

Crystal Size 0.18 mm x 0.18 mm x 0.11 mm 

Theta Range for all collection 3.46 to 51.36° 

Index ranges -32 = h = 31, -32 = k = 32, -9 = l = 9 

Reflections collected 70267 

Independent collections 2935 

Completeness 100% 

Data/restraints/parameters 2935/18/132 

Goodness of fit 1.083 

Final R indices [I>2σ(I)] R1 = 0.0854, wR2 = 0.2437 

R indices of all data R1 =0.0927, wR2 =  0.2523 

Largest diff peak and hole 2.74/-2.24 
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Table 3-14. Crystallographic data for 3-Zn 

Compound 3-Zn 

Empirical Formula C87H1247Cd2Cl4N9O21Zn 

Formula Weight 2066.95 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.2552(1) Å 

b = 26.2552(1) Å 

c = 8.1306(4) Å 

Volume 5604.7(4) Å
3
 

Z 2 

Density (calculated) 1.225 

F(000) 2148.0 

Crystal Size 0.24 mm x 0.20 mm x 0.14 mm 

Theta Range for all collection 4.9 to 56.52° 

Index ranges -34 = h = 34, -34 = k = 34, -8 = l = 10 

Reflections collected 111494 

Independent collections 3814 

Completeness 100% 

Data/restraints/parameters 3814/12/135 

Goodness of fit 1.081 

Final R indices [I>2σ(I)] R1 = 0.0974, wR2 = 0.2761 

R indices of all data R1 =0.1056, wR2 =  0.2861 

Largest diff peak and hole 2.47/-2.26 
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Table 3-15. Crystallographic data for 3-Pd 

Compound 3-Pd 

Empirical Formula C88H85.5Cd2Cl4N10O18Pd 

Formula Weight 2044.16 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System tetragonal 

Space Group P4/mbm 

Unit Cell Dimensions a = 26.2524(2) Å 

b = 26.2524(2) Å 

c = 8.2317 (6) Å 

Volume 5676.9(7) Å
3
 

Z 2 

Density (calculated) 1.196 

F(000) 2075.0 

Crystal Size 0.34 mm x 0.32 mm x 0.26 mm 

Theta Range for all collection 4.9 to 47.62° 

Index ranges -27 = h = 29, -29 = k = 29, -9 = l = 9 

Reflections collected 50525 

Independent collections 2437 

Completeness 100% 

Data/restraints/parameters 2437/42/138 

Goodness of fit 1.400 

Final R indices [I>2σ(I)] R1 = 0.0928, wR2 = 0.2913 

R indices of all data R1 =0.0985, wR2 =  0.3004 

Largest diff peak and hole 2.13/-2.65 
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4.1 Introduction 

 The metalloligand meso-tetra(4-carboxyphenyl) porphyrin (TCPP) has been used 

extensively to prepare wide range of frameworks,
1
 some of which act as catalysts,

2a,b,1h,2c
 

light harvesting arrays,
3
 or selective small molecule binding agents.

4
  Many of these 

solids are built with a square planar paddlewheel secondary building unit to afford two-

dimensional square grid frameworks.
5
  MOFs containing Mn-porphyrin units were 

observed to oxidize alkanes and alkenes
1c

.  The success of the solids discussed in Chapter 

3 towards oxidation of both small and large substrates has led to the search for more two-

dimensional solids with this activity.  The previously reported porphyrin solids with the 

paddlewheel building unit are all comprised of two-dimensional sheets linked by an 

organic strut.  Thus we set out to synthesize a two-dimensional solid built from Mn-

paddlewheel cluster.  In this chapter the synthesis and characterization of a new Mn-

porphyrin containing solid are reported and its abitlity to catalyze oxidation reactions are 

probed. 

4.2 Results and Discussion 

 Previous work on Mn(II) porphyrins has led to several paddlewheel structures, all 

using pillars to aid in the formation of the three-dimensional framework
6
.  Until recently 

these structures resulted in the Mn-TCPP active site with an axial ligand (the pillar), 

blocking the active site of the catalyst.  The reaction of MnCl2 and H2TCPP in a mixture 

of DEF and water under anhydrous conditions at 120 °C for 72 h afforded dark-green 

blocks with the composition [Mn2Cl][Mn(H2O)TCPP]·2DEF·H2O (4-Mn) (Figure 4-1).    

The structure of 4-Mn reveals a two-dimensional framework composed of Mn(II) and 
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porphyrin species linked through carboxyphenyl bridges.  This paddlewheel cluster is 

built from the carboxylates of four porphyrin units, with the chlorine atom bound to the 

axial position of the Mn(II) ions (Figure 4-2).  In turn each porphyrin unit is bound to 

four paddlewheel clusters with a Mn(III) ion bound to the central ring to make a square 

planar unit (Figure 4-2).  The two-dimensional square grids are flat and pack in an AB 

pattern where each cluster lies directly beneath a phenyl ring of the porphyrin unit giving 

rise to interlayer spacing of approximately 5.1 Å.  The solvent accessible space was 

calculated using PLATON to be 62.6% of the total unit cell volume.
7
  Along the [001] 

direction there are square channels with apertures of 16.8 x 8.4 Å, after accounting for 

van der Waals radii.  These channels along with the empty space between the layers are 

filled with solvent molecules and, due to lack of rigid connections along the [001] the 

loss of theses solvent molecules leads to crystal degradation upon removal from the 

mother liquor. 

 

 

Figure 4-1.  (a) Single sheet of 4-Mn looking down the [001] direction.  Carboxylate 

bridges (red) define the framework.  The porphyrin ring is occupied by a Mn(II) (blue).  

(b) View showing the AB stacking of three sheets.  Each paddlewheel cluster (red) and 

porphyrin (blue) rests above a phenyl ring.   
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Figure 4-2.  Two Mn(II) ions (blue) are bound to eight oxygen atoms (red) from four 

carboxylate ligands.  The disordered chlorine atom (green) is shown in two of its 

positions. 

  

  

Attempts to make other, similar paddlewheel structures were met with limited success.  

Screening reactions between VCl3 and V(O)SO4  and H2TCPP resulted in formation of 

amorphous solids.  Using FeCl2, single crystals of poor quality were obtained from a 

reaction mixture. During this reaction the solvent and interfered with the ability to carry 

out further characterization.  With the high reactivity of the Fe-TCPP units, the presence 

of only Fe(II) ions in the solution may be increasing the amount of active Fe-TCPP 

species which react with oxygen to catalyze the polymerization of the solvent.  The 

reaction of CoCl2 afforded block crystals of similar shape and size to 4-Mn, and powder 
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X-ray diffraction was used to confirm purity of the structure, however, this structure had 

been previously reported so further characterization was not pursued.
6b

    

 Purity of the bulk sample was determined using powder X-ray diffraction (PXRD) 

analysis.  Knowing that the crystal structure was a two-dimensional grid much like the 

solids of Chapter 3, similar steps were taken to collect acceptable patterns.  Solid sample 

of 4-Mn was carefully washed with DEF to ensure that the sample remained solvated 

during the washing process.  Resulting PXRD patterns revealed a preferred orientation 

based on the [001] direction similar to the two dimensional grids found in Chapter 3 

(Figure 4-3).  Unlike the previous structures, large temperature dependence was not 

observed.  This can be attributed in part to the much smaller interlayer distance observed 

in the crystal structure of 4-Mn.    
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Figure 4-3.  PXRD of 4-Mn (green) compared to a pattern simulated from single crystal 

data (black) 
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 The effects of solvent on the synthesis of 4-Mn were probed in efforts to better 

understand the interlayer distance.  Screening various solvent systems, it was found that 

only a mixture of DEF or DMF with water gave crystalline solids as determined by 

PXRD patterns (Figure 4-4).  In either case the resulting single crystal data were 

identical, with no significant change in the interlayer spacing of the solid.  Attempts to 

replace the chlorine atom with bromine was attempted using MnBr2.  By screening 

reaction conditions, it was found that only a mixture of DEF or DMF with water provided 

crystalline material (Figure 4-5), similar to solid formed form MnCl2.  While this solid 

was crystalline, no suitable single crystals were available for  single crystal X-ray 

diffraction. 
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Figure 4-4.  PXRD of 4-Mn synthesized with either DEF (green) or DMF (blue) as the 

primary solvent.  In both cases other reaction conditions are identical. 
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Figure 4-5.  PXRD of 4-Mn (green) synthesized using MnBr2 compared to the simulated 

PXRD of the 4-Mn synthesized using MnCl2. 

 

 Thermogravimetric analysis (TGA) of 4-Mn revealed that 39% of its mass is lost 

between room temperature and 300 °C, which can be attributed to the loss of solvent 

molecules.  Above 300 °C the framework begins to decompose.  PXRD measurements 

reveal that after removal of guest molecules, the crystallinity can be restored (Figure 4-6).  

