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ABSTRACT OF THE DISSERTATION 

 

Homogeneous Electrocatalytic Reduction of Carbon Dioxide to Carbon Monoxide by 

Ni(cyclam) 

 

by 

 

Jesse Dan Froehlich 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2015 

Professor Clifford P. Kubiak, Chair 

 

 The homogeneous electrochemical reduction of CO2 by the molecular catalyst 

[Ni(cyclam)]
2+

 was studied by electrochemistry and infrared spectroelectrochemistry. 

This catalyst has been previously shown to have increased CO2 reduction activity 

when adsorbed on a mercury electrode. The homogeneous reactivity, without a 

mercury electrode, was often ignored in the literature. Ni(cyclam) was found to 

efficiently and selectively produce CO  at moderate overpotentials in both aqueous 

and mixed organic solvent systems in a homogenous fashion at an inert glassy carbon 

electrode. Methylated analogs of Ni(cyclam) were also studied and observed to have 

more positive reduction potentials and attenuated CO2 reduction activity. The 

electrochemical kinetics were probed by varying CO2 substrate and proton 

concentrations. Products of CO2 reduction are observed in infrared spectra obtained 



xix 

from spectroelectrochemical experiments. The two major species observed were a 

Ni(I) carbonyl, [Ni(cyclam)(CO)]
+
, and a Ni(II) coordinated bicarbonate, 

[Ni(cyclam)(CO2OH)]
+
. The rate-limiting step during electrocatalysis was determined 

to be CO loss from the deactivated species, [Ni(cyclam)(CO)]
+
, to produce the active 

catalyst, [Ni(cyclam)]
+
.  

Another macrocyclic complex, [Ni(TMC)]
+
, was deployed as a CO scavenger 

in order to inhibit the deactivation of [Ni(cyclam)]
+
 by CO. Addition of the CO 

scavenger was shown to dramatically increase the catalytic current observed for CO2 

reduction by [Ni(cyclam)]
+
. Evidence for the [Ni(TMC)]+ acting as a CO scavenger 

includes the observation of [Ni(TMC)(CO)]
+
 by IR. Density functional theory 

calculations,  probing the optimized geometry of the [Ni(cyclam)(CO)]
+
 species, are 

also presented. These findings have implications on the increased activity for CO2 

reduction when [Ni(cyclam)]
+
 is adsorbed on a mercury electrode. The 

[Ni(cyclam)(CO)]
+
 structure has significant distortion of the Ni center out of the plane 

of the cyclam nitrogens. This distortion strengthens the Ni-CO interaction by 

increasing back-bonding interactions. This leads to the hypothesis that the mercury 

surface, through Hg-Ni interactions, prevents the distorted geometry seen in solution 

leading to a more planar geometry. This helps to destabilize the carbonyl adduct which 

inhibits the extent of CO poisoning of the catalyst when adsorbed on a mercury 

electrode. Alternative approaches to prevent CO poisoning without using such a toxic 

substance as mercury are critical to improving this unique catalytic system.  
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Chapter 1 

 

The Electrocatalytic Reduction of CO2: Motivations, 

Applications and Outlook 

 

1.1 Petroleum Dependency 

Petroleum and the petrochemicals derived from it have been the feedstock for 

most of the consumer products and fuels that define our modern economy. Figure 1.1 

depicts the breakdown of usage for a barrel of petroleum. In 2012 worldwide usage 

topped 88.9 million barrels per day.
1
 Though there is uncertainty on the remaining 

supply of petroleum, what is clear is that we do not consume it at a sustainable rate. 

With the world economy so dependent on it, this is a problem. We need to find a 

sustainable, alternative feedstock for the hydrocarbons, olefins and aromatics that are 

currently derived from petroleum if we are to continue to use these important chemical 

building blocks for manufacturing and production of gasoline, diesel and jet fuel.  



2 

 

 

 

 

Figure 1.1 Products made from a barrel of crude oil (gallons), 2013.
2
  

 

In the future it is imaginable for most residential, industrial, and highway 

transportation power needs to be fulfilled with sustainable sources of electricity (solar, 

wind, hydroelectric, etc.) and breakthroughs in energy storage/battery technologies. 

However, the use of liquid fuel in airliners, cargo ships and many military applications 

will not likely be replaced in the near future. The large energy density of liquid fuels 

such as gasoline is what makes them so attractive for many transportation applications. 

The energy density of various liquid fuels, hydrogen and batteries can be found in 

Figure 1.2. It is obvious batteries technology would have to make enormous leaps in 

order to rival the energy density of liquid fuels. Hydrogen has superior gravimetric 

energy density but must be compressed/cooled or in other way stored in a more dense 

state than its ambient gas state to be of practical use as a transportation fuel. In 

addition, traditional liquid fuels can be quickly and easily transported and dispensed to 
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the end user. Dispensing gasoline at a gas station at 10 gal/min is transferring the 

energy power equivalent of 20 MW. With all of these superior qualities relative to 

other forms of energy storage, liquid fuels will continue to be utilized for many forms 

of transportation in the foreseeable future. 

 

 

Figure 1.2 Energy density comparison of several storage media (indexed to gasoline = 1).
3
 

 

 

1.2 CO2 as a Feedstock 

Research on the electrocatalytic reduction of CO2 into higher value products 

represents an important contribution of the scientific community to decrease our 

dependence on petroleum and create a carbon neutral source of combustible energy. 

Increased levels of CO2 in the atmosphere due to the combustion of fossil fuels are 

predicted to have a detrimental effect on the word’s climate. The catalytic conversion 

of CO2 to liquid fuels is a critical goal that would positively impact the global carbon 

balance by recycling CO2 into usable fuels. The challenge of this type of conversion is 

great because CO2 is a relatively stable molecule. Activation and conversion of CO2 to 

Energy per unit Volume

En
er

gy
 p

er
 u

n
it

 M
as

s

compressed
hydrogen gas

cooled liquid
hydrogen gas

liquefied natural
gas

compressed 
natural gas

compressed 
propane

several battery types

methanol
ethanol

gasoline diesel

lighter than gasoline
but requires more space

lighter than 
gasoline
and requires less 
space

heavier than gasoline
and requires more space

heavier than 
gasoline but 
requires less space



4 

 

 

 

a value added product efficiently and on a large scale would be scientifically and 

industrially important. This goal requires efforts in chemical catalysis, 

electrochemistry, photochemistry, semiconductor physics and engineering. 

The thermodynamic potentials for various CO2 reduction products can be seen 

in Equations 1.1–1.6 (pH 7 in aqueous solution versus a normal hydrogen electrode 

(NHE), 25◦C, 1 atm gas pressure, and 1 M for other solutes).
4
 

 

CO2 + 2H
+
 + 2e-  CO + H2O  E° = – 0.53 V  E1.1 

CO2 + 2H
+
 + 2e-  HCO2H   E° = – 0.61 V  E1.2 

CO2 + 4H
+
 + 4e-  HCHO + H2O  E° = – 0.48 V  E1.3 

CO2 + 6H
+
 + 6e-  CH3OH + H2O  E° = – 0.38 V  E1.4 

CO2 + 8H
+
 + 8e-  CH4 + 2H2O  E° = – 0.24 V  E1.5 

CO2 + e-  CO2 
• -    E° = – 1.90 V  E1.6 

 

In addition to thermodynamic considerations, there are also considerable 

kinetic challenges to the conversion of CO2 to more complex products. Typically, 

multiple proton-coupled electron transfer (PCET) steps must be orchestrated with their 

own associated activation energies presenting kinetic barriers to the forward reaction. 

The multiple electron and proton transfers necessary to produce more useful products 

such as methane or methanol have only been demonstrated with low efficiency. To 

achieve success at efficient production of a CO2 reduction product that can serve as a 
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liquid fuel directly (i.e., methanol) would be a considerable milestone for renewable 

energy and energy storage research. 

  

Figure 1.3 Syngas conversion processes.
5
  

 

Alternatively, a great deal of success has been achieved in the reduction of 

CO2 to CO (E1.1). CO can be considered a step on the path to the production of higher 

value products since it is a component of synthesis gas (syngas). Syngas, which is a 

mixture of CO and H2, is the feedstock for a multitude of reactions as seen in Figure 

1.3. One of these important reactions known as Fischer-Tropsch is capable of 

producing a wide range of desired products, most notably hydrocarbons and alcohols 

(i.e. liquid fuels), depending on the operating conditions and on the type of catalyst.
6
 

The Fischer-Tropsch process was developed in Germany during 1930s and by WWII 

4.5 million tons per year of motor fuels were produced which equated to about 90% of 

Germany’s consumption at that time.
7
 Existing Fischer-Tropsch plants, such as Sasol’s 
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plant in South Africa, are capable of producing over 150,000 barrels of synthetic fuel 

per day.
8
 Fuels produced from Fischer-Tropsch syntheses are appealing due to ease of 

incorporation into existing transportation, storage, and refueling infrastructure for 

petroleum products. Production of pure CO will greatly improve the quality of 

feedstock for Fischer-Tropsch processes because one of the drawbacks to current 

technologies is the high cost, arising primarily from obtaining a pure stream of syngas 

which is currently derived from coal or natural gas. Creation and purification of the 

syngas feedstock normally accounts for 60-70% of the cost of the end product of 

Fischer-Tropsch liquids.
9
 Using a electrochemical system that selectively produces 

CO eliminates the need for expensive purification of the syngas, due to the absence of 

contaminants such as sulfur and nitrogen in the feedstock and allows the freedom of 

selecting any desired mixture of CO and H2. 
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1.3 Electrocatalysis 

 

Figure 1.4 a) Homogeneous electrocatalysis: the active catalyst and substrate are freely diffusing in 

solution. b) Heterogeneous electrocatalysis: the electrode material itself acts as the catalyst. c)  Surface 

attached catalyst: active catalyst is permanently attached to the electrode surface – still considered 

heterogeneous since the catalyst is not freely diffusing.  
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There are two main classes of electrocatalysis: heterogeneous and 

homogeneous (Figure 1.4). Heterogeneous catalysis describes a system in which the 

active catalyst is either the electrode materials itself or a catalyst attached to the 

electrode while the substrate, in our case CO2, is in solution. If the electrode material 

itself is the catalyst then the substrate must interact intimately with the surface of the 

electrode which minimizes the energies of catalytic intermediates. There is a special 

type of heterogeneous system in which the active catalyst is attached to the electrode 

surface and therefore not able to diffuse freely. In a homogeneous system the substrate 

and catalyst are both in solution able to freely diffuse. In any of these cases the 

electrode is held at a potential which can initiate an electron transfer from the 

electrode surface (cathodic process) to the substrate (Figure 1.4 b) or to the catalyst 

(Figure 1.4 a and c). In the surface attached and homogeneous cases, the reduced 

catalyst then binds the substrate and transfers this negative charge to induce the 

chemical transformation toward product formation.  

The heterogeneous reduction of CO2 by metallic electrodes has been 

explored,
10

 however the mechanisms of these systems can be difficult to study and 

often suffer from poisoning of the electrode by the intermediates or products of 

catalysis.
11

 Transition metal molecular catalysts can be used in a homogeneous fashion 

by acting as an electron shuttle from an electrode to CO2 in solution. The molecular 

catalyst serves to stabilize intermediate species allowing for less negative potentials to 

be used in the reduction of CO2 by avoiding the high energy radical anion  species, 

CO2
•–

. In addition, these intermediates can be characterized with solution based 
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techniques not available to heterogeneous systems thereby establishing more 

mechanistic insight into the reduction of CO2.   

Many different molecular catalyst systems have been studied and can be found 

in recent reviews.
4, 12-15

 Many of these utilize expensive, rare earth metals. There are 

several notable catalysts that contain abundant first row transition metals such as Mn, 

Fe, Co and Ni.
12, 16-18

 The majority of these systems were shown to have high 

selectivity for CO2 reduction (rather than proton reduction) only in organic solvents 

with added proton sources. Molecular catalysts that contain earth-abundant metal 

centers and operate in all aqueous (not organic solvent-water mixtures) solutions with 

high efficiency, turn-over rates, and selectivity are rare. The macrocyclic complex, 

[Ni(cyclam)]
2+

 (cyclam = 1,4,8,11-tetraazacyclotetradecane) and its analogs, is one 

such example that has been extensively studied. This molecular catalyst system has the 

unique ability to maintain efficient production of CO in an aqueous solution, however, 

the overwhelming majority of these studies use a mercury (Hg) working electrode. Hg 

has a very negative potential for proton reduction giving it an extensive negative 

solvent window in water making it a popular electrode choice for aqueous reduction 

electrochemistry.  
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1.4 Background of Ni(cyclam) 

 

Figure 1.5 Structure of [Ni(cyclam)]
2+

 

 

Cyclam (1,4,8,11-tetraazacyclotetradecane) is a tetradentate macrocyclic 

ligand that was first synthesized
19

 in 1937 and the complex with nickel (Figure 1.5) 

was later described in 1965.
20

 The tetradentate nature of the cyclam ligand lends it 

remarkable stability. Ni(II) was reported to have a binding constant to cyclam of 1.58 

× 10
22

 and is stable in highly acidic acid solutions for years.
21

 [Ni(cyclam)]
2+

 with 

coordinating anions such as Cl
–
, SCN

–
, and N3

–
 stabilize the high-spin, paramagnetic 

species (violet color) while poorly coordinating anions such as ClO4
-
, BF4

-
, and PF6

-
 

favor the formation of low-spin, diamagnetic, yellow-orange complexes.
22

 Stronger 

donating solvents were also shown to favor the high-spin complex.
23

 An aqueous 

solution of [Ni(cyclam)]
2+

 was found to contain 71% of the planar, low-spin species 

and 29% of the high-spin, diaqua species at equilibrium.
21

  

Another attribute lending further complexity to this catalyst is the abundance 

of possible conformational isomers. There are 5 possible isomers of [Ni(cyclam)]
2+

 

which can be characterized by the stereo configuration about the 4 coordinating 

nitrogens (see Figure1.6). They can also be characterized, somewhat more easily, by 
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the orientation of the amine bound hydrogens with respect to the Ni-N coordination 

plane. This latter characterization has been given the names trans-I through trans-V
24

 

