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Abstract 

Iron complexes have been known to be efficient catalysts for various oxidation reactions, one of 
them is water oxidation. It has been shown that there are two important properties that make these 
iron complexes  efficient  catalysts:  the  presence of  two  cis-labile  coordination sites  on the iron 
center and a ligand that contains two pyridine rings linked with an ethylene diamine group. 

I this study I have proposed two iron complexes, containing ligands with a modified backbone. The 
first proposed complex has been modified by introducing a -OH group to the pyridine ring in the 
meta position. For the second ligand two larger aromatic systems were introduced, by replacing the 
two  pyridine  rings  with  quinoline.  The  synthesis  of  the  second  ligand  and  its  iron  complex, 
Fe(BQEN)(CF3SO3)2 (BQEN=[N,N’-dimethyl-N,N’-bis(2-quinolinemethyl)ethylenediamine]),  was 
successfully done and characterized by 1H-NMR and UV-VIS spectroscopy.

Finally, the efficiency of the new iron catalyst was studied by performing catalytic water oxidation 
using cerium(IV) ammonium nitrate as a sacrificial oxidant. It has been found that this complex is 
able to perform water oxidation catalysis, however is not the most efficient catalyst.
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Abbreviations

CAN: Cerium(IV) ammonium nitrate.

BPMEN:  N,N’-dimethyl-N,N'-bis(-2-pyridylmethyl)ethylenediamine.

BPMEN-OH: N,N’-dimethyl-N,N' bis(3-Hydroxy-2-pyridylmethyl)ethylenediamine.

BQEN:  N,N’-dimethyl-N,N’-bis(2-quinolinemethyl) ethylenediamine.

STAB: Sodium Triacetoxyborohydride.

DCM: Dichloromethane.

TON: Number of moles of oxygen per mol of complex used.

TOF: Turnover number per unit of time. 
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1. Introduction

1.1. Water Oxidation

Scientists are looking for different ways to replace fossil fuels, gasoline, coal, oil and natural gas, in  
order  to  decrease  the  environmental  impact  and  reducing  the  accumulation  of  CO2 and  other 
greenhouse gases in the atmosphere. One area of research is focused in technologies for production 
of solar fuels, in which solar energy, as an energy source, is being transformed into chemical energy 
in the form of a fuel.  

Hydrogen  could  be  used  as  an  alternative  clean 
burning  fuel.  As  a  solar  fuel  hydrogen  can  be 
produced  through  water-splitting  (Eq.  1),  the 
chemical  reaction where water is  decomposed into 
oxygen and hydrogen gas by using light energy.

H2O                                     H2   +  ½ O2           Eq.1

4 H2O                                  O2 + 4 H+ + 4 e-   Eq.2

In nature,  Photosynthesis is the conversion of inorganic material (carbon dioxide and water) into 
organic  material  (glucose  and  later  biomass)  using  solar  energy.  Photosynthesis  in  plants  and 
cyanobacteria, involves two systems called Photosystem I and Photosystem II (PS I and PS II).

In PS II, solar energy is used to extract electrons and protons from water and release oxygen to the 
atmosphere.  This reaction is  the oxidative half of water splitting (Eq. 2) and donates electrons to 
power the electron transport chain in PS II. [1-2]

The catalytic core of PS II is a Mn4Ca cluster 
which makes the oxygenic photosynthesis (Fig. 
2). In PS II the energy is provided by the solar 
light  and  the  Mn4Ca  complex  lowers  the 
activation energy for water oxidation and keeps 
a  site  for  the  catalytic  reaction.[3] The  Mn4Ca 
cluster  accumulates  the  oxidizing  equivalents 
and the electrons are transported to the acceptor 
side (QA and QB). [4]

For producing hydrogen as a solar fuel, a water 
oxidation  catalyst,  mimicking  the  function  of 
the Mn4Ca complex in PSII, is necessary.
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Fig. 1: Schematic view of a solid state system for water spitting.[1]

Fig. 2:  Arrangement of redox factors in PSII. [4]



1.2. Iron complexes as water oxidation catalysts

Iron complexes have been studied for catalytic oxidations and some of them have been found to be 
very efficient for catalytic water oxidation using a strong sacrificial oxidant, Cerium(IV) ammonium 
nitrate.  There  are  two  properties  that  are  suggested  to  make  these  iron  compounds  efficient 
catalysts: the presence of two cis-labile coordination sites on the iron center and two pyridine rings 
linked with an ethylene diamine group, both type of groups are donors to the iron center.[5] In these 
complexes, the tetradentate nitrogen ligand leaves two free labile coordination sites to the metal 
center thus helping in the catalytic cycle of water oxidation (Fig. 3 and Fig. 5).