If the sample is heated to 100 °C for 24 h, subsequent TGA measurements reveal that 

most of the solvent molecules have been removed leaving only approximately 10% 

solvent content.  The first 7% of the solvent is lost before 100 °C and can be attributed to 

the adsorption of water molecules while the sample was being transferred to the 

instrument.  The remaining solvent can be attributed to solvent trapped within voids 

during the vacuum drying of the sample. 
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Figure 4-6.  PXRD showing 4-Mn after drying under vacuum at 100 °C (blue) and then 

resolvated with DEF (green). 
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Figure 4-7.  Thermogravimetric analysis of 4-Mn as prepared (solid line) reveals a 

gradual loss of solvent.  Pre-removal of the guest molecules (dashed line) at 100 °C gives 

a better indication of where the solid begins to decompose. 
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 Diffuse reflectance UV-vis spectroscopy was used to probe the MnTCPP unit.  

Single crystal X-ray diffraction shows that the manganese exists +3 oxidation which 

should then match our previous findings for 3-Mn.  The spectra obtained for 4-Mn has 

one Soret band at 474 nm with 3-Mn having a Soret peak at 474 nm.  The spectra 

obtained for 4-Mn also shows several peaks in the Q region, with peaks at 578 nm and 

611 nm dominating the area (Figure 4-7).  These peaks can be found in the spectra of 3-

Mn as well.  The activity of 4-Mn towards reduction and oxidation was probed using 

tert-butyl hydrogen peroxide (TBHP) and hydrazine mono-hydrate.  When a freshly 

prepared sample of 4-Mn was introduced to hydrazine monohydrate, the Soret Band had 

a noticeable blue shift to 436 nm.  Upon subsequent treatment with TBHP, the structure 

returned to the original oxidation state (Figure 4-8).   
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Figure 4-7.  Diffuse reflectance UV-vis spectroscopy comparing 4-Mn (red) to 3-Mn 

(blue). 
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Figure 4-8.  Diffuse reflectance UV-vis of 4-Mn as prepared (blue), treated with 

hydrazine monohydrate (red) and treated with TBHP (black) 

 

 The crystal structure of 4-Mn shows that the Mn(II) of the porphyrin ring is 

coordinated to a water which subsequent PXRD and TGA measurements indicate is 

readily removed.  Diffuse reflectance UV-vis spectroscopy reveals that the Mn ion bound 

to the porphyrin can readily be oxidized and reduced.  Thus, the solid 4-Mn should be 

able to catalyze oxidation of alkanes and alkenes.  Owing to the similarity of 4-Mn to 3-

Mn, the reactivity of 4-Mn was tested on the three substrates cyclohexane, styrene, and 

veratryl alcohol (Table 4-1).  
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Table 4-1.  Oxidation of substrates using 4-Mn 

Substrate TON Time Yield 

Styrene 23 210 min 88% 

Cyclohexane 97 24 hrs 78% 

Toluene 55 24 hrs 56% 

Veratryl 

Alcohol 

10 24 hrs 6% 

 

 The oxidation of cyclohexane (Scheme 4-1) using 4-Mn was carried out under 

neat conditions, using TBHP as the oxidant at 65 °C for 24 hr.  Using GC-MS, the 

identity of products was determined to be cyclohexanol and cyclohexanone.   

+

OH O

catalyst

TBHP. Heat

 

Scheme 4-1.  Oxidation of cyclohexane to cyclohexanol and cyclohexanone. 

 

The overall yield of the reaction was 78% after 24 hr with a TON of 97.  The oxidation of 

styrene using 4-Mn was carried out in a mixture of styrene and acetonitrile with the 

oxidant iodobenzene diacetate (IBDA) at 65 °C for 210 min (Scheme 4-2).   

O

catalyst

PhI(CH3COO)2, Heat

 

Scheme 4-2.  Oxidation of styrene to styrene oxide. 

 



149 

 

 
 

The yield of the reaction was 88% with a TON of 23.  After 200 min, further oxidation of 

styrene oxide to phenylglyoxal was observed.  This can be attributed to the increased 

concentration of styrene oxide in the mixture as the reaction proceeds.  The oxidation of 

veratryl alcohol (Scheme 4-3) was carried out in a mixture of veratryl alcohol and 

acetonitrile at 65 °C for 24 hr.   

 

OH

OCH3

H3CO

H

OCH3

H3CO

O

Catalyst

TBHP, Heat

 

Scheme 4-3.  Oxidation of veratryl alcohol to veratryl aldehyde 

 

Using GC-MS the identity of products was determined to be veratryl aldehyde.  The yield 

of the reaction was found to be 6% with a TON of 10.  The activity of 4-Mn is 

comparable to other Mn-TCPP systems. 

 It is possible to reuse this catalyst multiple times with retention of activity.  The 

solid 4-Mn was washed using acetonitrile and then dried.  The solid was then re-

introduced to cyclohexane.  Before the next oxidation was carried out, the sample was 

tested to ensure no residual products were trapped in the pores of the solid.  GC-MS 

showed that the sample contained none of either cyclohexanol or cyclohexanone.  The 

solid 4-Mn was shown to be 86% active after five catalytic cycles (Table 4-2). The loss 

of activity can be attributed to the incomplete recovery of solid between cycles.  
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Table 4-2.  Recovery of 4-Mn for oxidation of styrene 

Run Number Yield 

1 88% 

2 87% 

3 87% 

4 86% 

5 86% 

 

 

 The oxidation of toluene was also monitored to better understand the rate 

determineg step in the mechanism of porphyrin based oxidations.  The oxidation was 

carried out under neat conditions at 65ºC for 24 h using TBHP as the oxidant.  An overall 

yield of 55% was observed and when compared with the yields of 3-M, the rate limiting 

step is determined to be the substrate interacting with the reactive metal rather than the 

metalloporphyrin reacting with the oxidant to form high valent species. 

 Veratryl alcohol is a model compound used to determine if a catalyst has 

potential to degrade the large polymer lignin.  Because 4-Mn can catalytically oxidize 

veratryl alcohol, the reactivity towards lignin degradation was investigated.  A purified 

lignin, Indulin-AT, was acquired and used in these studies.  Samples of Indulin-AT were 

first dissolved in small amounts of pyridine then diluted using chlorobenzene.  The 

oxidation of Indulin-AT was carried out using 4-Mn and iodobenzene diacetate as the 

oxidant at 110 °C for 24 hr.  The resulting mixture was analyzed using GC-MS revealing 

a complicated mixture of products (Figure 4-9).  While the identity of these products is 

currently unknown, similar results have been obtained by other catalysts oxidizing 
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Indulin-AT.  Comparing the results from the reaction of 4-Mn and Indulin-AT with 

previous studies, a tentative assignment of products can be made based on the mass 

analysis (Figure 4-10) and (Figure 4-11). 

 

Figure 4-9.    Indulin-AT after reaction with 4-Mn at 110 °C for 24 h using the oxidant 

iodobenzene diacetate. 
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Figure 4-10.  GC-MS details of one possible product from the degradation of Idulin-AT 

by 4-Mn. 

 

Figure 4-11.  GC-MS details of one possible product from the degradation of Idulin-AT 

by 4-Mn. 
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4.3 Conclusions.   

 In summary, a new two-dimensional framework has been described using 

manganese as both the structural and functional metal.  This framework is defined by 

Mn(II) paddlewheel clusters and a Mn(III)-porphyrin building unit.  The MOF was found 

to catalyze the oxidation of alkanes and alkenes.  When compared with the solid family 

3-M, the oxidation of small molecules is shown to be governed by the rate at which the 

substrate can diffuse through the pores of the solid.  The difference in metalloporphyrin 

activity is not seen until larger molecules such as lignin are introduced to the solids. 

Additionally it was able to oxidize the lignin model veratryl alcohol to veratryl aldehyde.  

The degradation of a commercial source of lignin was then attempted and several 

products were formed.  Degrading lignin into higher value products is significant as it 

allows biorefineries to offset the high cost of biofuel production. 

4.4 Experimental section 

 General Methods.    All reagents were of commercial origin and used as 

received. Product identity and purity were verified by comparison of the observed X-ray 

powder diffraction pattern with a calculated pattern generated from the single-crystal 

results. The solvent content the solid was determined by thermogravimetric analysis. 

CHN analysis was performed by Ecology Analytical Lab in the Department of Biology at 

SDSU 

 Preparation of 4-Mn.  A 1.3 cm o.d.  23 cm length pyrex tube was charged 

with MnCl2 (31 mg, 0.25 mmol), H2TCPP (40 mg, 0.05 mmol), and DEF (3 mL) under 
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anhydrous conditions. An aliquot of water (0.150 mL) was added, the sample frozen with 

liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C for 72 h 

followed by slow cooling to room temperature over 12 h. The solid was collected by 

filtration, washed by successive aliquots of DEF (3  10 mL), and dried in air to afford 

64 mg,(73%) Anal. Calcd. 1550.212: C 52.68, N 7.22, H 5.33% Found:  C 53.80, N 7.44, 

H 5.45%, UV-vis (solid) λmax/nm = 478, 576, 617, 707, 776.  IR (solid, ATR) νmax/cm
-1

): 

2982 (CH), 1457 (CO), 1580 (conj. CC), 1541, 1377, 1125, 998. 