(Note: the trans designation was originally given to indicate that the open coordination 

sites were trans or axial to each other. There is also a cis nomenclature in which the 

cyclam ring is bent so that the open coordination sites are cis to each other. This 

nomenclature is present in much of the literature and therefore will be used in this 

writing). The trans-I and trans-III complexes are considered to be of the most 

importance because they are the only isomers present in any significant concentration 

in solution. The equilibrium concentrations of the trans-I and trans-III isomers were 

reported to be roughly 15 and 85% respectively in aqueous solution based on NMR 

data.
25

 In the solid state, [Ni(cyclam)]
2+

 was shown to crystallize in the trans-III 

isomeric form.
26

  

   

 

Figure 1.6 The isomers of [Ni(cyclam)]
2+
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1.5 Brief Review of Ni(cyclam) CO2 Reduction Literature 

 CO2 reduction with nickel tetraazamacrocyles (analogs of cyclam) were first 

studied in 1980 by Fischer and Eisenberg.
27

 The group of Sauvage later continued this 

work utilizing [Ni(cyclam)]
2+

 as the catalyst and reported Faradaic efficiencies of up 

to 99% for CO production at very low overpotentials in aqueous solutions on a 

mercury electrode.
28

 This was the first work to demonstrate that [Ni(cyclam)]
2+

 was 

unique in its efficiency and selectivity for CO2 reduction in aqueous solutions with 

minimal production of H2 (proton reduction). This work also concluded that the 

reduced complex, [Ni(cyclam)]
+
 with the metal center formally Ni(I), was adsorbed on 

the mercury electrode and that the adsorbed species was responsible for the superior 

catalytic properties. Catalytic current densities were shown to have only a weak 

dependence on the concentration of [Ni(cyclam)]
2+

. The authors concluded that the 

adsorbed species saturates the mercury surface at minimal catalyst concentrations and 

that the [Ni(cyclam)]
+
 in bulk has minimal catalytic activity relative to the adsorbed 

species.
28

 A catalytic cycle was also proposed and recreated in Scheme 1.1. 
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Scheme 1.1 Proposed catalytic cycle of CO2 reduction by [Ni(cyclam)]
2+

 

 

The reductive adsorption of [Ni(cyclam)]
+
 on the mercury surface was studied 

in detail by Balazs and coworkers and determined to occur in 2 distinct stages.
29

 It was 

found that up to one half of a monolayer could be adsorbed at potentials up to 1 V 

more positive than the formal Ni(II/I) potential of [Ni(cyclam)]
2+

 in solution. Then at 

~ 0.3 V more positive than the formal Ni(II/I) potential it was hypothesized that a 

structural rearrangement of the cyclam ligand occurs thereby allowing a full 

monolayer to adsorb. The rate of adsorption was determined to be controlled by the 

kinetics of the rearrangement process.  

 A computational report using NiF(NH3)4(CO2) as a model compound 

concluded that the coordination of the anionic, axially bound F
-
 ligand helped to 
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stabilize the CO2 adduct by pushing the dz
2
 orbital in energy allowing for more driving 

force in the charge transfer from the Ni core to CO2.
30

 The authors hypothesize that, in 

the adsorbed species, mercury may serve a similar role by acting as an axial, 5
th

 ligand 

to Ni(cyclam) and lending the electronic effects to enhance CO2 binding.  

 The unique structural configuration that Ni(cyclam) adopts and the proposed 

electronic effects that the mercury lends to the adsorbed catalyst were thought to be 

the cause of such efficient and fast CO2 reduction activity. Statements such as, “the 

adsorbed complex (Ni(I)-cyclamad) on Hg, not the reduced complex in solution Ni(I)-

cyclam, is the active catalyst for the CO2 reduction,” and reaction diagrams indicating 

“no reaction” between non-adsorbed Ni(cyclam) and CO2 permeated the literature for 

quite some time.
29, 31

 The lack of homogeneous activity of Ni(cyclam)
2+

 in previous 

reports were challenged by the findings of Kelly et al. The group used pulse radiolysis 

to generate eaq
–
, CO2

•–
 and H

•–
 which were used as the one-electron reducing agent for 

Ni(cyclam)
2+

. CO2 was found to interact with Ni(cyclam)
+
 in a homogeneous fashion 

and the authors concluded that previous reports concerning the lack of reactivity of 

homogeneous Ni(cyclam)
+
 toward CO2 reduction are clearly overstated.

32-33
 In 

contrast to the wealth of information on the catalytic activity of Ni(cyclam)
2+

 on Hg, 

there are relatively few reports studying CO2 reduction on other electrode surfaces and 

these studies did not report Faradaic efficiencies.
31, 34-36

 In 2012, the Kubiak group 

demonstrated that [Ni(cyclam)]
+
 still has considerable catalytic activity for CO 

production with Faradaic efficiencies of 90% in aqueous solution at an inert glassy 

carbon electrode.
37

 This brief and highly condensed summary brings us to the current 
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state of the literature for this catalyst and the current work to follow is the study of the 

homogeneous catalytic reduction of CO2 by Ni(cyclam) which has largely been 

overlooked in the literature.  
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Chapter 2 

 

 

Quantifying rates, selectivity and structure effects 

 

2.1 Electrochemistry Primer 

2.1.1 Electrochemistry Mechanisms 

The simplest electrochemical process known as an EC mechanism can be split 

up into 2 discrete steps which are displayed in equations E2.1 and E2.2. If dealing 

with a reduction, the first step (E) is the reversible heterogeneous electron transfer 

from an electrode to species O in solution to form the reduced species R. If this 

species R then irreversibly reacts with another substrate species in solution (S) to 

generate product P, this process is the chemical part (C) of the EC mechanism. A 

simulated cyclic voltammogram (CV) using Digisim software can illustrate the type of 

current response for an EC mechanism and can be seen in Figure 2.1. In the absence of 

substrate S (black curve), a fully reversible O/R couple is seen. With substrate S 

present (red curve), the reduced species R is consumed and therefore there is no re-
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oxidation peak seen on the return cycle to regenerate O. In this case the O/R reduction 

couple is said to be irreversible. 

 

O + e
-
 ⇌ R (E: heterogeneous electron transfer step)    E2.1 

R + S → P (C: chemical step)       E2.2 

 

 

Figure 2.1 Digisim simulated CV of an EC mechanism with and without substrate S. 

 

A special case of the EC mechanism known as an EC’ deals with an 

electrocatalytic process (the C’ designates a catalytic chemical step). In this case R 

acts as a molecular electrocatalyst for the conversion of S to P thereby regenerating 

the oxidized version of the catalyst O. This regeneration of O near the electrode 
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surface allows for it to be immediately reduced again to R which is the origin of 

catalytic current (icat) response in a CV experiment. The faster the rate of catalysis the 

larger the catalytic current observed. The effects of the forward reaction rate for the 

catalytic step in E2.3 (kf) can be seen in Figure 2.2. 

 

R + S → P + O (C’: catalytic chemical step)     E2.3 

 

 

Figure 2.2 Digisim simulated CV of an EC’ mechanism with varying forward reaction rates (kf). 

 

To be classified as an electrocatalyst the species R must also serve to lower the 

activation energy of the conversion from S to P by stabilizing the transition state. As 

in any catalytic process this serves to lower the kinetic barriers allowing for more 
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efficient product formation. Practical electrochemical reactions are often much more 

complicated that the simple EC and EC’ mechanisms outlined above. There can be 

multiple electron transfer and chemical steps in the mechanism. In the case of CO2 

reduction by [Ni(cyclam)]
2+

, a ECE mechanism can be used to describe the 

electrocatalytic process and is described by equations E2.4 – E2.  

 

[Ni(cyclam)]
2+

 + e
-
 ⇌ [Ni(cyclam)]

+
      E2.4 

 

[Ni(cyclam)]
+ 

+ CO2 + H
+
 → [Ni(cyclam)(COOH)]

2+
   E2.5 

 

[Ni(cyclam)(COOH)]
2+

 + e
-
 → [Ni(cyclam)]

+
 + CO + OH

-   
E2.6 

 

Keep in mind, however, that even this ECE mechanism is an oversimplified 

representation. In reality the CO2 binding and protonation steps would be discrete 

processes with their own thermodynamic and kinetic parameters. In addition, there can 

be alternative catalytic reactions such as proton reduction and catalyst degradation 

pathways which will significantly complicate the current response that is seen in the 

simple models. Very often a catalytic current peak is seen and not the current plateau 

as in Figure 2.2. The decrease in catalytic current after the catalytic peak can be from 

substrate consumption, or catalyst degradation. Many times the products of catalysis 

can actively poison the catalyst as they are produced. This type of behavior can be 

seen in Figure 2.3. 
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Figure 2.3 Digisim simulated CV of an EC’ including the effects of catalyst R poisoning by product P. 

The equilibrium constant and forward rate constant of the catalyst poisoning step are significantly 

higher than in the reaction with S step. 

 

2.1.2 Figures of Merit for Molecular Electrocatalysts 

In the study of Electrocatalytic processes there are some parameters used to 

characterize the efficiency, rate and stability of reaction and are defined below. 

Faradaic Efficiency = moles product/stoichiometric number of electrons passed 

Overpotential = the potential over the thermodynamic potential for conversion 

Turn over frequency (TOF) = catalytic turnovers per second 

Turn over number (TON) = [CO2 reduction products]/[catalyst] 

icat/ip = the peak catalytic current in the presence of substrate/peak current (no 

substrate) 
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In the case of CO2 reduction to CO as the product, this process takes 2 

electrons. Therefore 1 mol CO/2 mols e
-
 would represent a Faradaic efficiency of 

100%. The overpotential for catalysis must be minimized in order to optimize the 

efficient use of current. The TOF and TON are measures of catalytic rate and long 

term stability of the catalyst respectively and must be maximized. A high TON is 

especially important if the catalyst is expensive, such as rare earth transition metal 

complexes, because long term stability is mandatory in order to justify the use of such 

metals. The term icat/ip is a useful parameter because it is easy to directly obtain with a 

CV experiment without substrate and compare to one with substrate. Any catalytic 

process should have an icat/ip > 1 and additional variables such as electrode size and 

catalyst concentration can be effectively normalized out since both will also affect the 

non-catalytic current (ip). The ease of measurement and self-normalizing nature of 

icat/ip makes it ideal to compare the activity of different catalysts. 

 

2.2 Introduction 

This chapter will focus on the electrochemistry of [Ni(cyclam)]
2+

 at a glassy 

carbon (GC) electrode. This material was chosen because it has a relatively wide 

solvent window for proton reduction (poor proton reduction electrode material) and 

because it is relatively inert - [Ni(cyclam)]
+
 will not adsorb onto glassy carbon like it 

does with mercury. The homogeneous CO2 reduction activity of several nickel cyclam 

complexes was examined by cyclic voltammetry and controlled potential electrolysis. 

CO production with high efficiency from the unsubstituted [Ni(cyclam)]
2+

 was 
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verified while activity was found to be attenuated with methyl substitution of the 

amines on the cyclam ring. Reactivity with CO2 was also probed using DFT 

calculations. The relative CO2 binding energies to the Ni(I) state obtained from DFT 

were found to match well with the experimental results and shed light on the possible 

importance of the isomeric form of [Ni(cyclam)]
2+

 in determining catalytic activity. 

 

2.3 Results and Discussion 

2.3.1 Electrochemistry of [Ni(cyclam)]
2+

 in Aqueous Solution 

 

Figure 2.4 Cyclic voltammogram of 1 mM [Ni(cyclam)]
2+

 in 0.1 M KCl(aq), GC electrode, 100 mV/s 

scan rate. 
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Figure 2.4 shows the cyclic voltammogram (CV) of [Ni(cyclam)]
2+

 in an 

aqueous KCl solution at a glassy carbon electrode. Under Ar, the Ni(III/II) couple is 

reversible (0.81V vs. NHE). The Ni(II/III) return oxidation peak is only reversible if 

the cathodic (negative direction) scan does not go more negative than –1.3 V. It is 

obscured by large oxidative current if the scanned more negative than –1.3V. This 

implies some sort of catalyst degradation at more negative potentials in this solvent 

system in the absence of CO2 substrate. The Ni(II/I) couple (which is the reduction 

that is related to CO2 reduction) is not observed under Ar because it is beyond the 

solvent window of glassy carbon in aqueous solution and the current response is 

dominated by proton reduction. This explains why a mercury was a popular choice of 

electrode material – it has a more negative solvent window in aqueous solutions 

allowing the Ni(II/I) couple to be observed. On glassy carbon, when the solution is 

saturated with CO2, two irreversible reduction peaks emerge at –1.28 and –1.62 V. 

Since the Ni(II/I) couple is not visible under Ar, a direct comparison between the Ni 

(II/I) reduction peak under Ar and under CO2 cannot be made. However, if the 

Ni(III/II) peak height is used to estimate the one-electron reduction Faradaic current 

expected, the current is five times higher under CO2 than under Ar. This corresponds 

to a icat/ip of 5. To verify the reduction products, controlled potential electrolysis (CPE) 

was carried out and the head space of the electrochemical cell was sampled by gas 

chromatography. When held at a potential of –1.30 V for one hour the Faradaic 

efficiency was calculated to be 86% for CO (no H2 was detected) with an average 

current density of 2.8 mA/cm
2
. When held at –1.60 V for one hour the Faradaic 
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efficiency was calculated to be 90% for CO and 20% for H2 (assuming a 10% total 

error) with an average current density of 4.1 mA/cm
2
. These results verify the previous 

finding that [Ni(cyclam)]
+
 will react in a homogeneous fashion with CO2 and maintain 

selective production of CO.
1
  To verify catalysis a different CPE experiment was run 

until a total of 4 catalytic turnovers per [Ni(cyclam)]
+
 was achieved over 3.5 hours. A 

turnover frequency (TOF) of 1.1 h
-1

 can then be calculated from these electrolysis 

results. TOF was also calculated from CV using the electrochemical method by 

Savéant,
2
 and a TOF of 90 s

-1
 was found. The TOF calculated from electrolysis results 

is much lower because it is based on the total turnovers per catalyst in the bulk 

solution and is therefore governed by solution volume and electrode area. The Savéant 

method is based off catalytic limiting current density for a given catalyst concentration 

and therefore represents a more accurate rate for the catalysis at the electrode surface 

rather than for the system as a whole. 