We can find tetraazadentate ligands coordinated to metal ions in three different geometries:  cis-α,  
cis-β and  trans  (Fig.4), depending on the size and conformation of the ligand. In  iron complexes 
containing ethylenediamine ligands, it is possible to find all of these three conformations when the 
complex is in solution, even though in solid state just one of them is the predominant.[6]  Regarding 
to the catalysis in water oxidation, we are interested in the cis-α geometry, because this is the one 
that is suggested to be the best conformation. The other two geometries are less favorable and even 
not able to do the oxidation reaction.[6]

It has been reported that these Fe complexes also exist in dimeric forms. In this case, two iron 
complexes form a dimer by forming (oxo) bridges through the cis-labile positions and the catalysis 
is not available. It has also been observed that two carbon linkage groups in pyridine and diamine 
ligands (so five-membered rings are formed) can improve the rigidity of complexes, in order to 
increase the stability of the complex.[6]
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Fig. 3:  General structure of iron complexes. [5]

Fig. 4: cis-α, cis-β and trans, the three different topologies that can be      
            adopted by this type of tetraazadentate ligands. [7]



There  is  a  proposed  mechanism  for  the  water  oxidation  catalysis  using  iron  complexes  with 
tetradentate nitrogen ligands.[8] 

FeII complexes  can  be  oxidized  by  CeIV sacrificial  oxidant  (CAN)  to  form a  high-valent  iron 
compound, LN4FeIV(O)H2O (referred as the  Resting State,  Fig. 5). In the oxidized LN4FeIV(O)H2O 
complex,  oxo  and  aqua  ligands  are  replacing  the  co-ligands  of  the  original  iron  complex  and 
coordinating with FeIV in a  cis-α  position, the only position that can perform the water oxidation 
catalysis succesfully. A water molecule that is H-bond to the cluster is suggested to nucleophilically 
attack the high valent FeV oxo forming the O-O bond. [8]  

1.3. Aim of the project

Fe(BPMEN1)(CF3SO3)2  (Fig. 6)  has been found to be one of the most potent catalysts for water 
oxidation regarding the iron complexes containing bis (pyridylmethyl) ethylenediamine ligands.[8] 

The  catalyst  can  carry  out  water  oxidation  efficiently  and  remains  relatively  stable  during  the 
experimental conditions.  Moreover, this complex exists predominantly in the  cis-α  geometry, in 
both solid and solution state.  

1     BPMEN:  N,N’-dimethyl-N,N'-bis(-2-pyridylmethyl)ethylenediamine.
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Fig. 5: Mechanism  for water oxidation by iron complexes based on tetradentate nitrogen 
ligands. In the catalytic cycle the only intermediate observed was  the resting state.



In  this  complex  iron  (FeII)  coordinates  with  the 
tetraazadentate  ligand  containing  a  bis 
(pyridylmethyl)  diamine  backbone  and  with  two 
weak  coordinating  ligands,  such  as  triflate  anions 
(-CF3SO3).

The aim of  the  study is  to  find  one iron complex 
which  can  perfom  water  oxidation  more  efficient 
than Fe(BPMEN)(CF3SO3)2.  The report is focused 
on two possible  routes  to  obtain  iron catalysts  for 
water oxidation, synthesizing and characterizing two 
different  ligands  and  their  corresponding  iron 
complexes,  and  study  the  activity  of  the  iron 
complexes as  catalysts for water oxidation. 

The first step was to try to add an electron donor group, as the -OH group, to the BPMEN   ligand 
(Fig. 7). One possible way could be to add -OH group in the ortho pyridyl position, but it has been 
reported that this position of the pyridine ring can affect the conformation of the ligand. [9] Ortho 
groups  on  pyridine  rings  cause  intramolecular  steric  repulsions  and  increase  the  bond  length 
between Fe and N, making the bond weak and reducing the capacity of electron donating, so instead 
we decided to introduce a –OH group in a meta position. For the second ligand, we used two larger 
aromatic  systems,  by  replacing  pyridine  with  quinoline  in  order  to  decrease  the  formation  of 
dimeric  structures  (Fig.  8).  This  ligand  and  its  iron(II)chloride  complex  have  been  reported 
previously using a different synthetic route.