 X-ray Structure Determinations.  Single crystals of compounds 4-Mn were 

extracted from the product mixture, mounted on Cryoloops coated in Paratone oil, 

transferred to a diffractometer, and cooled in a dinitrogen stream.  The single crystal X-

ray diffraction studies were performed on a Bruker D8 Smart Apex II CCD 

diffractometer equipped with a Mo Kα radiation (λ = 0.71073 Å)  Data were collected in a 

nitrogen gas stream at 100(2) K using φ and ω scans.    Lattice parameters were initially 

determined from a least squares refinement of more than 200 carefully centered 

reflections.  The data were integrated using the Bruker SAINT software program and 

scaled using SADBS software program.  Solution by direct methods (SHELXS) produced 

a complete phasing model consistent with the proposed structures.  Using Olex2, the 

structures were refined with the XL refinement package using least squares minimization.  

Lattice solvent molecules were disordered and could not be located in the structures.  

Unless noted, all atoms except hydrogen were refined anisotropically.  Contributions to 

scattering from all solvent molecules and cations were removed using the SQUEEZE 

routine of PLATON, and the structures were refined against this data.  Note that several 
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PLATON A-level alerts are found with these structures.  Some of these errors are 

expected because MOF structures typically have a large amount of void space.  For all of 

these compounds, several data sets were collected from several crystals and the best data 

set was used for the refinement. 

Table 4-1.  Crystallographic data for 4-Mn. 

Compound 4-Mn 

Empirical Formula C88H128Cl2N12O26Mn3 

Formula Weight 2005.74 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System orthorhombic 

Space Group Cmcm 

Unit Cell Dimensions a = 23.6389(1) Å           α = 90.00 

b = 23.3774(1) Å           β = 90.00 

c = 16.5834(9) Å            γ = 90.00 

Volume 9319.5(9) Å
3
 

Z 4 

Density (calculated) 1.430 

F(000) 4228.0 

Crystal Size 0.25 mm x 0.18 mm x 0.17 mm 

Theta Range for all collection 3.42 to 46.52° 

Index ranges -26 = h = 26, -26 = k = 22, -18 = l = 18 

Reflections collected 41141 

Independent collections 3586 

Completeness 100% 

Data/restraints/parameters 3586/48/122 

Goodness of fit 1.092 

Final R indices [I>2σ(I)] R1 = 0.0733, wR2 = 0.2097 

R indices of all data R1 =0.0863, wR2 =  0.2171 

Largest diff peak and hole 0.76/-1.34 
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 Procedure for Cyclohexane Oxidation: A typical reaction mixture was 

comprised of 9 mL of cyclohexane in a 20 ml scintillation vial TBHP (50 μl 360 μmol), 

chlorobenzene  (1 mL of .06M in cyclohexane, 60 μM), and 4-Mn complex (5.2 mg, 2.6 

μmol).  The solution was heated to 65 ºC for 24 hours.  The identity of the products was 

determined by analyzing aliquots of the bulk solution using GC-MS and compared with 

authentic samples analyzed under the same conditions.  After 24hrs, there was a 54% 

conversion based on added oxidant.   To determine the percent yield, response factors 

were calculated based on GC analysis of samples containing a known concentration of 

the products and the internal standard chlorobenzene.  The Mn paddlewheel catalyst was 

recovered by carefully removing the cyclohexane and via pipette, washing several times 

with cyclohexane and then used in successive runs. 

 Procedure for Styrene Oxidation.  To 8 mL of acetonitrile styrene (1 mL of  

0.0082 M in acetonitrile, 820 μmol), chlorobenzene (1 ml of 0.06 M in acetonitrile, 60 

μmol), 4-Mn (5.0 mg, 2.5 μmol), and iodobenzene diacetate (40.0 mg, 124 μmol).  The 

solution was stirred and heated to 65 ºC for 180 minutes.   The identity of the products 

was determined by analyzing aliquots of the bulk solution using GC-MS and compared 

with authentic samples analyzed under the same conditions.  By 240 min in iodobenzene 

diacetate 88% conversion was seen.   To determine the percent yield, response factors 

were calculated based on GC analysis of samples containing a known concentration of 

the products and the internal standard chlorobenzene 
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Procedure for Toluene Oxidation: A typical reaction mixture was comprised of 9 mL 

of toluene in a 20 ml scintillation vial TBHP (50 μl 360 μmol), chlorobenzene  (1 mL of 

.06M in cyclohexane, 60 μM), and 4-Mn complex (5.2 mg, 2.6 μmol).  The solution was 

heated to 65 ºC for 24 hours.  The identity of the products was determined by analyzing 

aliquots of the bulk solution using GC-MS and compared with authentic samples 

analyzed under the same conditions.  After 24hrs, there was a 55% conversion based on 

added oxidant.   To determine the percent yield, response factors were calculated based 

on GC analysis of samples containing a known concentration of the products and the 

internal standard chlorobenzene.  The Mn paddlewheel catalyst was recovered by 

carefully removing the toluene and via pipette, washing several times with acetonitrile 

and then used in successive runs. 

 

 Procedure for veratryl alcohol oxidation.  To 8 mL of acetonitrile veratryl 

alcohol (1 mL of  0.0082 M in acetonitrile, 820 μmol), chlorobenzene (1 mL of 0.06 M in 

acetonitrile, 60 μmol), 4-Mn catalyst (5.0 mg, 2.5 μmol), and iodobenzene diacetate (40.0 

mg, 124 μmol) were added.  The solution was stirred and heated to 65 ºC for 24 hours.   

The identity of the products was determined by analyzing aliquots of the bulk solution 

using GC-MS and compared with authentic samples analyzed under the same conditions. 

After 24 hours there was 6% conversion based on oxidant used for the iodosobenzene.   

To determine the percent yield, response factors were calculated based on GC analysis of 

samples containing a known concentration of the products and the internal standard 

chlorobenzene. 
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 Procedure for Indulin-AT oxidation.  To 1 mL sample of Indulin-At in pyridine 

(1 mg), 9 mL of chlorobenzene was added.  The resulting solution was transferred to a 20 

ml scintillation vial containing 4-Mn (10 mg, 5 μmol) and iodobenzene diacetate (40.0 

mg, 124 μmol).  The solution was stirred and heated to 110 °C for 24 hours.  The 

resulting mixture was than analyzed using GC-MS and electrospray ionization MS. 

 Determination of TON of cyclohexane converted by 4-Mn.  A series of 

reactions were comprised of 9 ml of cyclohexane in a 20 mL scintillation vial TBHP (50 

μL, 360 μmol), chlorobenzene (1 mL of 0.06M in cyclohexane, 60 μM), and Mn 

Paddlewheel complex (5.2 mg, 2.6 μmol).  Each reaction was heated to 65 ºC and 

samples were analyzed using GC-MS at 2, 4, 6, 8, 24, 48 and 72 hours.  The TON was 

then determined based on the moles of catalyst used compared to the overall percent yield 

based on all products of the reaction. 

 Determination of TON of styrene converted by 4-Mn.  To 8 mL of acetonitrile 

styrene(1 ml of  0.0082 M in acetonitrile, 820 μmol), chlorobenzene(1 mL of 0.06 M in 

acetonitrile, 60 μmol ), 4-Mn (5.0 mg, 2.5 μmol), and iodobenzene diacetate (40.0 mg, 

125 μmol).  The solution was stirred and heated to 65 ºC and samples were analyzed 

using GC-MS at 30, 60, 120, 180, 240, 300 minutes.  The TON was than determined 

based on moles of catalyst compared to the overall percent yield based on all products of 

the reaction.    

 Determination of TON of veratryl alcohol converted by 4-Mn.  To 8 mL of 

acetonitrile veratryl alcohol (1 ml of  0.0082 M in acetonitrile, 820 μmol), chlorobenzene 

(1 mL of 0.06 M in acetonitrile, 60 μmol ), 4-Mn (5.0 mg, 2.5 μmol), and iodobenzene 
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diacetate (40.0 mg, 125 μmol).  The solution was stirred and heated to 65 ºC and samples 

were analyzed using GC-MS at 30, 60, 120, 180, 240, 300 minutes.  The TON was than 

determined based on moles of catalyst compared to the overall percent yield based on all 

products of the reaction.  

 Determination of Reusability of 4-Mn on Styrene:  After a successful catalytic 

run, the catalyst was recovered by decanting the solution and washed (3 x 10 ml) with 

acetonitrile.  After washing the sample was dried under vacuum and reintroduced to the 

above conditions for catalysis of styrene.  Before oxidant was added, an initial GC-MS 

was run to ensure no styrene oxide was present.   Upon confirmation of no product, 

Iodosobenzene diacetate was added (50.0 mg, 154 μmol) and the reaction was carried out 

at 65 ºC for 210 minutes.  This process was repeated four times giving a total of 5 

catalytic runs with one 6.5 mg sample of 4-Mn.   
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5.1 Introduction.   

 While numerous two-dimensional solids containing porphyrin building blocks 

have been successfully prepared,
1
 reliable methods to produce three-dimensional 

frameworks with the reactive metal-porphyrin active sites are still lacking.   Porphyrin 

molecules tend to aggregate in solution becoming relative short distances from each 

other, due to π-π interactions, which often affords two-dimensional solids.   Secondary 

organic building units containing pyridine and its derivatives, have been successfully 

used to prepare three-dimensional frameworks in which the pyridine molecules act as 

struts to connect two-dimensional sheets.  The ability to post-synthetically modify the 

organic pillar has allowed for tuning of the pore sizes. 