 

2.3.2 Electrochemistry of Methylated Analogs of [Ni(cyclam)]
2+ 

Methylated analogs of [Ni(cyclam)]
2+

, [Ni(DMC)]
2+

 and [Ni(TMC)]
2+

 were 

also studied to understand the structural role of the cyclam ligand on catalytic activity 

(DMC = 1,8-Dimethyl-1,4,8,11-tetraazacyclotetradecane; TMC = 1,4,8,11-

tetramethyl-1,4,8,11-tetraazacyclotetradecane). Their structures can be seen in Figure 

2.5. The CV behaviors of the various cyclam complexes were investigated in a 1:4 

water:acetonitrile mixed solvent system in order to extend the solvent window so that 

the Ni(II/I) couple could be observed (Figure 2.6).  The CV under Ar shows that the 
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Ni(II/I) couple is shifted positively with increased methylation of the amine groups on 

the cyclam ring with the Ni(II/I) couples appearing at –1.23, –1.03, and –0.65 V for 

[Ni(cyclam)]
2+

, [Ni(DMC)]
2+

, and [Ni(TMC)]
2+

 respectively. The electrochemistry of 

this series has been previously explored on a mercury electrode and several 

explanations for this potential shift have been offered including changes in ring shape 

by steric hindrance from the methyl groups and differences in sigma donation ability 

between secondary and tertiary amines.
3-4

 When CO2 is introduced, it appears that 

only [Ni(cyclam)]
2+ 

shows significant activity as apparent by the catalytic current 

increase at a potential corresponding to the reduction to Ni(I) as well as an positive 

shift in the reduction peak. There is also the appearance of a second reduction peak at 

–1.61V similar to the CV in Figure 2.4. [Ni(DMC)]
2+

 appears to show no appreciable 

reactivity toward CO2 near its Ni(II/I) couple potential due to the similar current and 

peak potential as under Ar atmosphere. However, [Ni(DMC)]
2+

 does display a second 

reduction peak under CO2 at a similar potential to that of [Ni(cyclam)]
2+

. This second 

reduction peak is not seen with [Ni(TMC)]
2+

. These results concerning the difference 

in catalytic activity may be explained by the difference in reduction potentials of the 

complexes. It is possible that the reduced [Ni(DMC)]
+
 and [Ni(TMC)]

+
 complexes do 

not have sufficient reductive power to react with CO2. Other structural arguments 

relating to the importance of the amine protons in hydrogen bond stabilization of the 

CO2 adduct may also be important.
5
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Figure 2.5 Structures of Ni(cyclam) , Ni(DMC) (DMC = 1,8-Dimethyl-1,4,8,11-

tetraazacyclotetradecane) and Ni(TMC) (TMC = 1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane). 

 

 

 

Figure 2.6 Cyclic voltammograms of 1 mM [Ni(cyclam)]
2+

, [Ni(DMC)]
2+

, and [Ni(TMC)]
2+

 in 0.08 M 

tetrabutylammonium hexafluorophosphate electrolyte, 1:4 water:acetonitrile, GC electrode, 100 mV/s 

scan rate. 
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The catalytic activity in this mixed solvent system was confirmed with CPE at 

two potentials corresponding to the two catalytic reduction peaks of [Ni(cyclam)]
2+

 as 

well as for the second reduction peak of [Ni(DCM)]
2+

. High Faradaic efficiencies are 

maintained for [Ni(cyclam)]
2+

 in the mixed solvent system at the first reduction peak 

(see Table 2.1). CPE at the potential of the second reduction peak shows a decline in 

Faradaic efficiency for CO and some H2 production. [Ni(DMC)]
2+

 shows mainly H2 

production; however, CO is also observed with 20% Faradaic efficiency. The CPE 

results confirm that there is still CO2 reduction activity at the potential where the 

second reduction peak is seen by CV. The second reduction peak has been seen in 

another report but neither its origin nor Faradaic efficiency at this potential was 

explored.
6
 This second peak is most likely related to the reduction of a 

[Ni(cyclam)(CO)]
+ 

intermediate which will be discussed in detail in the next chapter. 

Control experiments show that the second reduction peak only appears when catalyst, 

CO2 and water are present.  

 

Table 2.1 Results of CPE
 
in 1:4 water:acetonitrile. Conditions: Held at potential for one hour, GC 

working electrode, 1 mM catalyst, 0.8 M tetrabutylammonium hexafluorophosphate electrolyte. 

Complex Potential 

(V) 

Faradaic 

Efficiency (%) 

Current 

Density 

(mA/cm
2
) 

CO H2 

[Ni(cyclam)]
2+

 –1.21 90 0 1.8 

[Ni(cyclam)]
2+

 –1.61 60 10 4.5 

[Ni(DMC)]
2+

 –1.63 20 80 3.8 
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2.3.3 DFT Calculations 

These results prompted the use of density functional theory (DFT) calculations 

to study the effect of the methylation of the cyclam ring on CO2 binding. The 

functional BP86 was used because it was shown to be appropriate for first row 

transition metals.
7
 The CO2 binding energy (∆ECO2) was modeled by finding the 

difference in the total bonding energy (TBE) for geometry optimized structures of 

LNi(I), LNi(I)-CO2 and free CO2 (L = cyclam, DMC or TMC) and applying the 

relationship shown in E2.7: 

 

∆ECO2 = TBELNi(I)-CO2 – (TBELNi(I) + TBECO2)     E2.7 

 

The results, summarized in Table 2.2, match well with the electrochemical 

experiments. [Ni(cyclam)(CO2)]
+
 had a significantly more favorable ∆ECO2 than 

[Ni(DMC)(CO2)]
+
. The geometry optimization of [Ni(TMC)(CO2)]

+
 did not converge, 

with the DFT favoring the breaking of the Ni–CO2 bond to reach a minimum energy 

structure. Of greater interest is the difference in ∆ECO2 between the isomers of 

[Ni(cyclam)]
+
. [Ni(cyclam)]

2+
 is known to have five possible isomers; however, only 

the trans-I and trans-III (see Chart 2) are present in solution in appreciable amounts 

(15% and 85% respectively).
8
 Therefore, these two were chosen for DFT calculations. 
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Figure 2.7 Structures of the trans-I and trans-III isomers of [Ni(cyclam)]
2+

 .  

 

∆ECO2 was much more favorable for the trans-I species by 21 kJ/mol. This large 

difference between the isomeric forms of [Ni(cyclam)]
+
 may be attributed to the CO2 

oxygens each interacting with two amine protons in the trans I isomer, rather than just 

one on the trans-III. Similar results were reported in a recent review.
9
 This result may 

have some bearing on the literature. It has been reported that the adsorption on Hg 

initiates an isomerization process which renders [Ni(cyclam)]
+
 more reactive toward 

CO2 reduction.
10

 However, Hg has also been suggested to lend electronic effects by 

acting as an axial ligand to the Ni center and aiding in CO2 binding to Ni(I).
11-12

 These 

DFT results only represent a comparison between the various macrocycles as solvation 

and counter anions were ignored in these gas phase calculations. Nonetheless, these 

computational and electrochemical results are encouraging. [Ni(cyclam)]
2+

 will 

electrocatalytically reduce CO2 to CO in a homogeneous fashion. The next chapter 

will further explore the mechanism of the homogeneous electrocatalytic reduction of 

CO2 by [Ni(cyclam)]
2+

 to determine the catalytic rate limiting step .  
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Figure 2.8 DFT geometry optimized structures for the CO2 adducts. Some hydrogens removed for 

clarity 

 

Table 2.2 Characterization of Geometry Optimized DFT Structures. 
a
TBE = total bonding energy. 

b
∆ECO2 = TBELNi(I)-CO2 – (TBELNi(I) + TBECO2). 

c
Carbon from CO2. 

d
Geometry optimization did not 

converge. 

Structure TBE 

(kJ/mol)
a
 

∆ECO2 

(kJ/mol)
b
 

Average Ni–N 

distance (Å) 

Ni–C Distance 

(Å)
c
 

CO2 -2216.9 – – – 

[Ni(cyclam)]
+
 trans-I -20050.1 – 2.087 – 

[Ni(cyclam)]
+
 trans-III -20081.1 – 2.034 – 

[Ni(DMC)]
+
 trans-III -23162.0 – 2.102 – 

[Ni(TMC)]
+
 trans-III -26230.6 – 2.147 – 

[Ni(cyclam)(CO2)]
+
 trans-I -22285.2 -18.2 2.112 2.123 

[Ni(cyclam)(CO2)]
+
  trans-III -22295.1 2.9 2.099 2.183 

[Ni(DMC)(CO2)]
+
 trans-III -25364.7 14.2 2.127 2.173 

[Ni(TMC)(CO2)]
+
  trans-III

d
 – – – – 

 

2.4 Conclusion 

 [Ni(cyclam)]
2+

 is one of the few CO2 reduction catalysts that operates 

efficiently and selectively in water. It was demonstrated that the efficiency and 

selectivity remains even in a homogeneous system; however, the catalytic properties 

[Ni(cyclam)(CO2)]+ trans I [Ni(cyclam)(CO2)]+ trans III [Ni(DMC)(CO2)]+ trans III [Ni(TMC)(CO2)]+ trans III
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are quite different to what is seen on mercury. There are two clear catalytic peaks seen 

at a glassy carbon electrode and the catalytic current densities are significantly lower 

for the homogeneous reaction with CO2. Peak CV current densities at glassy carbon 

(Figure 2.4, peak at –1.28 V) and Hg
13 

are 1.0 and 11 mA/cm
2 

respectively (1 mM 

[Ni(cyclam)]
2+

, 100 mV/s). The exact identity of the active species adsorbed on Hg 

remains to be identified, but might explain this difference. If this species can be 

obtained without the use of such a toxic material as Hg, it would be a step closer to a 

more environmentally benign catalyst system.   

 

2.5 Experimental 

Synthesis. Nickel(II) chloride hexahydrate, 1,4,8,11-tetraazacyclotetradecane 

(cyclam), 1,8-Dimethyl-1,4,8,11-tetraazacyclotetradecane (DMC) and 1,4,8,11-

tetramethyl-1,4,8,11-tetraazacyclotetradecane (TMC) were purchased from Sigma-

Aldrich and used without further purification. The nickel complexes were synthesized 

according to an adaptation of a literature report by combining 1 eq. NiCl2·(H2O)6 and 

1.02 eq. ligand in ethanol (concentration: 0.1 to 0.2 M).
14

 The products were 

precipitated upon the addition of ether and can be further purified by recrystallization 

from acetone-water.  

Ni(cyclam)(Cl)2. Anal. Calcd. for C10H24Cl2N4Ni: C, 36.40; H, 7.33; N, 16.98. Found: 

C, 36.45; H, 7.18; N, 16.82. 

Ni(DMC)(Cl)2. Anal. Calcd. for C12H28Cl2N4Ni: C, 40.26; H, 7.88; N, 15.65. Found: 

C, 40.31; H, 7.88; N, 15.69. 
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Ni(TMC)(Cl)2. Anal. Calcd. for C14H32Cl2N4Ni: C, 43.56; H, 8.36;N, 14.51. Found: 

C, 43.81; H, 8.32; N, 14.39. 

 

Electrochemistry. Cyclic voltammetry and controlled potential electrolysis were 

performed using a BASi Epsilon potentiostat. A one compartment cell was used with a 

glassy carbon working electrode (3 mm in diameter from BASi), a Pt wire counter 

electrode, and a Ag/AgCl for aqueous solutions or a Ag/Ag
+
 reference electrode for 

the 1:4 water:acetonitrile solutions. All potentials are converted to NHE by the 

following conversion: 

NHE = Ag/AgCl + 0.2 V 

NHE = Ag/Ag
+
 + 0.54 V 

Aqueous electrochemical experiments were performed with 0.1 M KCl as the 

supporting electrolyte and the experiments using 1:4 water:acetonitrile solutions used 

0.08 M tetrabutylammonium hexafluorophosphate (TBAH). All solutions were purged 

with the appropriate gas (N2, CO2 or CO) before CVs were taken. 

Bulk electrolysis experiments were carried out in a single compartment cell with a 

carbon disc working electrode, a platinum cage counter electrode, and an Ag/AgCl 

reference electrode on the BASi Epsilon potentiostat. The bulk reductions were carried 

out in a 0.1 M TBAH/CH3CN solution. The bulk electrolysis solution was purged with 

CO2 for 10 minutes prior to electrolysis. Gas analysis for bulk electrolysis experiments 

were performed using 1 mL sample injection volume on a Hewlett Packard 7890A 
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Series gas chromatograph with a molsieve column (30m x 0.53 mm ID x 25 μm film). 

A 10% error is estimated for all Faradaic efficiency measurements. 

 

Turnover Number (TON) Measurement. A controlled potential electrolysis 

experiment was run with a 25 mL solution consisting of a 1 mM [Ni(cyclam)]
2+

 and 

0.1M KCl saturated with CO2. A carbon rod was used as the working electrode and 

carbon rod separated by a glass frit as the counter electrode. A total of 4 catalytic 

turnovers (verified by GC) were achieved after 3.5 hours of electrolysis at -1.2 V (vs. 

NHE).  

TOF – Controlled Potential Electrolysis Method. TOF was calculated using the 

following equation after a controlled potential electrolysis (same experiment to 

determine TON above):  

 

mols CO produced / mols catalyst in bulk solution    E2.8 

 

The TOF calculated by this method was calculated to be 1.1 h
-1

 over 3.5 hours of 

electrolysis.  

TOF - Savéant Method. The TOF for [Ni(cyclam)]
2+

 in water was determined using 

the electrochemical method described by Savéant.
2
 A limiting current was found using 

a 11 μm diameter glassy carbon ultra-micro electrode, 1mM [Ni(cyclam)], 0.1M KCl 

and a scan rate of 10 mV/s. The catalytic current was then found and the following 

equation was used to find the rate constant for catalysis: 
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icat = nFA[cat](Dk[CO2])
1/2

       E2.9 

 

In the equation above, icat is the catalytic current (limiting current under CO2 

subtracted by the limiting current under Ar; used limiting current from Ni(II/III) 

couple since Ni(I/II) is covered by solvent window under Ar), n is the number of 

electrons (2 for this reaction reflecting the reduction of CO2 to CO), F is Faraday’s 

constant, A is the area of the electrode surface, [cat] the catalyst concentration 

(mols/cm
3
 in Eq. 2) , D is the diffusion coefficient of the catalyst which was 

previously reported
15

 as 5.6 × 10
-6

 cm
2
s

-1
, k is the rate constant (the variable of interest 

in this case), [CO2] is the concentration of dissolved CO2 which was assumed to be 36 

mM
16

 (mols/cm
3
 in Eq. 2). A second order rate constant of 2.4 × 10

3
 M

−1
 s

−1
 is 

obtained using this equation. Multiplying by the concentration of CO2 (0.036 M) 

yields a TOF of 87 s
-1

. Since the Savéant method is based on catalytic limiting current 

density for a given catalyst concentration it therefore represents a more accurate rate 

for the catalysis at the electrode surface than does the controlled potential electrolysis 

method. 