 2  BPMEN-OH: N,N’-dimethyl-N,N' bis(3-Hydroxy-2-pyridylmethyl)ethylenediamine.  

 3 BQEN:  N,N’-dimethyl-N,N’-bis(2-quinolinemethyl) ethylenediamine.
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Fig. 7: Fe(BPMEN-OH2)(CF3SO3)2, the 
first proposed iron complex.

Fig. 8: Fe(BQEN3)(CF3SO3)2 , the second 
proposed iron complex.

Fig. 6: Fe(BPMEN)(CF3SO3)2, an efficient 
water oxidation catalyst. [8]



2. Experimental Section

The synthesis of the complexes was attempted following these schemes (Scheme 1 and 2):

             

                                                               

Synthesis of Fe(CH3CN)2(CF3SO3)2:

To a mixture of Iron powder (1g, 18 mmol) in dried Acetonitrile (20 mL) was added Triflic Acid  
(3.38 mL, 210 mmol). The mixture was stirred for 1 h at 25 ºC, and then stirred under reflux for 1 h 
at 60 ºC. The resulting pale greenish mixture was filtered thought a celite pad. The filtrate was 
evaporated under reduced pressure and diethyl ether (20 mL) was added to the residue. The solution 
was cooled to -15ºC for 2 days.  Since no precipitate was formed, the solvent was removed under 
vacuum, giving a white solid. [10]  Yield: 4.2294 g, 59%
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Synthesis of 3-Hydroxy-2-Methylpyridine (2):

233.6 mg (24 mmol) of 3-Hydroxypyridine was dissolved in an aqueous solution of 10 mL of 
NaOH  (10%)  and 3 mL of formaldehyde (36%).[11]   The solution was refluxed for 90 min.  After 
cooling, the reaction mixture was acidified with 3mL of Acetic Acid and the solvent was removed 
under reduced pressure. Alcoholic hydrogen chloride (10 mL EtOH/2 mL HCl 37%) was added to 
the sirupy residue. The residue was extracted with acetone and washed with water and acetone, 
giving 2 as an oily product. Yield: 169 mg, 55%.

Synthesis of 2-Bromomethyl-3-Hydroxypyridine (3):

50 mg (0.4 mmol) of 2 was dissolved in 5 mL of HBr 60% and refluxed for 30 min.[11] The solution 
was evaporated until half of the volume and crystallized on cooling. The product was washed with a 
small  amount  of  water,  acetone  and ether.  It  was  further  purified  on a  silica-gel  column,  with 
Diethyl Ether: Methanol (25:75) and a few drops of Triethylamine as eluent. Yield: 34 mg , 45% 
The compound was not pure by NMR analysis and purchased 3 was used in the next step.

Synthesis of BPEN-OH (4):

100 mg (0.372 mmol) of 3 was added over a period of 3 hours to a refluxing solution of 16.4 mg 
(0.1859 mmol) of N,N’-Dimethylethylenediamine  in 10 mL of acetonitrile, containing 266 mg of 
Sodium Carbonate.[12]  The mixture  was  heated  to  reflux  overnight,  cooled  and the  solvent  was 
removed under reduced pressure to give 4 as an oily product. Yield: 69 mg, 43 %.

1H-NMR:  (300 MHz,  CDCl3): δ= 8.04 (d, 2H,  H1), 8.02 (d, 2H, H3), 7.9 (t, 2H, H2), 3.9 (s, 4H, 
H4), 2.35 (s, 6H, H5). (See Fig.9)

Due to the difficulties in the assigment of protons in the 1H-NMR of the ligand BPEN-OH, and the 
lack of further characterization; we decided to stop with the synthesis of complex Fe(BPMEN-OH)
(CF3SO3)2.  Here after,  the synthesis  of the second proposed iron catalyst,   Fe(BQEN)(CF3SO3)2  is 
discussed.
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Synthesis of BQEN (7):