 The choice of the metal ion plays an important role in determining the overall 

geometry of the framework .  Solids containing porphyrin building units have been 

synthesized using first row transition metals, and as such form two-dimensional layers 

without the aid of pillaring agents.  When using an oxophilic metal ion such as Zr(IV), 

the more complicated clusters promote the formation of three-dimensional solids.  

Recently several three-dimensional Zr(IV)-based materials have been produced using 

metallated porphyrin organic building units.
2
  These frameworks are extremely robust, 

showing resistance towards concentrated aqueous acid solutions of both acetic acid and 

hydrochloric acid.  Additionally these Zr(IV) solids have been found to contain among 

the largest known pores. 

 Highly robust porous solids can be constructed from Al(III) ions and carboxylate 

building blocks.
3
  The reaction between H2TCPP, and AlCl3·6H2O in water at 180 °C 
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afforded the solid H2TCPP[AlOH]2(DMF3(H2O)2) (Al-PMOF) (Figure 5-1).
4
  As 

expected no Al(III) ions are coordinated to the porphyrin.  As seen with several Zr(IV) 

frameworks, the resulting solid was microcrystalline crystal structure was solved using 

powder X-ray diffraction methods (PXRD).  The solid is defined by an infinite Al(OH)O4 

chain that coordinates with one carboxylate oxygen from four different porphyrins.  In 

turn, each porphyrin is bound to eight Al(III) ions by using one carboxylate oxygen for 

each Al(III).  This connectivity is comparable to the solid MIL-60.  The pore system of 

Al-PMOF is such that two different sizes of pores are present with apertures of 6 x 11 Å 

and 5 x 5 Å giving rise to the three-dimensional pore structure.  Using PSM techniques, 

Zn(II) was added to the porphyrin core, and then reactivity of the solid towards visible-

light photocatalysis was probed.  The reaction of Al-PMOF/EDTA/Pt (EDTA = 

ethylenediaminetetracetic acid) while being exposed to visible light resulted in the 

evolution of hydrogen gas with a quantum yield over 0.1%.   
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Figure 5-1.  (a) Three-dimensional view showing the 6  x 11 Å pore of Al-PMOF.  Al-O 

(red) makes up the framework of the solid. (b) Three-dimensional view of the 5 x 5 Å 

pore of Al-PMOF.  The Al-O (red) clusters arrange in straight chains to define the 

framework of the structure.  (c) Representation of the Al(OH)O4 cluster formed from the 

Al(III) and carboxylates.  Al(III) blue, binds to the oxygen atoms (red) of the 

carboxylates, while one hydroxyl bridges two Al(III) with each Al(III) coordinating to a 

second hydroxyl.  Black spheres represent carbon. 

 

 Continuing work with Cd(II) ions as the structural metal suggests it is possible to 

select for a three-dimensional framework by reducing the aggregation of the porphyrins 

in soluton.   While pillaring agents such as bypyridine have been used to promote three-

dimensional frameworks, this approach often requires the functional metal to be involved 

in the structure of the solid.  Larger pillaring agents have been successful in preventing 

coordination of the functional metal, but these compounds are complex and expensive.  
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The initial screening of reaction conditions for the solid contained in Chapter 2 revealed a 

three-dimensional framework which could be synthesized using CdBr2 as the source of 

the structural Cd(II) ions.  The presence of the bromine ion allowed for the formation of 

three-dimensional framework.  Including other M(II) salts in the reaction mixture 

afforded a one-pot synthesis of a small family of solids. 

5.2 Results and discussion.   

 With the initial screening of 2-Cd, the reaction of CdBr2 and H2TCPP in a 

mixture of DEF and water at 150 ° for 48 hr revealed the dark-green block crystals of 

[CdBrTCPP]Cd(Et2NH2)2•8DEF•8H2O (5-Cd) (Figure 5-2).  The crystal structure of 5-

Cd reveals a three-dimensional framework composed of Cd(II) ions and porphyrin 

species linked through carboxyphenyl bridges.  The eight fold coordination environment 

of the Cd(II) ions consist of eight oxygen atoms from four carboxylate ligands.  Each 

Cd(II) ion is bound to four TCPP molecules in a tetrahedral fashion.  In turn each 

porphyrin is bound to five Cd(II) ions, one each bound to a carboxylate ligand, and one 

bound to the central porphyrin ring, which is disordered above and below the plane of the 

central ring.  The Cd(II) ion is in turn bound to the porphyrin and is ligated by one Br
-
 

ion.  The Cd(II) rests above and below the plane of the porphyrin ring, at a distance of 

0.82 Å from the plane.  Based on metals analysis of the bulk material containing the 

Cd(II) is present in 100% of the porphyrin sites, unlike our previous Cd(II) porphyrin 

solids.  The resulting three-dimensional framework consists of two interpenetrating three-

dimensional nets.  The addition of the bromide ion to the metal prevents close porphyrin 

aggregates from and the nearest porphyrin neighbors are 11.8 Å apart.  The framework 
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has an anionic charge which is balanced by diethylammonium cations, which form from 

the acid catalyzed decomposition of DEF.  Attempts to grow crystals at lower 

temperatures by introducing diethylammonium cations were unsuccessful, resulting in the 

formation of 2-Cd.  Two distinct pores, one larger than the other, are defined by 11.5 x 

6.2 Å and 6.6 x 5.8 Å, respectively.  Due to the interpenetration of the solid, gas storage 

studies showed limited success.  The solvent accessible space, which is filled with DEF, 

water, and Et2NH2
+
 was calculated to be 63% of the total cell volume

5
.  The formula of 5-

Cd was established by elemental and thermogravimetric analysis, and the structure of the 

bulk material was confirmed by PXRD. 
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Figure 5-2. (a) Three-dimensional view of 5-Cd showing the 11.5  x 6.2 Å in the middle.  

The framework is defined by tetrahedral Cd(II) ions connected to carboxylates (red) with 

the Cd(II) connected to the porphyrin core (blue) coordinated to an axial bromine (black).  

(b) Tetrahedral environment of the Cd(II) blue) connected to four carboxylates from 

porphyrin, oxygen atoms (red), and carbon atoms (black).  

 

 The synthesis of 5-Cd is not as sensitive to the choice of solvent as compared to 

our two previous Cd(II)-based MOFs.  Using DMF as the solvent resulted in dark green 

block crystals in the same manner as DEF.  However, the quality of the single crystals 

was such that single crystal X-ray diffraction was unobtainable.  Powder X-ray 

diffraction (PXRD) was able to confirm that the bulk sample did in fact match that of the 

simulated PXRD obtained based on the solved structure of 5-Cd. 

 The low affinity of Cd(II) towards the porphyrin core has been taken advantage of 

in our previous work with the addition of secondary M(II) salts in the synthesis of 

porphyrin frameworks.  Thus we proposed the Cd(II) should direct the formation of the 

same framework as 5-Cd, while the M(II) will bind with higher affinity to the porphyrin 

ring.  Indeed reaction of CdBr2, MBr2 (M = Mn, Zn), and H2TCPP (stoichiometric ratio 
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3:1:1) in DEF and water at 150 °C for 48 h afforded irregular blocks of 

[M(H2O)TCPP]Cd(Et2NH2)2·8DEF·8H2O (5-M) (Figure 5-3).   Single crystal data for 5-

M reveals a three-dimensional framework with two distinct Cd(II) structural nodes, 

differing in the length of the Cd–O coordination (Table 5-1).  The first structural node has 

Cd(II) fully coordinated to eight oxygen atoms from four carboxylate ligands in a 

tetrahedral geometry. The bond lengths are similar to that of 5-Cd, being at 

approximately 2.451 Å and 2.396 Å. With the second structural node, a large variance in 

the length of Cd–O coordination is observed, with bond lengths of 2.227 Å and 2.697 Å.   

This particular coordination environment has not been seen in Cd(II) containing MOFs to 

the best of our knowledge.  Both Cd(II) nodes are bound to four TCPP ligands in a 

tetrahedral geometry.  In turn, each M-TCPP is bound to four Cd(II) ions, two of which 

are bound as structural node 1 and two being bound as structural node 2.  Overall the 

TCCP molecule forms a square planar geometry.  The two Cd(II) nodes line up 

independently such that two separate skeletal backbones of the framework are formed.  

This provides two types of pores being formed, one of 13.8 x 5.3 Å and the second being 

14.3 x 4.1 Å.  The solvent accessible space, which is filled with DEF, water and Et2NH2
+
, 

was calculated to be 66% of the total cell volume.   
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Figure 5-3.  (a)  Three-dimensional view of 5-M showing the framework connectivity of 

Cd(II) with carboxylates form four porphyrins (red).  Either Zn(II) or Mn(II) is 

coordinated to the porphyrin ring (blue).  (b)  Representation of the second structural 

node showing Cd(II) (blue) bound fully to only one oxygen (red). 