 

DFT Calculations. Density Functional Theory calculations were performed with the 

Amsterdam Density Functional (ADF) program suite,
17-18

 version 2007.01.
19

 For all 

atoms, the triple-ζ Slater-type orbital TZ2P ADF basis set was utilized without frozen 

cores. Relativistic effects were included by use of the zeroth-order regular 
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approximation (ZORA).
20-21

 The functional used was BP86: The local density 

approximation (LDA) of Vosko, Wilk and Nusair,
22

 (VWN) was coupled with the 

generalized gradient approximation (GGA) corrections described by Becke
23

 and 

Perdew
24

 for electron exchange and correlation, respectively. Single point frequency 

calculations were performed to verify that the geometries were at their minima. The 

trend in ∆ECO2 was also confirmed with the alternative functional BLYP.  

The material for this chapter comes directly from a manuscript entitled 

“Homogeneous CO2 Reduction by Ni(cyclam) at a Glassy Carbon Electrode” by Jesse 

D. Froehlich and Clifford P. Kubiak, which has been published in Inorganic 

Chemistry, 2012, 51, 3932. The dissertation author is the primary author of this paper. 
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2.6 Appendix 

Table 2.3 Geometry optimized xyz coordinates for trans-I [Ni(cyclam)]
2+

 from DFT calculations. 

Atom X Y Z 

Ni 6.514636 -2.422812 3.31464 

N 7.298424 -2.784832 5.107134 

N 8.087466 -1.245249 3.12189 

H 7.88357 -0.436169 3.726813 

N 5.56717 -1.823667 1.668672 

H 4.987479 -1.082107 2.084194 

N 4.970893 -3.643598 3.472773 

C 6.972148 -4.046363 5.851418 

H 7.317567 -3.924777 6.889239 

H 7.553964 -4.860193 5.398239 

C 5.484718 -4.367433 5.824571 

H 4.890245 -3.524903 6.216001 

H 5.303953 -5.200769 6.517292 

C 4.995865 -4.784616 4.443393 

H 5.647376 -5.561827 4.022212 

H 3.978986 -5.199788 4.504973 

C 4.708203 -4.111355 2.075975 

H 5.548224 -4.756379 1.789834 

H 3.78936 -4.713849 2.033846 

C 4.617952 -2.893194 1.168101 

H 3.600712 -2.480816 1.138033 

H 4.89435 -3.163717 0.143499 

C 6.309758 -1.160346 0.545801 

H 5.566836 -0.716793 -0.134265 

H 6.844622 -1.943595 -0.007966 

C 7.276564 -0.094213 1.039783 

H 7.656324 0.453006 0.166086 

H 6.75608 0.658425 1.655556 

C 8.467083 -0.681377 1.786403 

H 8.925607 -1.491873 1.20429 

H 9.236277 0.087886 1.949941 

C 9.214311 -2.013983 3.737538 

H 9.418886 -2.866682 3.078096 

H 10.124009 -1.398229 3.786568 

C 8.782649 -2.481299 5.120598 

H 9.329065 -3.388084 5.400732 

H 8.98426 -1.723289 5.889009 

H 4.187908 -3.038755 3.760735 

H 6.835454 -2.032169 5.634214 
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Table 2.4 Geometry optimized xyz coordinates for trans-I [Ni(cyclam)]
+
 from DFT calculations. 

Atom X Y Z 

Ni 6.482188 -2.376758 3.346906 

N 7.347264 -2.796469 5.196621 

N 8.173130 -1.174089 3.137956 

H 8.013522 -0.330416 3.703202 

N 5.511468 -1.801286 1.585370 

H 4.964813 -1.032802 1.988854 

N 4.868554 -3.691014 3.469294 

C 7.032857 -4.097353 5.846788 

H 7.358828 -4.087904 6.901267 

H 7.611783 -4.877812 5.331727 

C 5.537757 -4.429145 5.781042 

H 4.947642 -3.583389 6.173430 

H 5.352045 -5.262238 6.474039 

C 5.010413 -4.842019 4.402637 

H 5.706493 -5.555362 3.938606 

H 4.043956 -5.362201 4.515852 

C 4.645570 -4.101536 2.061246 

H 5.509939 -4.714871 1.772638 

H 3.739455 -4.719426 1.942179 

C 4.549826 -2.862514 1.155781 

H 3.525225 -2.462742 1.163332 

H 4.766929 -3.160272 0.121944 

C 6.318562 -1.209301 0.484276 

H 5.658233 -0.744856 -0.268325 

H 6.857712 -2.028469 -0.013603 

C 7.316834 -0.165514 0.996940 

H 7.699332 0.384520 0.125156 

H 6.792800 0.585884 1.611981 

C 8.521108 -0.723822 1.762673 

H 8.929972 -1.592717 1.227259 

H 9.320351 0.035977 1.801829 

C 9.243951 -1.975359 3.781061 

H 9.415496 -2.845883 3.133459 

H 10.194556 -1.420878 3.858845 

C 8.798432 -2.435969 5.179597 

H 9.398039 -3.306836 5.473940 

H 8.995555 -1.648322 5.921150 

H 4.056302 -3.143889 3.781786 

H 6.855379 -2.076340 5.736227 
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Table 2.5 Geometry optimized xyz coordinates for trans-I [Ni(cyclam)(CO2)]
+
 from DFT calculations. 

Atom X Y Z 

Ni 6.398849 -2.25919 3.419896 

N 7.339508 -2.78482 5.249763 

N 8.189647 -1.2111 3.085686 

H 8.049326 -0.33469 3.602966 

N 5.478094 -1.75646 1.574286 

H 4.970788 -0.9088 1.84229 

N 4.915663 -3.74466 3.472276 

C 7.173529 -4.18682 5.715183 

H 7.57769 -4.28971 6.736368 

H 7.772225 -4.83895 5.062255 

C 5.707591 -4.63061 5.697853 

H 5.079176 -3.87874 6.203426 

H 5.625122 -5.54142 6.307775 

C 5.14109 -4.95107 4.312186 

H 5.845151 -5.59952 3.770513 

H 4.200808 -5.51696 4.416326 

C 4.688135 -4.07488 2.044406 

H 5.58836 -4.59346 1.683086 

H 3.835763 -4.76112 1.907738 

C 4.448552 -2.79208 1.251228 

H 3.45912 -2.38589 1.499455 

H 4.449146 -3.01659 0.175579 

C 6.374503 -1.40144 0.44247 

H 5.774179 -1.02064 -0.40087 

H 6.872536 -2.31965 0.0977 

C 7.420108 -0.35566 0.84033 

H 7.848194 0.059455 -0.08314 

H 6.932079 0.493215 1.347274 

C 8.579415 -0.88571 1.687958 

H 8.971285 -1.80805 1.234882 

H 9.404592 -0.15473 1.689021 

C 9.213202 -2.01993 3.791352 

H 9.330796 -2.95802 3.22906 

H 10.19678 -1.5214 3.80881 

C 8.753667 -2.30015 5.220739 

H 9.424906 -3.03499 5.686851 

H 8.816537 -1.37862 5.814435 

H 4.09363 -3.24208 3.828757 

H 6.832374 -2.1808 5.90215 

C 5.319173 -0.71626 4.399169 

O 4.170222 -0.83034 4.033046 

O 6.130813 -0.11875 5.071085 
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Table 2.6 Geometry optimized xyz coordinates for trans-III [Ni(cyclam)]
2+

 from DFT calculations. 

Atom X Y Z 

Ni 6.422202 -2.28791 3.617617 

N 7.454486 -2.93767 5.180454 

H 7.843007 -3.83449 4.853009 

N 7.952311 -1.0726 3.283671 

H 7.64858 -0.19666 3.734562 

N 5.382246 -1.65926 2.05504 

H 4.92556 -0.80281 2.402683 

N 4.894641 -3.50067 3.973582 

H 5.223074 -4.41022 3.616613 

C 6.720885 -3.22169 6.457884 

H 6.328892 -2.2656 6.831225 

H 7.448146 -3.59412 7.195123 

C 5.599822 -4.23287 6.268666 

H 5.185537 -4.47152 7.258092 

H 5.995146 -5.18507 5.876919 

C 4.465464 -3.72009 5.393947 

H 3.631715 -4.43838 5.393084 

H 4.079663 -2.76335 5.771897 

C 3.736445 -3.08557 3.114664 

H 3.015355 -3.90801 3.010801 

H 3.22808 -2.25422 3.622186 

C 4.293063 -2.6524 1.780285 

H 3.516914 -2.21013 1.139303 

H 4.739015 -3.49649 1.23695 

C 6.110264 -1.27876 0.801492 

H 5.370152 -0.9179 0.071313 

H 6.563061 -2.19297 0.392483 

C 7.167722 -0.21409 1.053819 

H 7.554136 0.125317 0.082852 

H 6.716212 0.678681 1.520148 

C 8.341993 -0.71986 1.878832 

H 8.778929 -1.61925 1.423403 

H 9.130617 0.046035 1.927621 

C 9.12898 -1.5771 4.064481 

H 9.563453 -2.4173 3.50655 

H 9.898425 -0.79787 4.155618 

C 8.616342 -2.01703 5.414889 

H 9.39584 -2.5183 6.004339 

H 8.250095 -1.16186 5.999325 
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Table 2.7 Geometry optimized xyz coordinates for trans-III [Ni(cyclam)]
+
 from DFT calculations. 

Atom X Y Z 

Ni 6.41913 -2.28502 3.618815 

N 7.528174 -2.9671 5.249127 

H 7.919957 -3.86461 4.934639 

N 8.037013 -1.00863 3.288066 

H 7.744112 -0.12919 3.73085 

N 5.306174 -1.62914 1.986087 

H 4.84246 -0.7742 2.312051 

N 4.810895 -3.56441 3.96983 

H 5.125624 -4.47867 3.623984 

C 6.746444 -3.22724 6.486621 

H 6.344187 -2.26093 6.827555 

H 7.404251 -3.611 7.286406 

C 5.600613 -4.21988 6.26088 

H 5.193175 -4.48051 7.248277 

H 5.999412 -5.16269 5.847226 

C 4.43068 -3.73161 5.398086 

H 3.590543 -4.4409 5.494683 

H 4.078879 -2.75411 5.760193 

C 3.695334 -3.11116 3.099647 

H 2.938845 -3.89709 2.946256 

H 3.201378 -2.27016 3.605656 

C 4.257005 -2.65257 1.752722 

H 3.440766 -2.27678 1.11331 

H 4.725889 -3.49734 1.230619 

C 6.090919 -1.27818 0.772729 

H 5.423097 -0.90485 -0.02369 

H 6.558391 -2.20191 0.404128 

C 7.167792 -0.22571 1.064708 

H 7.542928 0.141961 0.099027 

H 6.710432 0.648892 1.557883 

C 8.37815 -0.70776 1.873615 

H 8.781626 -1.629 1.42892 

H 9.174824 0.056669 1.824299 

C 9.168953 -1.55441 4.076744 

H 9.582976 -2.40449 3.515046 

H 9.97954 -0.81901 4.210888 

C 8.658696 -2.02307 5.438453 

H 9.482446 -2.46752 6.019154 

H 8.278348 -1.16367 6.011445 
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Table 2.8 Geometry optimized xyz coordinates for trans-III [Ni(cyclam)(CO2)]
+
 from DFT calculations. 

Atom X Y Z 

Ni 6.359257 -2.20229 3.69405 

N 7.55267 -3.04933 5.218515 

H 7.912906 -3.93812 4.849591 

N 8.054925 -1.02129 3.312436 

H 7.821757 -0.13963 3.781278 

N 5.297195 -1.67856 1.972009 

H 4.780939 -0.85348 2.297962 

N 4.843856 -3.61503 3.967545 

H 5.215582 -4.50661 3.61413 

C 6.801267 -3.36096 6.467513 

H 6.423713 -2.4085 6.862313 

H 7.480551 -3.78639 7.225513 

C 5.648578 -4.34273 6.224511 

H 5.255547 -4.63647 7.208247 

H 6.041613 -5.27434 5.779983 

C 4.464677 -3.83779 5.390237 

H 3.640547 -4.56825 5.456062 

H 4.087676 -2.88375 5.783134 

C 3.724 -3.22064 3.07172 

H 3.012851 -4.04624 2.913916 

H 3.19141 -2.39594 3.55899 

C 4.301909 -2.75733 1.734699 

H 3.490406 -2.42716 1.06695 

H 4.820939 -3.58758 1.232418 

C 6.088013 -1.30289 0.774896 

H 5.421454 -0.92691 -0.01962 

H 6.565785 -2.21557 0.38813 

C 7.153744 -0.24588 1.089461 

H 7.527007 0.142765 0.131228 

H 6.690339 0.616808 1.596255 

C 8.367006 -0.7381 1.886713 

H 8.749666 -1.66895 1.442316 

H 9.177181 0.007073 1.817814 

C 9.190453 -1.63417 4.053569 

H 9.571646 -2.4685 3.446023 

H 10.0209 -0.92316 4.18879 

C 8.713705 -2.14176 5.413855 

H 9.542422 -2.64022 5.940343 

H 8.370954 -1.3037 6.030642 

C 5.463279 -0.55325 4.808832 

O 6.335038 -0.13781 5.535312 

O 4.327839 -0.45674 4.4063 
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Chapter 3 

 

Mechanistic Aspects of the Electrocatalytic Reduction of 

CO2 by Ni(cyclam) 

 

 
3.1 Introduction 

The previous chapter demonstrated that [Ni(cyclam)]
2+

 will electrocatalytically 

reduce CO2 to CO with high efficiency at an inert glassy carbon electrode. This work 

helped to clarify many of the misconceptions that this catalyst only has activity when 

adsorbed on a mercury electrode. After saturation with CO2,  it was shown that both 

the aqueous and mixed solvent systems show high Faradaic efficiencies for CO 

production suggesting the active catalyst in the Ni(I) reduced state preferentially reacts 

with CO2 rather than protons. Although, in highly acidic solutions H2 production 

dominates over CO production.  

The overall mechanism for CO2 reduction by [Ni(cyclam)]
2+

, including 

bicarbonate formation, is summarized in Scheme 3.1.  
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Scheme 3.1 The Proposed CO2 reduction catalytic cycle for [Ni(cyclam)]
2+

. 