To  a  solution  of  145.7  mg  (1.65  mmol)  N,N’-Dimethylethylenediamine  and  2  equiv.  of  2-
Quinolinecarboxaldehyde (518.7 mg, 3.3 mmol), in 25 mL of dichloromethane, was added 3 equiv. 
of Sodium Triacetoxyborohydride (STAB) (1.053 g, 4.97 mmol).[5]   The mixture was stirred for 12 
h.  Afterwards,  a  saturated  aqueous  Sodium  Hydrogen  Carbonate  solution  was  added  and  the 
mixture stirred for 15 min, and extracted with ethyl acetate (3x10 mL).  The organic layer was dried 
with Magnesium Sulfate, filtered and evaporated to dryness. The oily residue was dissolved in 15 
mL THF, treated with NaH (26.5 mg, 1.1025 mmol) and stirred for 90 min to remove the traces of  
pyridine carbinol. The solvent was removed under reduced pressure and the product extracted with 
pentane (3x10 mL). Then, the pentane was removed under reduced pressure giving a yellowish oily 
product. Yield: 702.9 mg, 79%

1H-NMR:  (300 MHz, CDCl3): δ= 8.2 (d, 2H, H1), 8.1 (d, 2H, H4), 7.8 (d, 4H, H5+6), 7.7 (t, 2H, H2), 
7.5 (t, 2H, H3), 3.4 (m, 4H, H7), 2.6 (m, 4H, H9), 2.2 (s, 12H, H8).  (See Fig.10)
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Synthesis of Fe(BQEN)(CF3SO3)2 (8):

220 mg (0.68 mmol) of 7 and 300 mg (0.68 mmol) of Fe(CH3CN)2(CF3SO3)2, were dissolved in 40 
ml of dried THF, and stirred overnight under nitrogen atmosphere at room temperature. Afterwards, 
the solvent was removed under reduced pressure to get a thick residue. The residue was filtered 
under nitrogen atmosphere and washed with dried THF, giving a pale solid. 
Yield: 366.24 mg, 80%

1H-NMR (300 MHz, CD3CN): Due to the broadened and shifted peaks, is not possible to assign 
each peak to the protons. (See Fig.11)
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3. Results and discussion

3.1 Results

1H-NMR:

In the  1H-NMR spectrum of the ligand  4 (Fig.9), we can find three peaks corresponding to the 
aromatic protons. In the alkyl region, we can't assign correctly the protons from ethyl and methyl 
groups. Furthermore, there are many peaks that we can't assign with any proton from the ligand. 
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In the 1H-NMR spectrum of the ligand 7 (Fig.10), we can find the correct aromatic peaks, which 
correspond with the number of protons. Even though. the integration is not scaling well, protons 
corresponding to H7 and H9 should have different appearance because the coupling protons is not 
the  same.  One  suggestion  could  be  that only  one  group  was  added  to  the   N,N’-
Dimethylethylenediamine ligand, however the integration of the methyl protons doesn't show fit 
well with this hypothesis.  

In the 1H-NMR spectrum of complex 8 (Fig.11), the peak assignment is difficult to understand and 
predict. It is known that in these paramagnetic iron complexes the peaks are broadened and that the 
aromatic peaks appear very shifted in comparison with the 1H-NMR spectrum of the ligand alone. 
Despite the problems to assign the protons,  we can observe the proton peaks shifted to higher 
region, typical from unpaired metal complexes.
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UV-Visible spectroscopy:

Figure  12 shows  the  UV-vis  of  Fe(BPMEN)(CF3SO3)2  (125µM)  and  Figure  13 the  UV-vis  of 
Fe(BQEN)(CF3SO3)2 (8) (110µM), both measured in methanol. 
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Fig.13: UV-vis spectrum of 
Fe(BQEN)(CF3SO3)2 (8) in methanol.

Fig. 12:  UV-vis spectrum of Fe(BPMEN)
(CF3SO3)2 in methanol.

2.00 1.65 1.78 2.45 1.65 3.37 1.81 6.15 2.51 2.03

Fig.11: 1H-NMR spectrum of 8 in CD
3
CN, , the numbers above the axis show the peak integration.