 

 The reaction of CdBr2, MnBr2 and H2TCPP (stoichiometric ratio 3:1:1) in DMF at 

150 °C for 48 hr afforded irregular black blocks of [Mn(DMF)TCPP]Cd(Me2NH2)·DMF 

(5-Cd-Mn) (Figure 5-4).  Similar reactions with ZnBr2 in DMF did not result in an 

identical structure as seen when using DEF as the solvent.  Single crystal data for 5-Cd-

Mn reveals a three-dimensional framework with Cd(II) and porphyrin linked through 

carboxyphenyl bridges.  As seen in 5-M, the Cd(II) are bound in two separate fashions, 

one set of carboxylate oxygen atoms are of similar distance to that of 5-Cd, while the 

other coordination environment of one short and one long bond is observed such as that 

in 5-M.  However in the case of 5-Cd-Mn, the two differing coordination environments 

define a single node (Table 5-1).  The eight-fold coordination environment of Cd(II) ions 

consist of  eight oxygen atoms form carboxylate ligands, where two are fully coordinated 

and two coordinate via a short and long oxygen interaction.  Each Cd(II) ion is bound to 
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four TCPP ligands in a tetrahedral geometry.  In turn, each Mn-TCPP is bound to four 

Cd(II) ions in a square planar geometry, with two fully coordinated carboxylates and two 

half coordinated carboxylate ligands.  The free oxygen atom of each carboxylate ligand 

has a hydrogen atom.  The resulting solid is a network of interpenetrating frameworks 

defined by pores of 13.5 x 6.11 Å and 8.2 x 6.1 Å.  The solvent accessible space, which is 

filled with DMF, water and Me2NH2
+
, was calculated to be 23% of the total cell volume.  

 

 

Figure 5-4.  (a) Three-dimensional view of 5-Cd-Mn showing the 8.2 x 6.1 Å pore.  

Connectivity of the framework is defined by Cd(II)–O bonds (red) with Mn(II) 

coordinated porphyrin ring (blue).  (b) Cd(II) (blue) binds to oxygen atoms (red) form 

carboxylate ligands.   

 

 Powder X-ray diffraction was used to probe the purity of the compounds and to 

monitor structural changes of the solids.  As expected these robust three-dimensional 

solids retain crystallinity upon desolvation. PXRD measurements of 5-Cd match 

adequately with those of simulated diffraction patterns generated form single crystal data 

(Figure 5-5).  Heating the sample up to 100 °C to remove guest molecules had no 
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noticeable effect on the crystallinity of the solid.  PXRD measurements of both 5-Zn 

(Figure 5-6) and 5-Mn (Figure 5-7) also confirm the bulk synthesis of these solids.  

Similar results have been found for 5-Cd-Mn as well (Figure 5-8). 
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Figure 5-5.  PXRD of 5-Cd (blue) compared to simulated pattern from single crystal data 

(green). 
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Figure 5-6.  PXRD of 5-Zn (blue) compared to simulated pattern from single crystal data 

(green). 
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Figure 5-7.  PXRD of 5-Mn sample (blue) compared to simulated single crystal data 

(green). 



174 

 

 
 

5 10 15 20 25 30

C
o

u
n

ts

2    

Figure 5-8.  PXRD of 5-Cd-Mn sample (blue) compared to simulated single crystal data 

(green). 

 

 The thermal stability of the compounds 5-M were investigated in order to assess 

their microporosity and suitability for gas storage and separation.  At room temperature 

these compounds retain their crystallinity for over six months.  Thermogravimetric 

analysis indicates that these solids could be completely desolvated by 150 °C (loss of 

35% of weight) and that they undergo decomposition above 350 °C (Figure 5-9).  Powder 

X-ray diffraction experiments revealed that the samples are stable up to 100 °C with the 

removal of guest molecules, and as such theses solids are prime candidates for gas 

storage and separation.   
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Figure 5-9.  Thermogravimetric plot of the solid 5-Mn.  Each solid gave similar data. 

 

 Crystallography and diffuse reflectance UV-vis spectroscopy reveal that each 

structure has the porphyrin predominately in the M(II)-TCPP form.  Attempts at PSM to 

modify the M(II) coordinated to the porphyrin ring resulted in removal of Cd(II) from the 

structure and loss of crystallinity, although the TCPP coordinated M(II) was replaced.  

The diffuse reflectance of 5-Cd reveals that the coordination environment of the bound 

Cd(II) differs from that of our two other Cd(II) solids, which have axial ligands 

associated with the Cd(II).  With the presence of only one Soret peak, the occupancy of 

the Cd(II) can be confirmed as approximately 100%, whereas previous Cd(II) solids 

contained two distinct Soret bands, showing incomplete occupancy.  Diffuse reflectance 

of both 5-Mn and 5-Zn (Figure 5-10) reveal that Mn(II) and Zn(II) as the spectra are as 

expected for both of the M-TCPP and match well with previous work.  The spectra of 5-
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Cd-Mn (Figure 5-11) shows little variation from 5-Cd-Mn as expected, with the 

variance being due to the bound  DMF instead of water on the respective Mn(II). 
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Figure 5-10.  UV-vis diffuse reflectance showing the similarity between 2-Zn (red) and 

5-ZnB (black). 
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Figure 5-11.  Comaprison of UV-vis diffuse reflectance data showing little variance of 5-

Mn (blue) and 5-Cd-Mn (green). 

5.3 Conclusions.   

 In summary this chapter introduces four newly synthesized three-dimensional 

frameworks.  Work has been done to generate these structures in bulk confirming the 

reproducibility of these solids.  Unlike previous Cd(II) frameworks we have generated 

these are not isostructural, though similarities in the frameworks can be seen.  What sets 

these structures apart from each other is the coordination environment at the structural 

Cd(II) nodes.  As the distance increases between the porphyrin units, the Cd(II) begins to 

adopt a more uniform tetrahedral coordination environment.  The size of the axial ligand 

bound to the M(II) located in the porphyrin ring plays an important role.  With 5-Cd the 

axial ligand is a bromine atom bound to Cd(II) ion displaced from the plane of the 
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porphyrin ring allowing for maximum distance of the porphyrin units within the 

framework, giving the carboxylate ligands the ability to coordinate in a tetrahedral 

fashion.  As the size of the axial ligand decreases, the porphyrin distances become 

smaller, forcing a more distorted tetrahedral connection.   

 Bulk sample preparation of the solids was possible and as such PXRD was able to 

confirm that each sample was different in overall framework as suggested by the single 

crystal data.  This allowed accurate diffuse reflectance UV-vis data, which showed 

different coordination environments between the two different Mn(II) solids.  Preliminary 

gas sorption studies have shown that these solids can adsorb nitrogen, as suggested by the 

thermal stability of these solids based on PXRD and TGA experiments.  Further 

experiments of these solids are being carried out to determine their catalytic properties 

with promising results having been observed by Brian Abeykoon for the oxidation of 

alkanes and alkenes using the 5-Cd-Mn solid. 

5. 4 Experimental Details.   

 General Methods.    All reagents were of commercial origin and used as 

received. Product identity and purity were verified by comparison of the observed X-ray 

powder diffraction pattern with a calculated pattern generated from the single-crystal 

results. The solvent content of each compound was determined by thermogravimetric 

analysis. CHN analysis was performed by Ecology Analytical Lab in the Department of 

Biology at SDSU.   
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 Preparation of (Et2NH2)2Cd[CdBrHTCPP]·8DEF·8H2O (5-Cd).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdBr2 (41 mg, 0.15 mmol), H2TCPP 

(40 mg, 0.05 mmol) and DEF (3 ml) under anhydrous conditions.  An aliquot of water 

(0.150 ml) was added, the sample frozen with liquid N2, and the tube sealed under 

vacuum.  The tube was heated to 150 °C for 48 h followed by slow cooling to room 

temperature over 4 h.  The solid was collected by filtration, washed by successive 

aliquots of DEF (3 x 10 ml), and dried in air to afford 32 mg (53%) of dark green block-

shaped crystals.  Anal. Calc. for 2152.7:  C, 53.5; H, 6.8; N, 9.11%. Found: C, 55.10; H, 

6.56; N, 6.56%.  Uv-vis (solid): λmax/nm = 436, 522, 580, 622.  IR (solid IR) νmax/cm
-1

: 

2966 (CH), 1632 (CO), 1595 (conj. CC), 1536, 1388. 