 

The Ni center is first reduced to generate the active catalyst, [Ni(cyclam)]
+
, which in 

turn can react with CO2. In the presence of a proton source, significant catalytic 

current is observed.  This chapter will focus on the experiments done to further 

explore the mechanism of the homogeneous electrocatalytic reduction of CO2 by 

[Ni(cyclam)]
2+

. The electrochemical kinetics are probed by varying CO2 substrate and 

proton concentrations. CO2 reduction intermediates are observed in infrared spectra 

obtained from spectroelectrochemical experiments. The two major species observed 

are a Ni(I) carbonyl, [Ni(cyclam)(CO)]
+
, and a Ni(II) coordinated bicarbonate, 

[Ni(cyclam)(CO2OH)]
+
. The rate-limiting step during electrocatalysis is determined to 

be catalyst deactivation by the CO produced from CO2 reduction.  
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3.2 Results and Discussion 

3.2.1 Electrochemistry in the Absence of Added Protons 

The CV of [Ni(cyclam)]
2+

 in acetonitrile (ACN) under N2 and CO2 can be seen 

in Figure 3.1. With the saturation of CO2 (0.28 M) to the [Ni(cyclam)]
2+

 solution in 

ACN the Ni(II)/Ni(I) becomes irreversible and the reduction peak has a slight increase 

in current and is shifted positively by 30mV. The positive shift is due to CO2 binding 

to Ni(I). The irreversibility may arise from two possibilities: 1) CO2 binding is an 

irreversible process or 2) There is a fast, irreversible chemical step (E3.2) following 

CO2 binding or an ECC mechanism. Possibility 1) may be ruled out by consideration 

of the fast kinetics of CO2 binding. Kelly et. al. reported the kinetics for E3.1 in 

aqueous solution to be kf = 3.2 × 10
7
 M

-1
s

-1
 and kr = 2.0 × 10

6 
s

-1
 for the forward and 

reverse reactions respectively.
1
 These rate constants imply that CO2 binding is a 

reversible process on the timescale of CV. For possibility 2), the fast, irreversible 

chemical step following CO2 binding could be an isomerization or protonation. It has 

been reported that reduction of a divalent Ni complex was accompanied by an 

isomerization process.
2
 As discussed in chapter 2, the trans-III isomer of 

[Ni(cyclam)]
2+

 is the major species in solution however the trans-I isomer of the CO2 

adduct is predicted to be more stable by DFT. On the other hand, if it is due to a 

protonation step, the protons would have to come from the electrolyte, solvent, 

residual water or [Ni(cyclam)] amine protons.  

[Ni(cyclam)]
+
 + CO2 ⇌ [Ni(cyclam)](CO2)     E3.1 

[Ni(cyclam)(CO2)]
+
 → intermediate       E3.2 
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Figure 3.1 Cyclic voltammograms of 1 mM [Ni(cyclam)](PF6)2, 0.1 M TBAH in ACN. Current 

normalized by square root of scan rate.  

 

Figure 3.2 CV of 1 mM [Ni(cyclam)](PF6)2, 0.1M TBAH in ACN saturated with CO2 with additions of 

aqueous solution of 1mM [Ni(cyclam)](PF6)2. Scan rate = 5 V/s. 
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 Interestingly, a reversible couple can be obtained under CO2 at faster scan rates. 

Figure 3.1 also shows the CV of [Ni(cyclam)]
2+

 under CO2 at various scan rates. 

Reversibility of the Ni(II)/Ni(I) couple is regained with scan rates above 3 V/s. With a 

reversible couple, the CO2 binding constant (    
) can be calculated from the shift in 

the Ni(II)/Ni(I) couple (ΔE) under N2 and CO2 and E3.3.
3
  

 

    
                 – 1       E3.3 

 

n is the number of electrons in the process and in this case 1. F is Faraday’s constant 

(96,485 Cmol
-1

 ). R is the ideal gas constant (8.314 VCK
-1

mol
-1

) and T is temperature 

in Kelvin (K). Using this electrochemical determination method KCO2 was found to be 

6 M
-1

 which is in very good agreement with the previous reported value (4±2 M
-1

).
4
 In 

addition to an equilibrium constant, information about the rate of the chemical step 

following CO2 binding can be obtained. Assuming that with faster scan rates the 

chemical step (E3.2) cannot proceed because the metal center Ni(I) is re-oxidized to 

Ni(II) before this step can reach equilibrium, the half-life (t1/2) is estimated to be ≈0.2 s 

under these conditions. It should be noted that if water is added to the solution the 

reversibility is lost even at higher scan rates (Figure 3.2). This suggests that the 

chemical step responsible for irreversibility is most likely protonation of the CO2 

adduct. Even though care was taken to exclude water from the electrolyte solution by 

solvent purification and drying of the CO2 stream used, there is probably water in 

concentrations in excess of the catalyst in solution (>1 mM). The oxygens of the CO2 
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adduct would be basic in nature and are capable of abstracting a proton under these 

conditions – especially if a proton-coupled electron transfer (PCET) mechanism is 

evoked. A recent computational study concluded that PCET is the most likely 

mechanism for the protonation of the CO2 adduct at the moderate potentials where 

catalysis is observed.
5
  

 

3.2.2 Electrochemistry with Added Protons 

It is clear from the lack of significant catalytic current (icat) in ACN that high 

turn-over frequencies (TOF) are not possible without the addition of a proton source. 

Figure 3.3 shows CVs with increasing amounts of water as the proton source. As 

water is added, two catalytic peaks develop. The 1
st
 catalytic peak, a, simultaneously 

grows in intensity and shifts positively in potential suggesting a proton dependent 

electron transfer. This agrees with the reported mechanism in which the second 

reduction occurs only after protonation of the CO2 adduct.
6
 The lack of any additional 

reduction peaks under CO2 without added protons is also evidence that the 

unprotonated CO2 adduct is not reduced at these potentials. At a water concentration 

of 11 M (or 20%) peak a approaches the same potential as the [Ni(cyclam)]
2+

 

reduction peak under CO2 (-1.19V vs. NHE). The 2
nd

 catalytic peak, b, increases 

reaching a maximum intensity and a peak potential of -1.59 V at ≈4 M water, then 

slightly decreasing at 11 M water. The current in peak b is assumed to be, in part, the 

reduction of a [Ni(cyclam)(CO)]
+
 which is formed by reaction of [Ni(cyclam)]

+
 with 

CO formed as the product of CO2 reduction. Additional contributions to the current in 
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b could also be from CO2 or proton reduction by a Ni(0) species or at the electrode. 

Evidence of [Ni(cyclam)(CO)]
+ 

forming during CO2 reduction by [Ni(cyclam)]
+
 has 

been reported previously on a Hg electrode.
6
  

 

Figure 3.3 CV of 1 mM [Ni(cyclam)](PF6)2, 0.1M TBAH in ACN saturated with CO2 with additions of 

aqueous solution of 1mM [Ni(cyclam)](PF6)2. Scan rate = 0.1 V/s. 

 

Further information of the nature of the 2
nd

 catalytic peak, b, can be obtained 

by varying the CO2 concentration. Figure 3.4 shows the CV of 5 mM [Ni(cyclam)]
2+

 

in a 1:4 water:ACN solution. The 1
st
 catalytic peak, a, quickly reaches a plateau as the 

CO2 concentration exceeds that of the catalyst. This suggests that CO2 binding is not a 

rate limiting step at high CO2 concentrations. Peak b begins to appear at [CO2] > 5 

mM suggesting that it is related to CO2 reduction by a species other than 

[Ni(cyclam)]
+
. The catalytic current under excess CO2 and proton source remains peak 

a

b
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shaped. This implies that substrate consumption is not the cause of the peak shape but 

is most likely due to an inhibition process such as catalyst degradation. 

 

 

Figure 3.4 Cyclic voltammograms of 5 mM [Ni(cyclam)](Cl)2, 0.1M TBAH in 1:4 water: ACN. 

Adding CO2 with flow meter.  The positive scan portion has been removed for clarity. Scan rate = 0.1 

V/s. 

 

3.2.3 Electrochemistry Under CO 

[Ni(cyclam)]
+
 + CO ⇌ [Ni(cyclam)(CO)]

+
     E3.4 

[Ni(cyclam)(CO)]
+
 + e

–
 → Ni(0) carbonyl species    E3.5 

 

a

b
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Figure 3.5 Cyclic voltammograms of 1 mM [Ni(cyclam)](PF6)2, 0.1M TBAH in ACN saturated with 

either N2 or CO. Scan rate = 0.1 V/s.  

 

Since CO is the major product of the reduction of CO2 by [Ni(cyclam)]
2+

, the 

electrochemistry was also studied under CO. The CV of [Ni(cyclam)]
2+

 in a CO 

saturated ACN solution (8 mM CO) can be seen in Figure 3.5.  There is a large 

positive shift in the Ni(II)/Ni(I) couple under CO relative to N2 due to CO binding 

(E3.4). The CO binding constant (Kco) calculated from this shift has been reported 

before in ACN
7
 and water

8-9
 and is reported in Table 3.1. The Ni(II)/Ni(I) couple 

remains reversible under CO if the scan is reversed before –1.3 V. If scanned more 

negative, an irreversible reduction peak is observed at –1.6 V which is a similar 

potential as the 2
nd

 catalytic peak, b, seen under CO2. The irreversibility of the 2
nd

 

reduction peak under CO in Figure 3.5 (red curve) suggests the formation of an 
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unstable Ni(0)(cyclam)(CO) species (E3.5). This formally 20 e
–
 species is predictably 

not a stable electronic configuration and could degrade via full or partial cyclam 

ligand loss to form more stable  Ni(0) carbonyl species. Some of these Ni(0) species 

may also have CO2 reduction capabilities.  

 

Figure 3.6 Cyclic voltammograms of 5 mM [Ni(cyclam)](Cl)2, 0.1M TBAH in 1:4 water:ACN. The 

solution was saturated with CO (black) and then incrementally sparged with aliquots of CO2 until 

saturated (red). Scan rate = 0.1 V/s. Inset: zoomed region of return oxidation peaks. 

 

The CV of [Ni(cyclam)]
2+

 in a CO saturated 1:4 water:ACN solution (≈6 mM 

CO) can be seen in Figure 3.6 (black curve) and looks similar to the red curve in 

Figure 3.5 without added water. As CO2 is incrementally sparged into the solution, 

this 2
nd

 peak increases in intensity but the peak potential remains relatively constant. 

This implies that this peak is due to the reduction of the same species whether under 
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CO or CO2. The same re-oxidation peaks at ≈ -1 and -0.3 V are present under both CO 

and CO2. Similar anodic features were also reported with a Hg working electrode.
8, 10

 

We ascribe the anodic peak at ≈ -1 V to be the oxidation of [Ni(cyclam)(CO)]
+
 and the 

anodic peak at ≈ -0.3 V to be the oxidation of a species that forms upon the further 

reduction [Ni(cyclam)(CO)]
+
. This species is most likely a Ni(0) carbonyl. This 

similarity in the CV reduction and oxidation peaks under CO and CO2 provide strong 

evidence that one or more stable nickel carbonyl species are formed in the 

homogeneous reduction of CO2 at a glassy carbon electrode.  

 

3.2.4 Infrared-Spectroelectrochemistry 

 Infrared-Spectroelectrochemistry (IR-SEC) is a powerful analytical technique 

that makes possible the direct observation of the IR spectrum of a solution that is 

being held under a potential. It allows identification of species formed during 

electrochemical and electrocatalytic reactions. The details of the experimental setup 

can be found in the experimental section of this chapter. However, the basic principal 

relies on the utilization of a working electrode that is also reflective to IR radiation to 

allow the IR beam to pass through the electroactive layer close to the working 

electrode and then to the detector. Just as in a controlled potential electrolysis 

experiment, a constant potential can be held during the IR scan. With multiple 

experiments, changing the potential each time, the potential at which an IR active 

species is formed can be found. This information can also be correlated to CV 

experiments and lead to mechanistic insight into an electrocatalytic reaction. 
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In an effort to identify CO2 reduction products or intermediates by 

[Ni(cyclam)]
2+

, IR-SEC experiments were carried out. Figure 3.7 shows several IR 

peaks growing in as the potential is decreased below -1.2 V (vs. Ag quasi-reference) 

under CO2. The peak at 1955 cm
-1

 is attributed to [Ni(cyclam)(CO)]
+ 

which was 

verified by doing the same experiment under CO (Figure 3.8). This [Ni(cyclam)(CO)]
+ 

species has also been observed before by IR at 1955 cm
-1

 in ACN by chemical 

reduction of [Ni(cyclam)]
2+

 with a Na-Hg amalgam and reaction with CO.
7
 The peaks 

1666, 1650 (shoulder) and 1615 cm
-1

 that concurrently grow in are assigned as a Ni(II) 

coordinated bicarbonate species, [Ni(cyclam)(CO2OH)]
+
. The IR spectrum of a 

solution of [Ni(cyclam)]
2+ 

and tetraethylammonium bicarbonate in equal 

concentrations yielded an identical spectrum (Figure 3.9).  No free bicarbonate was 

seen in the IR-SEC with [Ni(cyclam)]
2+

. The origin of the bicarbonate in this 

electrocatalytic system is most likely due to CO2 acting as a Lewis acid towards the 

expelled OH
-
 which most likely helps promote the C-OH bond cleavage of the CO2 

adduct. At more negative potentials there is a slight decrease in the 1955, 1666 and 

1615 cm
-1

 peaks and a peak at 2042 cm
-1

 grows in. This peak at 2042 cm
-1

 is assigned 

as Ni(CO)4 by comparison with a genuine sample. The same IR-SEC experiment was 

done using isotopically labeled 
13

CO2 to verify these peaks were arising from reaction 

with CO2. The comparison between CO2 and 
13

CO2 can be seen in Figure 3.10. With 

labeled 
13

CO2 the [Ni(cyclam)(
13

CO)]
+
 species shows νCO at 1911 cm

-1
. The peaks 

assigned to [Ni(cyclam)(
13

CO2OH)]
+
 appear at 1624 and 1578 cm

-1
. Ni(

13
CO)4 is 

observed at 1996 cm
-1

. The observation of considerable amounts of nickel carbonyl 
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products, [Ni(cyclam)(CO)]
+
 and Ni(CO)4, in the IR-SEC experiment is clear evidence 

of catalyst deactivation by the CO produced by the reduction of CO2. The formation of 

[Ni(cyclam)(CO)]
+
 is predicted by the difference in binding and rate constants for CO2 

and CO to [Ni(cyclam)]
+
. These values are summarized in Table 3.1. The magnitude 

of the CO binding constant is ≈10
4
 times the corresponding value for CO2 and the 

forward rate constant for CO binding is ≈100 times the value for CO2. 