Complex in CH3OH [Complex]  μM  λ max (nm) Abs ε (M-1 cm-1)

Fe(BQEN)(CF3SO3)2 110 260 (π-π*)
370 (MLCT)

0.530
0.090

4800
800

Fe(BPMEN)(CF3SO3)2 125 250 (π-π*)
370 (MLCT)

1.110
0.450

8800
3600

In  the  UV-VIS  of  Fe(BQEN)(CF3SO3)2 we  can  find  a  broad  peak  around  370  nm,  which 
corresponds to a metal-to-ligand charge transfer (MLCT) band. Also we can find one larger and 
narrower  peak  at  260  nm,  which  corresponds  to  a π-π*  band transition  from the  ligand.  The 
spectrum of  complex  Fe(BQEN)(CF3SO3)2 shows  a  pattern  quite  similar  to  the  pattern  of  the 
Fe(BPMEN)(CF3SO3)2,  even though the band in the visible region (MLCT) is less intense as it is 
shown in the Figs. 12 and 13.

Catalytic water oxidation 

The catalytic activity of  Fe(BQEN)(CF3SO3)2  for water oxidation was studied using cerium(IV) 
ammonium nitrate (CAN) as a strong sacrificial oxidant. In the catalytic process, Ce IV oxidizes the 
iron complex to the higher oxidation state and is reduced to CeIII. 

The Clark cell was used to determine the quantity 
of molecular oxygen released from water oxidation 
(See  Fig.  14)[13].  The  Clark  cell  consists  of  a 
platinum electrode (cathode) and a silver electrode 
(anode).  The  electrodes  and  the  electrolyte  are 
connected  via  a  saturated  KCl  solution.  A teflon 
membrane that  is  permeable to  oxygen is  placed 
above the electrodes and the electrolyte. During the 
experiment the oxygen released is measured as a 
function of time. 

For the experiments stock solutions with 2.0 mM of Fe(BQEN)(CF3SO3)2  and 1.0 M of CAN were 
used. Also, a solution of Fe(BPMEN)(CF3SO3)2 (2 mM) was prepared to compare with the new iron 
complex. The CAN solution was diluted to 125 mM in the Clark cell and degassed with Argon 
under stirring. The iron solution was added to the sealed cell. Three different concentrations for the 
complex Fe(BQEN)(CF3SO3)2 were prepared: 10, 50 and 100 μM, and were compared with 10 μM 
of  Fe(BPMEN)(CF3SO3)2. 
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Table 1: Values for  λ max (nm), Abs and ε  for Fe(BPMEN)(CF3SO3)2 and Fe(BQEN)(CF3SO3)2 complexes.

Injection of CAN 
and iron solution

Fig. 14: Oxygraph: Instruments for 

oxygen measurement.  



The level of oxygen present in the solution was close to zero, but after the addition of the iron 
complex the oxygen level increased considerably (Fig. 15 and 16).  

The rate of oxygen evolution is shown as a function of time (s), from that information the TON4 and 
the TOF5 were determined (Table 2).

4 TON: Number of moles of oxygen per mol of complex used.

5    TOF: Turnover number per unit of time. 
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Fig. 15: Oxygen evolution trace for Fe(BPMEN)(CF3SO3)2  (10  μM) + CAN (125 mM)

Fig. 12: Oxygraph for Fe(BQEN)(CF3SO3)2 (10, 50, 100 µM) + CAN (125 mM).

Iron complex addition

10  μM 



Complex [Complex]  μM [CeIV] mM TON (mol O2 

mol Fe-1)
TOF (mol O2 

mol Fe-1 s-1)

Fe(BPMEN)(CF3SO3)2 10.0 125.0 48.55 0.8500

Fe(BQEN)(CF3SO3)2 10.0 125.0 1.99 0.0634

Fe(BQEN)(CF3SO3)2 50.0 125.0 0.59 0.0496

Fe(BQEN)(CF3SO3)2 100.0 125.0 0.45 0.0363

From the graphics, it can be seen that the new complex  Fe(BQEN)(CF3SO3)2, is able to oxidize 
water because the level of oxygen increases after the addition of the iron complex. Even though it is 
less efficient than Fe(BPMEN)(CF3SO3)2, because the quantity of oxygen released per mol catalyst 
is lower. Also, it can be seen that the quantity of oxygen is not proportional to the concentration of 
8. 

Finally, after the addition of the iron complex (Fe(BQEN)(CF3SO3)2 to the CAN solution, we tried 
to make a second addition of the iron complex, to see a further increase of the level of oxygen, 
however  the  level  of  oxygen  didn't  increase.  One  reason  could  be  the  presence  of  unknown 
reactions between CAN and the iron complex, so in the moment of the second addition there was 
not any CAN present.
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Table 2: Results for the catalytic water oxidation of iron complexes using CeIV  as a sacrificial oxidant. 