 Preparation of (Et2NH2)2Cd[Mn(H2O)TCPP]·8DEF·8H2O (5-Mn).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdBr2 (41 mg, 0.15 mmol), H2TCPP 

(40 mg, 0.05 mmol), MnBr2 (10.7 mg, 0.05 mmol) and DEF (3 ml) under anhydrous 

conditions.  An aliquot of water (0.150 ml) was added, the sample frozen with liquid N2, 

and the tube sealed under vacuum.  The tube was heated to 150 °C for 48 h followed by 

slow cooling to room temperature over 4 h.  The solid was collected by filtration, washed 

by successive aliquots of DEF (3 x 10 ml), and dried in air to afford 36 mg (46%) of 

black block-shaped crystals.  Anal. Calc. for 2015.3:  C, 57.2; H, 7.3; N, 9.73%. Found: 

C, 56.8; H, 7.1; N, 9.82%.  Uv-vis (solid): λmax/nm = 476, 580, 616, 704, 784. Metals 

Analysis (Mn:Cd ratio) Calc. 1:1, Found 0.99 IR (solid IR) νmax/cm
-1

: 2970 (CH), 1633 

(CO), 1590 (conj. CC), 1530, 1372, 998. 
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 Preparation of (Et2NH2)2Cd[Zn(H2O)TCPP]·8DEF·8H2O (5-Zn).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdBr2 (41 mg, 0.15 mmol), H2TCPP 

(40 mg, 0.05 mmol) and DEF (3 ml) under anhydrous conditions.  An aliquot of water 

(0.150 ml) was added, the sample frozen with liquid N2, and the tube sealed under 

vacuum.  The tube was heated to 150 °C for 48 h followed by slow cooling to room 

temperature over 4 h.  The solid was collected by filtration, washed by successive 

aliquots of DEF (3 x 10 ml), and dried in air to afford 32 mg (53%) of dark green block-

shaped crystals.  Anal. Calc. for 2043.5:  C, 56.4; H, 7.3; N, 9.60%. Found: C, 55.8; H, 

7.25; N, 9.01%.  Uv-vis (solid): λmax/nm = Metals Analysis (Zn:Cd ratio) Calc. 1:1, 

Found 0.97 IR (solid IR) νmax/cm
-1

: 2977 (CH), 1635 (CO), 1592 (conj. CC), 1534, 1390, 

1115, 990. 

 Preparation of (Me2NH2)2Cd[Mn(DMF)TCPP]·1DMF (5-Cd-Mn).  A 1.3 cm 

o.d. x 23 cm length pyrex tube was charged with CdBr2 (41 mg, 0.15 mmol), H2TCPP 

(40 mg, 0.05 mmol) and DEF (3 ml) under anhydrous conditions.  An aliquot of water 

(0.150 ml) was added, the sample frozen with liquid N2, and the tube sealed under 

vacuum.  The tube was heated to 150 °C for 48 h followed by slow cooling to room 

temperature over 4 h.  The solid was collected by filtration, washed by successive 

aliquots of DEF (3 x 10 ml), and dried in air to afford 32 mg (53%) of dark green block-

shaped crystals.  Anal. Calc. for 1310.62:  C, 53.1; H, 4.15; N, 8.5%. Found: C, 51.9; H, 

4.8; N, 9.3%.  Uv-vis (solid): λmax/nm = 470, 582, 613, 703, 785.  Metals Analysis 

(Mn:Cd ratio) Calc. 1:1, Found 0.99. IR (solid IR) νmax/cm
-1

: 2986 (CH), 1644 (CO), 

1600 (conj. CC), 1541, 1387, 1351, 1100, 999. 
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 X-ray Structure Determinations.  Single crystals of compounds 5-Cd, 5-Mn, 5-

Zn, and 5-Cd-Mn were extracted from the product mixture, mounted on Cryoloops 

coated in Paratone oil, transferred to a diffractometer, and cooled in a dinitrogen stream.  

The single crystal X-ray diffraction studies were performed on a Bruker D8 Smart Apex 

II CCD diffractometer equipped with a Mo Kα radiation (λ = 0.71073 Å)  Data were 

collected in a nitrogen gas stream at either 170(2) or 100(2) K using φ and ω scans.    

Lattice parameters were initially determined from a least squares refinement of more than 

200 carefully centered reflections.  The data were integrated using the Bruker SAINT 

software program and scaled using SADBS software program.  Solution by direct 

methods (SHELXS) produced a complete phasing model consistent with the proposed 

structures.  Using Olex2, the structures were refined with the XL refinement package 

using least squares minimization.  Lattice solvent molecules were disordered and could 

not be located in the structures.  Unless noted, all atoms except hydrogen were refined 

anisotropically.  Contributions to scattering from all solvent molecules and cations were 

removed using the SQUEEZE routine of PLATON, and the structures were refined 

against this data.  Note that several PLATON A-level alerts are found with these 

structures.  Some of these errors are expected because MOF structures typically have a 

large amount of void space.  For all of these compounds, several data sets were collected 

from several crystals and the best data set was used for the refinement. 

 

 

 



182 

 

 
 

5.5 Appendix 

Table 5-2.  Crystallographic data for 5-Cd. 

Compound 5-Cd 

Empirical Formula C48H24Cd2N4O8Br 

Formula Weight 1089.42 

Temperature 170(2) K 

Wavelength 0.71073 Å 

Crystal System monoclinic 

Space Group C2/c 

Unit Cell Dimensions a = 18.827(2) Å           α = 90.00 ° 

b = 28.707(3) Å           β = 93.536(5) ° 

c = 33.534(3) Å            γ = 90.00 ° 

Volume 18089 (3) Å
3
 

Z 8 

Density (calculated) 0.800 

F(000) 4280.0 

Crystal Size 0.17 mm x 0.17 mm x 0.11 mm 

Theta Range for all collection 2.44 to 43.94° 

Index ranges -19 = h = 16, -30 = k = 30, -35 = l = 35 

Reflections collected 103633 

Independent collections 10928 

Completeness 100% 

Data/restraints/parameters 10928/24/575 

Goodness of fit 1.054 

Final R indices [I>2σ(I)] R1 = 0.0562, wR2 = 0.1580 

R indices of all data R1 =0.0787, wR2 =  0.1665 

Largest diff peak and hole 0.75/-0.85 
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Table 5-3.  Crystallographic data for 5-Mn. 

Compound 5-Mn 

Empirical Formula C76H100CdN10O17Mn 

Formula Weight 1593.00 

Temperature 170(2) K 

Wavelength 0.71073 Å 

Crystal System orthorhombic 

Space Group Pccm 

Unit Cell Dimensions a = 9.9785(6) Å           α = 90.00 

b = 27.3353(2) Å         β = 90.00 

c = 33.586(2) Å            γ = 90.00 

Volume 9161.1(1) Å
3
 

Z 4 

Density (calculated) 1.155 

F(000) 3340 

Crystal Size 0.23 mm x 0.18 mm x 0.15 mm 

Theta Range for all collection 1.48 to 41.76° 

Index ranges -9 = h = 9, -27 = k = 27, -33 = l = 33 

Reflections collected 72835 

Independent collections 4941 

Completeness 100% 

Data/restraints/parameters 4941/0/299 

Goodness of fit 1.001 

Final R indices [I>2σ(I)] R1 = 0.0561, wR2 = 0.1579 

R indices of all data R1 =0.0830, wR2 =  0.1689 

Largest diff peak and hole 0.83/-0.78 

 

 

 

 

 

 



184 

 

 
 

Table 5-4.  Crystallographic data for 5-Zn. 

Compound 5-Zn 

Empirical Formula C101H157CdN15O23Zn 

Formula Weight 2127.19 

Temperature 170(2) K 

Wavelength 0.71073 Å 

Crystal System orthorhombic 

Space Group Pccm 

Unit Cell Dimensions a = 9.8862(4) Å            α = 90.00 

b = 26.8203(1) Å          β = 90.00 

c = 34.0477(1) Å           γ = 90.00 

Volume 9027.8(6) Å
3
 

Z 4 

Density (calculated) 1.565 

F(000) 4250.0 

Crystal Size 0.25 mm x 0.19 mm x 0.15 mm 

Theta Range for all collection 1.52 to 41.62° 

Index ranges -9 = h = 9, -26 = k = 26, -34 = l = 34 

Reflections collected 84148 

Independent collections 4845 

Completeness 100% 

Data/restraints/parameters 4845/1/292 

Goodness of fit 1.023 

Final R indices [I>2σ(I)] R1 = 0.0510, wR2 = 0.1393 

R indices of all data R1 =0.0709, wR2 =  0.1476 

Largest diff peak and hole 1.10/-0.97 
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Table 5-5.  Crystallographic data for 5-Cd-Mn. 

Compound 5-Cd-Mn 

Empirical Formula C60H53CdN8O11Mn 

Formula Weight 1229.44 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System monoclinic 

Space Group C2/c 

Unit Cell Dimensions a = 7.7265(6) Å           α = 90.00 

b = 23.2876(2) Å         β = 94.620(4) 

c = 31.309(2) Å            γ = 90.00 

Volume 5615.1(7) Å
3
 

Z 4 

Density (calculated) 1.454 

F(000) 2520.0 

Crystal Size 0.25 mm x 0.24 mm x 0.18 mm 

Theta Range for all collection 2.62 to 56.56° 

Index ranges -10 = h = 10, -28 = k = 30, -41 = l = 41 

Reflections collected 49426 

Independent collections 6969 

Completeness 100% 

Data/restraints/parameters 6969/12/329 

Goodness of fit 1.100 

Final R indices [I>2σ(I)] R1 = 0.0801, wR2 = 0.2286 

R indices of all data R1 =0.0839, wR2 =  0.2324 

Largest diff peak and hole 2.85/-3.45 
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6.1  Introduction.   