 

Table 3.1 Reported binding constant (KL) and forward (kf) and reverse (kr) rate constants for the 

reaction: [Ni(cyclam)]
+
 + L

n
 ⇌ [Ni(cyclam)](L)

n+1
 

L solvent KL (M
-1

) kf (M
-1

s
-1

) kr (s
-1

) ref 

CO2 ACN 4±2   
4
 

 aq. 16 3.2 × 10
7
 2.0 × 10

6
 

1
 

CO ACN (2.8±0.6) × 10
5
   

7
 

 aq. 7.5 × 10
5
   

8-9
 

 aq.  (2±0.2) × 10
9
  

9
 

H
+
 aq. 60 (pKa=1.8) 3 × 10

7
 5 × 10

5
 

1
 

 

 

These favorable thermodynamic and kinetic parameters for CO binding predict 

that [Ni(cyclam)]
+
 will preferentially react with any CO in solution and become 

deactivated toward reaction with CO2. At more negative potentials the 

[Ni(cyclam)(CO)]
+
 formed  will be further reduced to generate Ni(0) carbonyl 

products including Ni(CO)4. Catalytic deactivation by Ni(0) carbonyl products has 

also been proposed with a Hg electrode.
10
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Figure 3.7 IR-SEC (GC working electrode) of 20 mM of Ni(cyclam)(PF6)2 in d-ACN under CO2 

 

Table 3.2 IR frequencies for peaks observed from IR-SEC. 

Assignment νCO  

(cm
-1

) 

ν
13

CO  

(cm
-1

) 

∆ν 

 (cm
-1

) 

[Ni(cyclam)(CO)]
+
 1955 1911 44 

[Ni(cyclam)(CO2OH)]
+
 1666

 
1624 42 

 1615 1578 37 

Ni(CO)4 2042 1996 46 
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Figure 3.8 IR-SEC (GC working electrode) of 20 mM of Ni(cyclam)(PF6)2 in d-ACN under CO 

 

Figure 3.9 Comparison of IR-SEC (GC working electrode) of 20 mM of Ni(cyclam)(PF6)2 in d-ACN 

under CO2 (blue curve); solution IR of 20 mM of Ni(cyclam)(PF6)2 and 20 mM tetraethylammonium 

bicarbonate in d-ACN (red curve); solution IR of 20 mM tetraethylammonium bicarbonate in d-ACN 

(green curve). 
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Figure 3.10 IR-SEC (GC working electrode) of 20 mM of Ni(cyclam)(PF6)2 in d-ACN under CO2 and 

C-13 labeled 
13

CO2. 

 

3.3 Conclusion 

The major species observed during electrocatalysis from the CV and IR-SEC 

experiments are adducts of the catalytic products CO and bicarbonate. These species, 

[Ni(cyclam)(CO)]
+
 and [Ni(cyclam)(CO2OH)]

+
, are not catalytic intermediates and no 

evidence of CO2 adduct intermediates was observed by IR. This suggests that even in 

an aprotic solvent, ACN, catalysis is fast and complete on these time scales. The much 

more favorable thermodynamic and kinetic ability of [Ni(cyclam)]
+
 to bind produced 

CO rather than the CO2 substrate leads to the conclusion that CO poisoning of the 

active catalyst is the major catalytically limiting process. Though significant amounts 
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of the species [Ni(cyclam)(CO2OH)]
+
 was also observed, bicarbonate bi-product is not 

assumed to be the species limiting the catalytic rates. Bicarbonate is a good ligand for 

Ni(II) but not the active Ni(I) catalytic species [Ni(cyclam)]
+
. The Ni(II/II) reduction 

potential of the bicarbonate adduct may be pushed slightly negative relative to 

[Ni(cyclam)]
2+

 leading to more negative potentials necessary to sustain large catalytic 

currents but maximum rates should not be affected and CO is assumed to be the source 

of hindered rates. 
  

It turns out that the stoichiometric homogenous reduction of CO2 by 

[Ni(cyclam)]
+
 is not a sluggish reaction, however sustainable fast rates are not possible 

due to build up of the product of the reaction, CO, which leads to sluggish steady state 

reaction rates due to catalyst poisoning. This hypothesis and connection to greater 

reactivity with a mercury electrode will be explored in the next chapter.  

 

3.4 Experimental 

Synthesis. See the experimental section in chapter 2 for synthesis details of 

[Ni(cyclam)](Cl)2 and [Ni(TMC)](Cl)2. Ni(cyclam)(PF6)2 and Ni(TMC)(PF6)2 were 

synthesized by anion exchange in water by mixing the Cl salt with 4 Eq. NaPF6. The 

products were recrystallized from water. The Cl salts have superior solubility in 

aqueous solutions while the PF6 salts have superior solubility in acetonitrile.  

[Ni(cyclam)](PF6)2. Anal. Calcd. for C10H24F12N4NiP2: C, 21.88; H, 4.41; N, 10.21;. 

Found: C, 22.10; H, 4.42; N, 10.26. 
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[Ni(TMC)](PF6)2. Anal. Calcd. for C14H32 F12N4NiP2: C, 27.79; H, 5.33; N, 9.26. 

Found: C, 27.70; H, 4.86; N, 9.30. 

 

Electrochemistry. Cyclic voltammetry was performed on a Gamry Reference 600 

potentiostat  with a glassy carbon working electrode, platinum counter and Ag/Ag
+
 

(BASi) reference electrode separated by a piece of vycor glass. 0.1M 

tetrabutylammonium hexafluorophosphate (TBAH) was used as the electrolyte in all 

cyclic voltammetry and spectroelectrochemical experiments. All cyclic 

voltammogram potentials were converted to normal hydrogen electrode (NHE) 

reference by adding 0.54 V.  

The acetonitrile (ACN) used was dried over basic alumina with a custom dry solvent 

system. The CO2 used was flowed through a column packed with Drierite during 

sparging. The concentration of CO2 in saturated aqueous
11

 and ACN
12

 solutions are 

reported as 0.036 and 0.28 M respectively. The concentration of CO2 in a 1:4 

water:ACN mixed solvent system is  estimated to be ≈190 mM.
13

 The concentration of 

CO in saturated aqueous
11

 and ACN
12

 solutions are reported as 0.001 and 0.0083 M 

respectively. The concentration of CO in a 1:4 water:ACN mixed solvent system is  

estimated to be ≈6 mM. The CO2 concentration study utilized a flow meter system 

with the flow rates Ar and CO2 controlled and then mixed. The gas mixture was then 

flowed through an ACN solution and then into a sparging needle in the CV cell so as 

to minimize solvent evaporation. The ratio of the flow rate of the two gasses was used 

to calculate the equilibrium concentration of CO2 in solution.  
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IR-SEC. A schematic of the IR-SEC used can be seen in a recent report.
14

 The 

electrodes in the IR-SEC cell consist of a glassy carbon disk for the working electrode, 

a platinum counter and a silver quasi-reference. IR-SEC samples were prepared in a 

dry/N2 glove box by bubbling 10 mL of CO2 through a 1 mL solution of the Ni(II) 

species and 0.1M TBAH and injecting into the IR-SEC cell. The IR used was a 

Thermo Scientific Nicolet 6700 FT-IR. The potential was held for 10 seconds before 

the IR scan was initiated. The scans (16 scans) were completed in roughly 90 seconds.  

The material for this chapter comes directly from a manuscript entitled “The 

Homogeneous Reduction of CO2 by [Ni(cyclam)]
+
: Increased Catalytic Rates with the 

Addition of a CO Scavenger.” by Jesse D. Froehlich and Clifford P. Kubiak, which 

has been published in the Journal of the American Chemical Society, 2015, 137, 3565. 

The dissertation author was the primary investigator and author of this paper. 
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Chapter 4 

 

Increased Catalytic Rates with the Addition of a CO 

Scavenger 

 

4.1 Introduction 

 The last chapter focused on mechanistic investigations which indicated that 

CO binding to the active [Ni(cyclam)]
+
 catalyst in effect poisoned the catalytic activity 

leading to decreased catalytic rates. In an effort to test this hypothesis a species that 

could act as a CO scavenger was sought. The rational being that this CO scavenger in 

solution could bind the CO produced by the reduction of CO2 by [Ni(cyclam)]
+
 

thereby preventing dissolved CO from poisoning the [Ni(cyclam)]
+
. This chapter 

focuses on the effect such a CO scavenger on catalysis. Addition of the CO scavenger 

was shown to dramatically increase the catalytic current observed for CO2 reduction. 

This observation lends merit to the hypothesis that CO poisoning is the major limiting 

process to CO2 reduction. This conclusion also prompts the hypothesis that the 

increased catalytic activity observed for [Ni(cyclam)]
+
 when adsorbed on mercury is 
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due to inhibition of CO binding to the adsorbed species. The geometry of the species 

[Ni(cyclam)(CO)]
+ 

was elucidated by DFT to further support this hypothesis.  

 

4.2 Results and Discussion 

4.2.1 Electrochemistry with CO Scavenger 

With such a high affinity for CO binding the concentration of the active 

catalyst [Ni(cyclam)]
+
 is greatly decreased with each catalyst turnover due to 

production of CO.  In an effort to determine how this catalyst deactivation affects 

catalytic rates another Ni complex, [Ni(TMC)]
2+ 

(TMC = 1,4,8,11-tetramethyl-

1,4,8,11-tetraazacyclotetradecane), was used as a CO scavenger. It was shown 

previously that [Ni(TMC)]
+
 was not an effective CO2 reduction catalyst at a glassy 

carbon electrode.
1
 It also has a Ni(II)/Ni(I) reduction potential significantly more 

positive than [Ni(cyclam)]
2+

 so it does not interfere with the observed catalytic current 

from the reduction of CO2 by [Ni(cyclam)]
+
. Finally, [Ni(TMC)]

+
 also has a large 

binding constant for CO, KCO = (1.2±0.4) × 10
5
,
2
 to allow it to act as a CO scavenger.  

Figure 4.1 shows the effect of the concentration of [Ni(TMC)]
2+

 on the CV of 

[Ni(cyclam)]
2+

 under CO2. As [Ni(TMC)]
2+

 is added there are four major effects on 

the voltammogram: 

1) The catalytic current of the two major reduction peaks (a and b) are increased.  

2) The 2
nd

 catalytic peak b is replaced by b’. Peaks b and b’ correspond to the 

reduction of [Ni(cyclam)(CO)]
+
 and [Ni(TMC)(CO)]

+ 
respectively. 



72 

 

 

3) The return oxidation peak of [Ni(TMC)]
+
 is shifted from c’ to c. Peaks c’ and c 

correspond to the oxidation of [Ni(TMC)(CO)]
+
 and [Ni(TMC)]

+
 respectively. 

4) Catalytic peak a is shifted negative in potential. 

All of these observations are consistent with the [Ni(TMC)]
+
 acting as a CO scavenger 

freeing [Ni(cyclam)]
+
 from deactivation by CO and allowing for higher catalytic 

currents. The negative shift in peak a which accompanies the higher currents can be 

explained. The addition of the CO scavenger allows for a greater number of catalytic 

turnovers by [Ni(cyclam)]
+
. A faster consumption of the local proton source would 

shift the catalytic peak more negative if a proton dependent electron transfer was 

becoming the rate limiting step. This is consistent with the data in Figure 3.3 in which 

additions of H2O led to a positive shift in the catalytic peak a. The relative rate of 

catalysis can be determined by measurement of the peak catalytic current (icat) divided 

by the peak Faradaic current (ip) obtained from a CV under CO2 and N2 respectively. 

This ratio (icat/ip), though more sophisticated electrochemical methods have been 

developed recently,
3
 is one of the simplest ways to measure the relative catalytic rate. 

The icat/ip of peak a in Figure 4.1 for the various concentrations of [Ni(TMC)]
2+

 can be 

seen in Table 4.1. A ten-fold increase is observed at the highest concentration of 20 

mM. A similar increase in catalytic current is also observed with the addition of the 

CO scavenger in an aq. solvent system (Figure 4.6). 
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Figure 4.1 Cyclic voltammograms of 1 mM [Ni(cyclam)](Cl)2, 0.1 M TBAH in 1:4 water:ACN with 

additions of [Ni(TMC)](Cl)2. Inset: Zoom of oxidation region of [Ni(TMC)]. Scan rate = 0.1 V/s. 

 

Table 4.1 icat /ip of peak a in Figure 4.1.
 a

 The diffusion current from Ni(TMC)
2+

 was subtracted from 

the peak to get icat. 

[Ni(TMC)]
2+

 (mM) icat
a
 (μA) icat/ip 

0 17 (N2) 1 

0 55 (CO2) 3.2 

1 108 6.4 

2 145 8.5 

5 235 13.8 

10 364 21.4 

15 482 28.4 

20 624 36.7 

 

a

b

b’

cc’



74 

 

 

4.2.2 Infrared-Spectroelectrochemistry 

IR-SEC experiments were also conducted with added [Ni(TMC)]
2+

. In Figure 

4.2 a small peak at 1955 cm
-1

 is observed with only 1 mM [Ni(cyclam)]
2+

 under CO2 

as expected. However, when 20 mM [Ni(TMC)]
2+

 is added a much larger peak at 1967 

cm-1, which corresponds to [Ni(TMC)(CO)]
+
, is observed. The species 

[Ni(TMC)(CO)]
+ 

has been observed by IR at 1967 cm
-1

 previously, generated from 

chemical reduction of [Ni(TMC)]
2+

 and reaction with CO.
2
  The CO that binds to 

[Ni(TMC)]
+
 must come from catalytic turn-over of [Ni(cyclam)]

+
 because no 

significant peak is observed at 1967 cm
-1

 for 20 mM [Ni(TMC)]
2+

 under CO2 at 

catalytic potentials (red curve in Figure 4.2). Two peaks at 1675 and 1646 cm
-1

 

corresponding to uncoordinated bicarbonate are also observed. Since the anionic 

bicarbonate ligand will only bind to the Ni(II) complex of cyclam or TMC, it is seen 

as free bicarbonate. The Ni(II/I) couple of [Ni(TMC)]
2+ 

is far positive of the potential 

where catalysis occurs therefore all of this complex is in the Ni(I) oxidation state 

which does not bind bicarbonate. The broad peaks observed around 1850 cm
-1

 are 

assumed to be Ni(0) carbonyl species as they are also observed under CO and only 

grow in at more negative potentials than the Ni(I) carbonyl species are first observed. 