3.2. Discussion

The synthesis of the ligand BPMEN-OH (4) was difficult, the 1H-NMR of the product was not clear 
and it was not possible to assign the peaks  to the protons from the ligand. We decided to stop with 
the synthesis of the iron complex, Fe(BPMEN-OH)(CF3SO3)2. Instead, we focused on the synthesis 
of Fe(BQEN)(CF3SO3)2, the synthesis was easier and showed a good pattern, we could assign the 
peaks. The 1H-NMR of the ligand BQEN (7) shows a good pattern of the number of hydrogens, even 
though their integration is likely ambiguous .

After the synthesis of the ligand BQEN (7), we continued with the next step for the synthesis of the 
iron complex,  Fe(BQEN)(CF3SO3)2  (8). The synthesis of the iron complex was done successfully. 
The  1H-NMR  spectrum  shows  a  pattern  similar  to  the  spectrum  of  the  known  iron  complex 
Fe(BPMEN)(CF3SO3)2.

The UV-Visible spectrum of Fe(BQEN)(CF3SO3)2 (8) shows one band around 370 nm, belonging to 
a MLCT transition. Even if the band is weaker, it appears in the same region as the corresponding 
band in  Fe(BPMEN)(CF3SO3)2, so we could conclude that the complex has formed and compare 
further results with the known iron complex. Concerning the catalysis, it is shown that the new iron 
complex is capable of oxidizing water and release oxygen using CAN as the oxidant. Even if it is 
working as a catalyst, the efficiency is not as high as for Fe(BPMEN)(CF3SO3)2. 

In summary, we have synthesised and studied the catalytic activity of one iron complex. In the 
future it would be helpful to characterize the iron complex better. Moreover, a future step would be 
to try to synthesize successfully the  Fe(BPMEN-OH)(CF3SO3)2 complex, in order to continue with 
the studies of adding an electron donor group to the ligand. Another idea would be to try to change 
this -OH group for -OCH3, which has more electron donor capacity and is less reactive, so could be 
easier to synthesize and useful as a catalyst.
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4. Conclusions

Water oxidation has the potential to be an important reaction for the production of renewable fuels. 
Photosystem II, an enzyme in plants, algae and cyanobacteria, carries out water oxidation using 
solar light for the production of oxygen, protons and electrons. If water oxidation could be carried 
out in an artificial  system and these protons and electrons could be used for the generation of 
hydrogen, this could be an important source of renewable energy. 

Scientists are trying to  carry out artificial photosynthesis in order to imitate the water oxidation 
mechanism.  Metal  complexes  are  the  most  useful  catalysts  for  this  processes.  Ruthenium and 
Iridium are the most efficient metal catalysts, however these complexes are not a sustainable for the 
environment because of their  toxicity and scarcity.  Therefore,  scientists are trying to find other 
catalysts, based on metals such as Iron, Manganese, Nickel and Cobalt, that are efficient for water 
oxidation, but less dangerous and toxic for the earth. 

The main aim of this project was to synthesize two iron complexes containing tetradentate nitrogen 
ligands with an ethylenediamine linkage. Similar systems have been found to be effective for water 
oxidation reaction. 

The first proposed ligand was modified introducing an electron donor group, -OH group, for the 
purpose  of  increase  the  electron  density  on  the  iron  center  (to  make  it  easier  to  oxidise  the 
complex). The second proposed ligand contained a larger aromatic system, quinoline.

Even though the first  iron complex was not  possible  to  synthesize,  the iron complex with  the 
quinoline containing ligand was synthesized and characterized by NMR and UV-VIS spectroscopy. 
The catalytic activity as a catalyst for water oxidation, was determined using CeIV as a sacrificial 
oxidant. The iron complex was able to oxidize water. However, the quantity of oxygen released was 
lower than for previously reported iron complexes, so the new iron complex is not very efficient. In 
summary, the structure of these iron complexes is very important for obtaining an efficient and 
stable catalyst for water oxidation.  

In future, it is important to prepare a library of ligands and their Fe II complexes to get structure-
property relationships as to what factors make good catalysts.
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