 The synthesis of new porous solids often leads to the formation several different 

frameworks and amorphous impurities.  The tunable nature of MOFs which allows for 

their rational design often leads to unexpected results.  While single crystals are often 

obtained form a given reaction condition, the optimization to produce bulk sample can be 

elusive.  This leads to a variety of single crystals for which no bulk material can be 

produced.  Time is often a factor, as synthesis of porphyrin frameworks requires several 

days.  The formation of porphyrin solids is sensitive to reaction conditions and many 

reactions must be carried out before the crucial ‘sweet spot’ can be found.  As can be 

seen with the structures reported in the previous chapters, large differences can be 

observed in the crystal structures from reaction conditions that are essentially identical.  

Taking in to account the full arrangement of reactants and additives that are possible, one 

could potentially spend a lifetime  preparing new frameworks using only porphyrin as the 

organic building unit.  The following structures are ones that for various reasons could 

not be prepared in bulk, yet a suitable single crystal was harvested.  Continued work on 

these solids will be carried out by new graduate students in further attempts to prepare 

new heterobimetallic MOFs.  

6.2 InCl structure.  

 The structural metal was altered from Cd(II) to In(III) in an effort to generate a 

more robust three-dimensional solid.  Though there are MOFs using In(III)
1
, no In(III)-

porphyrin solids had been reported.     A 1.3 cm o.d.  23 cm length pyrex tube was 

charged with InCl3 (33 mg, 0.15 mmol), H2TCPP (40 mg, 0.05 mmol), and DEF (3 mL) 
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under anhydrous conditions. An aliquot of ethanol (0.150 mL) was added, the sample 

frozen with liquid N2, and the tube sealed under vacuum.  The tube was heated to 120 °C 

for 48 h followed by slow cooling to room temperature over 12 h.  The resulting mixture 

contained small indigo platelet crystals of 6-In (figure 6-1).  Single crystals of 

compounds 6-In were extracted from the product mixture, mounted on a Cryoloop coated 

in Paratone oil, transferred to a diffractometer, and cooled in a dinitrogen stream.  The 

single crystal X-ray diffraction study was performed on a Bruker D8 Smart Apex II CCD 

diffractometer equipped with a Mo Kα radiation (λ = 0.71073 Å).  Data were collected in 

a nitrogen gas stream at 100(2) K using φ and ω scans.    Lattice parameters were initially 

determined from a least squares refinement of more than 200 carefully centered 

reflections.  The data were integrated using the Bruker SAINT software program and 

scaled using SADBS software program.  Solution by direct methods (SHELXS) produced 

a complete phasing model consistent with the proposed structures.  Using Olex2, the 

structure was refined with the XL refinement package using least squares minimization.  

Lattice solvent molecules were disordered and could not be located in the structures.  

Unless noted, all atoms except hydrogen were refined anisotropically.  Contributions to 

scattering from all solvent molecules and cations were removed using the SQUEEZE 

routine of PLATON, and the structure was refined against this data.   
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Figure 6-1.  (a) Three dimensional view of the network of 6-In.  Red lines represent the 

tetrahedral In-carboxylate node; blue represents the In-porphyrin while green represents 

the chloride.  Hydrogen atoms have been removed for clarity.  The large channels formed 

have an aperture of 16.8 Å x 16.9 Å.  (b) A view of the tetrahedral In-carboxylate node.  

Purple atoms represent In(III), red atoms represent oxygen and black atoms represent 

carbon.   

 

 The crystal structure of 6-In reveals a three-dimensional framework composed of 

In(III) and porphyrin species linked through carboboxyphenyl bridges (Figure 6-1)  The 

eight-fold coordination environment of the In(III) ions consist of eight oxygen atoms 

from four carboxylate ligands.  Each In(III) ion is bound to four TCPP molecules in a 

tetrahedral fashion.  In turn each porphyrin molecule is bound to five In(III) ions, four of 

which are bound to carboxylate groups in a square planar fashion, while the fifth In(III) is 

coordinated to the porphyrin ring.  As the solid forms, separate three-dimensional nets 

interpenetrate to give the overall crystal structure.  The framework has an anionic charge 

which is balanced by diethylammonium cations formed from the acid catalyzed 

decomposition of DEF.  The In(III) coordinated to the central nitrogen atoms of the 

porphyrin ring are seen to be six-coordinate.  Each In(III) is bound to four nitrogen 
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atoms, one chloride ion and one DEF solvent molecule.  The largest pores are found to be 

16.8 x 16.9 Å apertures, with smaller pores of 8.0 Å and 12.8Å apertures.  The porphyrin 

molecules face inside the pores and are approximately 15.8 Å apart from each other.  The 

In(III) located inside the porphyrin core sit inside the plane of the ring.  The solvent 

accessible space which is filled with DEF, ethanol and Et2NH2
+
 molecules was calculated 

to be 39.6 % of the total cell volume
2
.  The formula of 6-In is based on the crystal 

structure.     
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Table 6-1. Crystallographic data of 6-In 

Compound 6-In 

Empirical Formula C89H124In2ClN11O17.5 

Formula Weight 1880.59 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System Monoclinic 

Space Group C2/c 

Unit Cell Dimensions a = 15.862(2) Å           α = 90.00 

b = 30.452(4) Å           β = 102.024(5) 

c = 32.377(4) Å            γ = 90.00 

Volume 15296(3) Å
3
 

Z 8 

Density (calculated) 1.633 

F(000) 7877.0 

Crystal Size 0.14 mm x 0.11 mm x 0.08 mm 

Theta Range for all collection 2.58 to 43.94° 

Index ranges -16 = h = 16, -32 = k = 31, -34 = l = 34 

Reflections collected 69096 

Independent collections 9329 

Completeness 100% 

Data/restraints/parameters 9329/138/682 

Goodness of fit 1.103 

Final R indices [I>2σ(I)] R1 = 0.0705, wR2 = 0.2020 

R indices of all data R1 =0.0894, wR2 =  0.2107 

Largest diff peak and hole 1.59/-1.24 
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6.3 6-Cd-Mn.   

 A 20 ml scintillation vial was charged with Cd(NO3)2·4H2O (0.15 mg, 0.05 

mmol), H2TCPP (7.9 mg, 0.01 mmol)), Mn(NO3)2·4H2O (2.5 mg, 0.01 mmol), and DMF 

(3.0 mL).   An aliquot of water (0.150 mL) was added.  The vial was heated to 100 °C for 

96 h followed by slow cooling to room temperature over 12 h which resulted in dark 

green plates crystals of [Cd2(H2O)2]TCPP(MnDMF)·DMF (6-Cd-Mn) (Figure 6-2). 

 

Figure 6-2.  (a)  Three-dimensional view of 6-Cd-Mn where red atoms represent 

oxygen, black represent carbon, grey represent cadmium and blue represent manganese.  

The pores formed have an aperture of 10.5 x 9.0 Å and 13.2 x 10.3 Å.  (b) The skeletal 

backbone of 6-Cd-Mn showing the connection of Cd(II) with carboxylates and water 

molecules 

 

 The crystal structure of 6-Cd-Mn reveals a densely packed three-dimensional 

structure with [Cd2O8(H2O)2]n skeleton arranged in a one-dimensional linear chain 

linking the  Mn-porphyrin units. This type of arrangement, while not seen in cadmium 

solids, has been reported in a Pb(II) framework
3
.  Two distinct Cd(II) ions exist in the 

solid.  The first Cd(II) binds is seven coordinate, binding seven oxygen atoms from four 
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carboxylates, while the second Cd(II) is six coordinate, binding four oxygen atoms from 

four carboxylate ligands and two oxygen atoms from water molecules.  The first Cd(II) 

ion fully binds to three carboxylates, while the fourth carboxylate bridges the two Cd(II) 

ions.  The fully bound carboxylates then each share one oxygen atom with the second 

Cd(II) ion.  Both water molecules on the second Cd(II) exhibit hydrogen bonding to one 

with a shared carboxylate group, the other being an oxygen atom of a solvent molecule, 

DMF .  In turn, each Mn-porphyrin unit is bound to four linear chains of Cd(II) ions 

through the  four carboxylate groups. Three of the carboxylates share an oxygen between 

the two Cd(II) ions while the fourth has the two oxygen atoms bridging the Cd(II) ions.   

This results in tightly woven net, where Cd(II) chains act as a one-dimensional skeleton 

forming the three-dimensional framework.  The Mn(II) ion bound to the central 

porphyrin ring is not fully occupied showing only approximately 70% occupancy, 

disordered over two positions.  One position is favored over the other, possibly due to 

sterics and accessibility of the porphyrin units upon formation of the solid.  The Mn(II) 

has a single bound DMF molecule that was not able to be fully refined due to disorder of 

the solvent molecule. The Mn(II) ions rest 0.59 Å out of the plane of the porphyrin ring.   

A single DMF molecule was able to be refined inside the void space due to its role in 

hydrogen bonding with a water molecule bound to a Cd(II) ion.  As there are four 

carboxylates shared between two Cd(II) ions, the skeletal backbone of the solid is neutral. 

The lower temperature used to form this solid lessens the amount of solvent being 

degraded to dimethlyammonium cations, thus allowing a neutral cluster to be formed.   