This spectral data further supports CO binding to [Ni(TMC)]
+
 under electrocatalytic 

conditions thereby minimizing the free CO near the electrode surface that would 

otherwise deactivate the active [Ni(cyclam)]
+ 

species (Scheme 4.1). It would appear 

that the CO scavenger, [Ni(TMC)]
+
, is also deactivated at more negative potentials 

leading to Ni(0) carbonyl species. 
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Figure 4.2 IR-SEC (GC working electrode) of 1 mM of Ni(cyclam)(PF6)2 and or 20 mM 

Ni(TMC)(PF6)2 in ACN under CO2 or CO. Potential = -1.3 V (vs. Ag quasi-reference).  

 

 

Scheme 4.1 Proposed degradation pathway of [Ni(cyclam)]
2+

 and inhibition of degradation with 

[Ni(TMC)]
+
 as a CO scavenger. 
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4.2.3 DFT Calculations of the [Ni(cyclam)(CO)]
+
 Structure 

There are no examples of crystal structures of nickel tetraazamacrocyclic 

complexes containing CO as a ligand. Therefore, to get an idea of the favored 

geometry of such a complex, gas phase density functional theory (DFT) calculations 

were done using the functional BP86 (more details found in experimental section). 

Figure 4.3 shows the optimized geometry of [Ni(cyclam)(CO)]
+
 for two different 

isomers, trans-I and trans-III, which are known to exist in a roughly 15% and 85% 

equilibrium, respectively, in aqueous solution.
4
 It can be seen by the structures in 

Figure 4.3 that there are significant distortions to the planar geometry with a bound 

CO. For comparison, the DFT optimized structures of [Ni(cyclam)]
+
 only show a 

slight deviation from planarity with N-Ni-N angles of 176 and 174° for trans-I and 

179 and 179° for trans-III.  The different isomers of [Ni(cyclam)(CO)]
+ 

distort 

differently as apparent by the N-Ni-N angles. The trans-III structure has a Ni core that 

is displaced out of the plane of the cyclam nitrogens with nearly equal N-Ni-N angles 

of 146 and 147°. In the trans-I structure, the N-Ni-N angles are 130 and 160° 

resembling a more trigonal bipyramidal geometry with the CO occupying an 

equatorial position. This geometry can help stabilize Ni carbonyls by back-bonding 

interactions.
5
 Molecular mechanics calculations have also shown that the trans-I 

isomer is more flexible and better suited for out of plane distortions.
6
 EXAFS 

measurements on an unsaturated macrocyclic nickel complexes also showed out of 

plane distortions.
7
 Both DFT structures in Figure 4.3 show evidence of back-bonding 

from the Ni to the carbonyl in the HOMO. The trans-III structure shows roughly equal 
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contributions from the dxz and dyz orbitals to the back-bonding interaction while the 

trans-I structure has contributions mainly from the dxz. The sharper angle (130°) of the 

N-Ni-N  lying along the xz plane raises the energy of the dxz significantly more 

thereby allowing for more mixing with the π* of the CO and stronger back donation 

(Figure 4.4). The critical angles, bond lengths and relative energies of these DFT 

structures can be seen in Table 4.2. The relative differences in the CO binding energy 

(∆ECO) was modeled by finding the difference in the total bonding energy (TBE) for 

geometry optimized structures of [Ni(cyclam)]
+
, [Ni(cyclam)(CO)]

+ 
and free CO and 

applying E4.1. The absolute energies calculated most likely carry a large error because 

solvent, counter anions and entropy have been ignored. It is the relative energies 

between the two isomers that can be of value from these calculations. 

 

∆ECO = TBE[Ni(cyclam)(CO)]
+

 – (TBE[Ni(cyclam)]
+ 

+ TBECO)       E4.1 

 

The trans-I isomer has a much more favorable CO binding energy relative to 

the trans-III which can also be seen in the shorter Ni-CO bond length for the trans-I 

isomer. Experimental evidence for this conclusion can also be found. A study on the 

kinetics of addition of CO to [Ni(cyclam)]
+
 showed a fast addition reaction (kCO = 

(2.0±0.2) × 10
9 

M
-1

s
-1

) followed by a much slower first-order reaction with a rate 

constant of 1.8±0.2 s
-1

. The authors ascribed this to an isomerization process from 

trans-III to trans-I isomer of [Ni(cyclam)(CO)]
+
.
8
 This would suggest that the trans-I 

form is the more stable isomer once a carbonyl ligand is bound.   
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It is clear that [Ni(cyclam)]
+
 forms a stable CO adduct by this DFT calculation and by 

experiment (high KCO) and that this species is formed in the electrocatalytic reduction 

of CO2. By examination of the SOMO of the DFT structures in Figure 4.3 it can also 

be seen that reduction of this species places an electron in an orbital resembling dx
2

-y
2
 

which has anti-bonding character with respect to the Ni-N bonds thereby weakening 

these bonds. The 20e
–
 Ni(0)(cyclam)(CO) species would most likely stabilize by N 

ligand loss. This hypothesis is supported by DFT optimized structures of 

[Ni(cyclam)(CO)]
0
 which show significant lengthening of the Ni-N bonds in the trans-

I structure and cleavage of two of the Ni-N bonds in the trans III structure (Figure 

4.7). The Ni(0) carbonyl could then bind more CO (which stabilizes the Ni(0) 

oxidation state) and eventually total cyclam ligand displacement could be imagined 

leading to the observed Ni(CO)4 seen in the IR-SEC experiments. All of these results 

are consistent with the deactivation of [Ni(cyclam)]
+
 by CO at negative potentials. 

 

Table 4.2 Critical angles and bond lengths for DFT structures shown in Figure 4.4.
 a
∆ECO = CO binding 

energy. More negative values imply a more favorable bonding interaction. Only the relative difference 

between the two isomers should be considered. 

Isomer 

N-Ni-N  

angles 

Avg. Ni-N 

(Å) 

Ni-CO 

(Å) 

ΔECO
a
 

(kJ/mol) 

trans-I 130°, 160° 2.213 1.808 -97 

trans-III 146°, 147° 2.175 1.821 -67 
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Figure 4.3 DFT optimized geometries with HOMO and LUMO  of [Ni(cyclam)(CO)]
+
 of the trans-I 

and trans-III isomers.  
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Figure 4.4 Depiction of the orbitals involved in back-bonding interactions in [Ni(cyclam)(CO)]
+
.  

 

4.2.4 Comparison with Catalysis on Mercury 

The wealth of data of the CO2 reduction by [Ni(cyclam)]
2+

 at a Hg electrode 

can be used to compare with the present results at an inert glassy carbon electrode. It 

has been established that [Ni(cyclam)]
+
 is absorbed onto the Hg surface and this 

species differs in electrocatalytic properties compared to the non-adsorbed species. 

Very large icat/ip values are obtained at low catalyst concentrations with an Hg 

electrode.
9
 However, this current quickly drops to near zero as the potential is scanned 

more negative due to formation of insoluble Ni(0) carbonyl species which block the 

electrode from adsorption of the active [Ni(cyclam)]
+
 catalytic species.

10
 The 

formation of a [Ni(cyclam)(CO)]
+ 

species during CO2 reduction has been observed 

with a Hg electrode.
9
 However, there are three major differences with the catalytic 

behavior of [Ni(cyclam)]
+
 when adsorbed on Hg as compared to the homogeneous 
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system described here. First, the positive shift in potential of the onset of the catalytic 

current under CO2 vs. the onset of the Faradaic current under N2 is much greater for 

Hg (≈300 mV)
9
 than glassy carbon (≈40 mV). Second, the initial catalytic rates are 

much faster on Hg than glassy carbon (without added CO scavenger). The current 

results here would suggest that the major limitation to higher catalytic currents in the 

homogenous system is deactivation of the catalyst by CO. With added [Ni(TMC)]
2+

 as 

a CO scavenger the icat/ip values approach those observed at a Hg electrode. It would 

stand to reason that perhaps when adsorbed on Hg, the deactivation of catalysis 

initiated by CO binding would be attenuated. The reason for this decline in CO 

binding could be due to the constraint of the macrocyclic ligand to bend out of a 

square planar geometry. As shown by our DFT results, If the cyclam ring is allowed to 

bend along one or both of the N-Ni-N angles to <180° then the CO adduct will be 

stabilized.  

To further illustrate this stabilization effect, an additional DFT calculation was 

done for [Ni(cyclam)(CO)]
+
 with constraints on the N-Ni-N angles to remain 

unchanged from the [Ni(cyclam)]
+ 

optimized structure (176, 174° and 179, 179° for 

trans-I and trans-III respectively). The trans-I angle-constrained structure had a ∆ECO 

that was 47 kJ/mol higher (destabilized) relative to the non angle-constrained 

structure. A geometry converged structure of the trans-III [Ni(cyclam)(CO)]
+
 was not 

reached with these angle-constraints instead favoring breaking of the Ni-CO bond. 

The Ni-CO bond distances for the constrained and non-constrained structures can be 

seen in Table 4.3. 
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Table 4.3 Difference in Ni-CO distance for geometry optimized and constrained structures of 

[Ni(cyclam(CO)]
+
. 

 trans-I [Ni(cyclam)(CO)]
+
 trans-III [Ni(cyclam)(CO)]

+
 

calculation: Constrained 
N-Ni-N 

Geometry 

Optimized 
Constrained 
N-Ni-N 

Geometry 

Optimized 

N-Ni-N 

angles: 
174 and 175° 160 and 130° 179 and 179° 146 and 147° 

Ni-CO 

distance: 
2.12 Å 1.81 Å 2.72 Å no bond 1.82 Å 

 

This DFT result emphasizes the necessity for the bending out of square planar 

geometry to achieve a highly stable CO adduct. If the Hg surface prevents such a 

distortion of the square planar cyclam ligand then this stabilization of the 

[Ni(cyclam)(CO)]
+
 might be prevented and could lead to increased catalytic rates 

relative to what is seen without Hg. Addition of the CO scavenger in the 

heterogeneous system, in effect, helps to minimize the formation of the 

[Ni(cyclam)(CO)]
+
 in the first place.  

The third difference with the Hg system is the overall shape of the catalytic CV 

wave. Only one major catalytic peak is seen with Hg while there are clearly two 

catalytic peaks observed with glassy carbon. The 2
nd

 catalytic peak, seen at glassy 

carbon, could just be obscured by the high currents observed on Hg. Alternatively, the 

results shown chapter 3 show that this 2
nd

 catalytic peak is most likely CO2 reduction 

related as it is only present when both protons and CO2 are added. Perhaps there is a 
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Ni(0) carbonyl intermediate that also has activity for CO2 reduction. It would most 

likely be a species with the cyclam ligand only partially coordinated (3 or less Ni-N 

bonds) so that an open coordination site is available to CO2. It has been postulated that 

CO2 adducts of Ni(0) centers with amine ligands are possible intermediates in 

coupling reactions of CO2 and olefins.
11

 This species would most likely be fleeting 

with high concentrations of CO around competing for this open site. The Hg surface 

could act to block this open site from CO2 binding thereby minimizing this type of 

catalytic pathway.  

The true identity of the adsorbed species on Hg still remains unclear. Hg could 

lend electronic effects that encourage CO2 binding.
12-13

 An increased CO2 binding 

constant for the adsorbed species would lead to higher TOF because CO2 could better 

compete with CO for binding to the Ni(I) metal center. Some reports hypothesize that 

the adsorbed species is in the trans-I geometry and that this isomer has increased CO2 

reduction activity.
14

 Past computational reports support that trans-I has a higher 

affinity for CO2 binding in gas phase
1
 and solvated.

15
 However, no difference was 

observed in the rate of reductive adsorption on Hg of a freshly prepared solution of 

recrystallized [Ni(cyclam)]
2+

 (which is all trans-III) and an aged solution (15% trans-

I).
16

 The authors concluded that the trans-I isomer is not the species responsible for 

the unusual reductive adsorption of [Ni(cyclam)]
+
. Whether or not the isomeric form 

of [Ni(cyclam)]
+
 has an effect on the catalytic reduction of CO2 has not been 

thoroughly established experimentally. However, its importance to the catalytic 

activity must be considered. Isomerization can be base catalyzed, operating with a 
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deprotonation of the amine proton on the cyclam ring followed by inversion.
4
 These 

basic conditions are met by examination of the overall electrocatalytic reaction of 

[Ni(cyclam)]
2+

 with CO2 in the presence of water (or other weak acid) (E4.2). Clearly 

there will be a local increase in pH near the electrode surface due to proton 

consumption and generation of OH
–
 (or other conjugate base). Alternatively, it has 

been reported that reduction of some Ni(II) complexes is accompanied, or followed 

by, isomerization processes.
17

 Therefore, under electrocatalytic conditions, the barrier 

to isomerization might be rather low. More experimental work will be needed to 

determine if an isomerization process is important to the catalytic activity of CO2 

reduction – and if so – is it beneficial or detrimental to the prolonged turn-over of the 

catalyst? The DFT results here suggest that a isomerization is a possible pathway to 

catalyst deactivation for formation of a more stable [Ni(cyclam)(CO)]
+
 species. 

 

[Ni(cyclam)]
2+ 

+ 2e
–
 + CO2 + H2O  → [Ni(cyclam)]

2+
 + CO + 2OH

–
  E4.2 

 

4.3 Conclusion 

[Ni(cyclam)]
2+

 has proven to be a fast, efficient and selective catalyst for the 

reduction of CO2 to CO. The species [Ni(cyclam)(CO)]
+ 

was observed in appreciable 

quantities during CO2 reduction by CV and IR-SEC. At more negative potentials, 

Ni(CO)4 was also observed. These results lead to the assumption that catalyst 

deactivation by CO is a major limitation to higher catalytic currents. This assumption 

was supported by the addition of another macrocyclic Ni complex, [Ni(TMC)]
2+

, to 
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act as a CO scavenger. Addition of [Ni(TMC)]
2+

 leads to a substantial increase (up to 

10 times) in the catalytic current observed in a CV. Observation of [Ni(TMC)(CO)]
+
 

by IR-SEC supports the role of the reduced [Ni(TMC)]
+ 

species as a CO scavenger to 

allow for [Ni(cyclam)]
+
 to remain in its active state. DFT calculations were done on 

the trans-I and trans-III isomers of the [Ni(cyclam)(CO)]
+
 species. There is significant 

out-of-plane distortion observed in both isomers but the trans-I structure favored a 

geometry with an extreme angle on only one of the N-Ni-N bonds approaching a more 

trigonal bipyramidal geometry with the CO ligand in a equatorial position. The 

[Ni(cyclam)(CO)]
+
 species can be further reduced to Ni(0) carbonyl species which 

may degrade by cyclam ligand loss, especially in the presence of excess CO.  