Two types of pores are present the smaller are defined by 10.5 x 9.0 Å apertures and the 

larger defined by 13.2 x 10.3 Å apertures.  Despite these large pore sizes, only 25.5% of 
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the volume is accessible.
2
  This is in part due to the tightly knit framework caused by the 

Cd(II) skeleton. 

 Single crystals of the mixture were mounted on a Cryoloop coated in Paratone oil, 

transferred to a diffractometer, and cooled in a dinitrogen stream.  The single crystal X-

ray diffraction study was performed on a Bruker D8 Smart Apex II CCD diffractometer 

equipped with a Mo Kα radiation (λ = 0.71073 Å).  Data were collected in a nitrogen gas 

stream at 100(2) K using φ and ω scans.    Lattice parameters were initially determined 

from a least squares refinement of more than 200 carefully centered reflections.  The data 

were integrated using the Bruker SAINT software program and scaled using SADBS 

software program.  Solution by direct methods (SHELXS) produced a complete phasing 

model consistent with the proposed structures.  Using Olex2, the structure was refined 

with the XL refinement package using least squares minimization.  Lattice solvent 

molecules were disordered and could not be located in the structures.  Unless noted, all 

atoms except hydrogen were refined anisotropically.  Contributions to scattering from all 

solvent molecules and cations were removed using the SQUEEZE routine of PLATON, 

and the structure was refined against this data.   The formula of 6-Cd-Mn was established 

using SQUEEZE to account for disordered solvent molecules.   
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Table 6-2.  Crystallographic data of 6-Cd-Mn 

Compound 6-Cd-Mn 

Empirical Formula C58.5H56.5Cd2N6.5O15Mn.7 

Formula Weight 1357.74 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System monoclinic 

Space Group P21/n 

Unit Cell Dimensions a = 7.3082(4) Å           α = 90.00 

b = 25.6719(1) Å           β = 96.506(3) 

c = 30.1788(2) Å            γ = 90.00 

Volume 5625.5(5) Å
3
 

Z 4 

Density (calculated) 1.603 

F(000) 2753.0 

Crystal Size 0.28 mm x 0.24 mm x 0.22 mm 

Theta Range for all collection 3.14 to 58.26° 

Index ranges -10 = h = 10, -33 = k = 35, -47=1 = l = 41 

Reflections collected 142412 

Independent collections 15102 

Completeness 100% 

Data/restraints/parameters 15102/42/138 

Goodness of fit 1.132 

Final R indices [I>2σ(I)] R1 = 0.0676, wR2 = 0.1805 

R indices of all data R1 =0.0731, wR2 =  0.1838 

Largest diff peak and hole 3.47/-2.66 
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6.4 6-Cd-Ni.   

 A 20 ml scintillation vial was charged with Cd(NO3)2·4H2O (0.15 mg, 0.05 

mmol), H2TCPP (7.9 mg, 0.01 mmol)), Ni(NO3)2·6H2O (2.5 mg, 0.01 mmol), and DMF 

(3.0 mL).   An aliquot of ethanol (0.150 mL) was added.  The vial was heated to 100 °C 

for 96 h followed by slow cooling to room temperature over 12 h which resulted in red-

orange plate crystals of [Cd2(H2O)]NiTCPP (6-Cd-Ni) (Figure 6-3).   

 

Figure 6-3.  (a)  Three dimensional view of 6-Cd-Ni showing the two dimensional layers 

arranged in the AB fashion.  Each layer is 18.4 Å apart while the porphyrins inside each 

layer are 5.4 Å apart.  (b)  Representation of the bridged paddle-wheel cluster of each 

layer.  Four Cd(II) ions are involved with eight carboxylate groups forming the bridges. 

  

 The crystal structure of 6-Cd-Ni reveals a two-dimensional framework composed 

of Cd(II) and Ni(II)-porphyrin species linked through carboxyphenyl bridges.  The Cd(II) 

ions form a cluster comprised of two paddlewheel units, where two Cd(II) ions are bound 

to three carboxylate groups and one water molecule to form the initial paddle-wheel.  

This first paddle-wheel is than bridged using the fourth carboxylate with a second paddle-
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wheel unit, building the complete two-dimensional layer.   While paddlewheel structures 

of Cd(II) have been observed, they are not common.
4
  This particular paddlewheel cluster 

has not been reported.  In turn, each Ni-porphyrin species is than bound to three Cd(II) 

paddle-wheel units with the fourth carboxylate being used to bridge two Cd(II) 

paddlewheel units to complete the dual layer. The Ni-porphyrin unit is ruffled, lowering 

the overall symmetry of the solid and giving the porphyrin a distorted square planar 

geometry.   This distorted geometry has been seen in other porphyrins housing Ni(II).
5
  

Overall a Cd4O16(H2O) cluster is formed which connects the distorted square planar 

porphyrin species.  Within each layer, the NiTCPP units adopt a slipped cofacial 

arrangement and are approximately 5.4 Å apart.  The framework cluster has a neutral 

charge overall, and as such requires no charge balancing ions.  Previous structures 

generated by our lab have been synthesized at higher temperatures, promoting the acid 

catalyzed degradation of the solvent, thus frameworks with an overall anionic charge 

have been observed.  The lower temperature of the reaction to form 6-Cd-Ni limits the 

degradation of the solvent, allowing for this new solid to be formed.  The layers than 

stack giving an AB arrangement with the water molecule adjoined to the Cd(II) ion of 

one layer facing the NiTCPP of the second layer with a distance of approximately 18.4 Å.  

The solvent accessible space was calculated using PLATON to be 58.4% of the total cell 

volume.
2
  Along the [001] direction gives pores defined by 9.0 x 16.5 Å apertures after 

accounting for van der Waals radii.  These channels along with the empty space between 

layers are filled with solvent molecules. 



199 

 

 
 

 Single crystals of the mixture were mounted on a Cryoloop coated in Paratone oil, 

transferred to a diffractometer, and cooled in a dinitrogen stream.  The single crystal X-

ray diffraction study was performed on a Bruker D8 Smart Apex II CCD diffractometer 

equipped with a Mo Kα radiation (λ = 0.71073 Å).  Data were collected in a nitrogen gas 

stream at 100(2) K using φ and ω scans.    Lattice parameters were initially determined 

from a least squares refinement of more than 200 carefully centered reflections.  The data 

were integrated using the Bruker SAINT software program and scaled using SADBS 

software program.  Solution by direct methods (SHELXS) produced a complete phasing 

model consistent with the proposed structures.  Using Olex2, the structure was refined 

with the XL refinement package using least squares minimization.  Lattice solvent 

molecules were disordered and could not be located in the structures.  Unless noted, all 

atoms except hydrogen were refined anisotropically.  Contributions to scattering from all 

solvent molecules and cations were removed using the SQUEEZE routine of PLATON, 

and the structure was refined against this data.  The formula of 6-Cd-Ni was determined 

SQUEEZE which gave an account of solvent molecules removed due to disorder. 
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Table 6-3.  Crystallographic data for 6-Cd-Ni 

Compound 6-Cd-Ni 

Empirical Formula C103H173Cd2N13O33Ni 

Formula Weight 2404.32 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal System triclinic 

Space Group P ī 

Unit Cell Dimensions a = 16.713(5) Å           α = 72.081(1) 

b = 16.954(5) Å           β = 61.203(6) 

c = 17.204(7) Å            γ = 89.670(8) 

Volume 4005(2) Å
3
 

Z 2 

Density (calculated) 1.994 

F(000) 2539.0 

Crystal Size 0.22 mm x 0.17 mm x 0.12 mm 

Theta Range for all collection 2.88 to 46.8° 

Index ranges -16 = h = 18, -18 = k = 18, -18 = l = 19 

Reflections collected 44389 

Independent collections 11379 

Completeness 100% 

Data/restraints/parameters 11379/114/588 

Goodness of fit 0.967 

Final R indices [I>2σ(I)] R1 = 0.0677, wR2 = 0.1771 

R indices of all data R1 =0.0950, wR2 =  0.1884 

Largest diff peak and hole 1.80/-1.50 
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6.5 Conclusions.   

 In summary three new solid frameworks using TCPP are described using single-

crystal X-ray crystallography.  The structure 6-In involves In(III) ions defining the 

framework, with an additional In(III) coordinated to the porphyrin core.  While this 

structure has potential to be of use as a functional MOF, bulk sample synthesis has of yet 

been unsuccessful.   

 The crystal structure 6-Cd-Mn was revealed while screening for three-

dimensional solids containing Mn-TCPP.  This structure has an interesting infinite Cd(II) 

framework seen previously in a Pb(II) containing framework.  The condensed nature of 

this framework was seen as a limiting factor towards the functionality of this solid and as 

such further characteristics of this solid were not explored.  The recent release of the 

Pb(II) based solid shows the potential for these types of condensed structures and as such 

continued work on this structure is in the near future.   

 The structure 6-Cd-Ni is a unique paddlewheel two-dimensional structure that has 

potential to behave in much the same way as 3-M and 4-Mn given the ability to design 

this solid with multiple metal centers.  The success of our other two-dimensional 

structures makes 6-Cd-Ni an attractive solid to optimized for in reaction conditions.  

Further work with framework offers the possibility of both a novel, isostructural family 

and a series of solids with great potential to degrade lignin. 
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