The results from this report suggest that the higher peak current densities on 

Hg are due to suppression of the degradation pathway towards Ni(0) carbonyl species. 

Even though Ni(0) carbonyl species were observed on a Hg electrode and thought to 

inhibit catalysis, the CO2 reduction at a Hg electrode occurs at a much more positive 

potential than Ni(0) species can be formed. Therefore very high catalytic currents can 

be observed at these more positive potentials. The adsorbed species is likely to have 

increased energy barriers for loss of planarity of the cyclam ring (Figure 4.5). The 

folding and eventual loss of one or multiple N-Ni bonds of the cyclam ligand is a 

probable degradation path at negative potentials leading to Ni(0) species with strong 

affinity for CO. This self-poisoning behavior is presumed to be minimized by 

interaction of the complex with the Hg surface. However, the hypothesis that the Hg 
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surface acts to stabilize a more planar geometry of cyclam complexes remains to be 

verified experimentally or computationally. 

 

Figure 4.5 [Ni(cyclam)(CO)]
+
 adsorbed on a mercury electrode. The Ni-Hg interaction prevents the Ni 

center from being displaced out of the nitrogen plane. 

 

 

4.4 Experimental 

See the experimental section in chapter 2 for synthesis details of 

[Ni(cyclam)](Cl)2 and [Ni(TMC)](Cl)2 and for details of the DFT calculations. See 

chapter 3 for the synthesis of Ni(cyclam)(PF6)2 and Ni(TMC)(PF6)2 and for the 

electrochemistry and IR-SEC details.  

The material for this chapter comes directly from a manuscript entitled “The 

Homogeneous Reduction of CO2 by [Ni(cyclam)]
+
: Increased Catalytic Rates with the 

Addition of a CO Scavenger.” by Jesse D. Froehlich and Clifford P. Kubiak, which 

has been published in the Journal of the American Chemical Society, 2015, 137, 3565. 

The dissertation author was the primary investigator and author of this paper. 

  

Mercury Mercury
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4.5 Appendix 

 

Figure 4.6 Cyclic voltammograms of 1 mM [Ni(cyclam)](Cl)2, 0.1 M KCl in water with additions of 

[Ni(TMC)](Cl)2. Scan rate = 0.1 V/s. 

 

 

 

Figure 4.7 DFT optimized geometries of [Ni(cyclam)(CO)]
0
.  

trans-I trans-III
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Table 4.4 Geometry optimized xyz coordinates for trans-I [Ni(cyclam)(CO)]
+
 from DFT calculations. 

Atom X Y Z 

Ni 6.182309 -1.9492 3.604029 

N 7.291237 -2.78773 5.334129 

N 8.249847 -1.41556 3.015408 

H 8.227952 -0.46143 3.388741 

N 5.458028 -1.66417 1.544737 

H 5.010351 -0.74721 1.598513 

N 5.071442 -3.85065 3.349644 

C 7.310331 -4.25854 5.552216 

H 7.75417 -4.47343 6.539752 

H 7.976408 -4.70182 4.797663 

C 5.929316 -4.90488 5.452171 

H 5.19144 -4.31976 6.025838 

H 5.977461 -5.88704 5.943184 

C 5.44239 -5.11884 4.019969 

H 6.240625 -5.58914 3.427183 

H 4.585796 -5.81509 4.016405 

C 4.805188 -4.02025 1.906148 

H 5.72999 -4.38648 1.437889 

H 4.019003 -4.76979 1.710421 

C 4.39557 -2.67913 1.315695 

H 3.478132 -2.32804 1.80818 

H 4.170548 -2.78941 0.243077 

C 6.434145 -1.61055 0.42341 

H 5.915403 -1.2817 -0.49358 

H 6.792761 -2.63388 0.2402 

C 7.627073 -0.69626 0.699989 

H 8.100367 -0.45547 -0.26233 

H 7.282708 0.266494 1.112836 

C 8.692056 -1.31361 1.605103 

H 8.928847 -2.32894 1.254669 

H 9.6237 -0.72511 1.540298 

C 9.180184 -2.19672 3.855963 

H 9.224938 -3.21566 3.445766 

H 10.20557 -1.78908 3.835377 

C 8.660891 -2.21248 5.28602 

H 9.353686 -2.77068 5.935659 

H 8.611888 -1.1832 5.667818 

H 4.201656 -3.52826 3.78537 

H 6.801509 -2.37092 6.128327 

C 5.269477 -0.63745 4.449203 

O 4.692599 0.200086 5.003871 
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Table 4.5 Geometry optimized xyz coordinates for trans-III [Ni(cyclam)(CO)]
+
 from DFT calculations. 

Atom X Y Z 

Ni 6.20836 -1.90211 3.895805 

N 7.53028 -3.06459 5.146223 

H 7.851798 -3.88567 4.621763 

N 8.127078 -1.05008 3.251187 

H 8.011294 -0.10621 3.629159 

N 5.299107 -1.6764 1.917181 

H 4.763793 -0.8199 2.08186 

N 4.916772 -3.6284 3.926489 

H 5.39993 -4.41657 3.481753 

C 6.87192 -3.54933 6.383252 

H 6.46186 -2.67222 6.903164 

H 7.610572 -4.02031 7.055259 

C 5.761528 -4.56153 6.082111 

H 5.398805 -4.95467 7.042161 

H 6.191619 -5.43143 5.554818 

C 4.549027 -4.04355 5.301552 

H 3.77804 -4.83337 5.274457 

H 4.111981 -3.16949 5.804377 

C 3.77913 -3.25788 3.059732 

H 3.080713 -4.09727 2.903624 

H 3.225091 -2.45122 3.559231 

C 4.331891 -2.78596 1.719144 

H 3.509585 -2.50457 1.04249 

H 4.876794 -3.61166 1.238059 

C 6.155602 -1.44197 0.728455 

H 5.538166 -1.12337 -0.12914 

H 6.610171 -2.40635 0.456988 

C 7.260017 -0.4105 0.974023 

H 7.654653 -0.10943 -0.00701 

H 6.838494 0.506061 1.418351 

C 8.441261 -0.91475 1.807119 

H 8.745062 -1.90774 1.443869 

H 9.304828 -0.24206 1.66601 

C 9.213508 -1.7151 4.014205 

H 9.544405 -2.5817 3.422771 

H 10.09025 -1.06107 4.14526 

C 8.701694 -2.19197 5.368838 

H 9.509979 -2.70765 5.914273 

H 8.374263 -1.34219 5.983659 

C 5.435576 -0.63506 4.950455 

O 4.933722 0.156445 5.632383 
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Table 4.6 Geometry optimized xyz coordinates for trans-I [Ni(cyclam)(CO)]
0
 from DFT calculations. 

Atom X Y Z 

Ni 6.016426 -1.71051 3.750339 

N 7.422911 -2.9572 5.366408 

N 8.275201 -1.49457 2.983141 

H 8.179983 -0.54429 3.354357 

N 5.502243 -1.75236 1.356548 

H 5.113475 -0.82758 1.535213 

N 5.133279 -3.90017 3.300404 

C 7.421809 -4.40619 5.553857 

H 7.834765 -4.69919 6.543166 

H 8.086699 -4.85339 4.796777 

C 6.016861 -5.00102 5.394704 

H 5.295098 -4.39465 5.966625 

H 6.011449 -5.99957 5.857725 

C 5.533873 -5.159 3.948505 

H 6.349994 -5.59122 3.346271 

H 4.707174 -5.89937 3.925078 

C 4.846586 -4.07784 1.872103 

H 5.763181 -4.46167 1.396303 

H 4.051772 -4.82867 1.684487 

C 4.444434 -2.75148 1.223436 

H 3.551308 -2.36488 1.735058 

H 4.160274 -2.93983 0.169153 

C 6.487944 -1.70448 0.277447 

H 6.038956 -1.36222 -0.67943 

H 6.854294 -2.72855 0.098742 

C 7.679423 -0.80485 0.629483 

H 8.201866 -0.54529 -0.30388 

H 7.310249 0.145796 1.048603 

C 8.708952 -1.42791 1.578901 

H 8.915478 -2.46018 1.251538 

H 9.666986 -0.87568 1.483524 

C 9.214167 -2.25134 3.819829 

H 9.279171 -3.26994 3.405254 

H         0.240724 -1.83156 3.797416 

C 8.730038 -2.31418 5.270341 

H 9.503996 -2.81596 5.884488 

H 8.628873 -1.28837 5.653104 

H 4.303362 -3.52501 3.769767 

H 6.834537 -2.4977 6.059491 

C 5.17619 -0.49162 4.545243 

O 4.584586 0.366658 5.105873 
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Table 4.7 Geometry optimized xyz coordinates for trans-III [Ni(cyclam)(CO)]
0
 from DFT calculations. 

Atom X Y Z 

Ni 6.540521 -0.82092 4.586772 

N 6.866887 -2.85189 4.975789 

H 6.303059 -3.25605 4.199594 

N 8.217376 -1.13336 3.277312 

H 8.907662 -0.6221 3.833747 

N 5.623608 -2.50476 1.862427 

H 5.154076 -1.89729 2.547137 

N 5.116264 -4.73146 3.649691 

H 5.660827 -5.50022 3.255134 

C 6.345976 -3.50011 6.207431 

H 5.512909 -2.88218 6.569668 

H 7.127379 -3.46629 6.980695 

C 5.849622 -4.9464 6.004944 

H 5.525811 -5.34289 6.980112 

H 6.673239 -5.5981 5.667727 

C 4.676625 -5.05701 5.014252 

H 4.205524 -6.05681 5.091432 

H 3.902747 -4.32469 5.293196 

C 4.108584 -4.27274 2.694443 

H 3.423935 -5.07146 2.346094 

H 3.484081 -3.52662 3.210859 

C 4.755179 -3.60925 1.473338 

H 3.940178 -3.30173 0.782271 

H 5.358319 -4.35255 0.921932 

C 6.127038 -1.68594 0.760943 

H 5.315325 -1.38981 0.060929 

H 6.836504 -2.28975 0.165865 

C 6.809568 -0.40743 1.263401 

H 6.924009 0.268295 0.400785 

H 6.143987 0.099708 1.983177 

C 8.192626 -0.51872 1.920341 

H 8.8917 -1.05212 1.249023 

H 8.575079 0.50441 2.034133 

C 8.592157 -2.56953 3.290642 

H 7.966458 -3.06691 2.537079 

H 9.65486 -2.72788 3.031681 

C 8.275398 -3.17115 4.657535 

H 8.478563 -4.25894 4.624777 

H 8.92053 -2.74036 5.440656 

C 5.566845 0.475527 5.062111 

O 4.901563 1.385049 5.410258 
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Chapter 5 

 

 

Chemical Reductions and Alternative Electrode Studies 

 

5.1 Introduction 

It has been hypothesized that the greater activity of Ni(cyclam)
+
 while 

adsorbed on Hg is due to a unique geometric configuration present in the adsorbed 

catalyst.
1
 This unique configuration was proposed to be a different isomer than is 

found as the major species in solution (trans-III). The trans-I configuration was a 

likely candidate because all of the amine nitrogens are on the same side of the cyclam 

plane allowing for more hydrogen bonding stabilization interactions with a CO2 

adduct. It was also found that in aqueous solution the trans-I isomer is present in 15% 

suggesting that this isomer is the next most stabile configuration after trans-III.
2
 It is 

important to understand the effect that mercury has on the geometry and electronics of 

Ni(cyclam) and how these effects influence the catalytic activity.  

This chapter investigates the possible mechanism of isomerization and its 

possible relation to catalysis. Deprotonation of the amine hydrogens is a probable 
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pathway to inversion and therefore formation of new isomeric forms of Ni(cyclam). 

Deuterium labeling experiments of the amine protons were conducted as a method to 

determine if proton exchange is likely under catalytic conditions.  Stoichiometric 

reactions between [Ni(cyclam)]
+
 and CO2 were also done to compare with the 

electrocatalytic results. Alternative metal electrodes were investigated to determine if 

they have any interesting effects similar to mercury.  

  

5.2 Results and Discussion 

5.2.1 The Isomers of Ni(cyclam) and Their Relation to the Reduction of CO2 

There are five possible different isomers of Ni(cyclam) which can be seen in 

Figure 5.1. In aqueous solution only the trans-I and trans-III are present in appreciable 

concentrations which are 15% and 85% respectively at equilibrium. It is known that 

Ni(cyclam) can isomerize with an inversion of one or more of the cyclam amines. This 

can be initiated with a deprotonation of the amine proton followed by inversion. The 

base catalyzed isomerization of trans-III to trans-I occurs with a second order rate 

constant of 121 ± 21 M
-1 

s
-1

.
2
 The relative strain energies of the various isomers as 

determined by molecular mechanics calculations can be seen in Table 1. It can be seen 

that there is little difference in energy between the planar trans-I and trans-III 

explaining the equilibrium between these two species in solution. 
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Figure 5.1 The five possible isomers of Ni(cyclam).  

 

Table 5.1 Relative strain energies (kcal/mol) for [Ni(cyclam)]
2+

 planar and octahedral isomers.
2
 

 planar octahedral 

trans-I 0.32 2.35 

trans-II 1.30 2.91 

trans-III 0.00 0.00 

trans-VI 7.74 8.21 

trans-V 2.36 4.20 

 

 There are several questions relating the isomeric forms of Ni(cyclam) to the 

electrocatalytic reduction of CO2. How much do the amine protons on the cyclam ring 

participate in the catalytic mechanism? Is there an isomerization process in the 

catalytic mechanism? Is an isomerization a pathway towards degradation of the 

catalyst via the formation of more stable CO adducts? The participation of the amine 

protons in the stabilization of a Ni bound CO2 has been proposed.
3
 It would stand to 

trans-I trans-II trans-III

trans-IV trans-V
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reason that the trans-I isomer could be favored as the conformation of the CO2 adduct 

since it has all of the amine protons on the same side of the plane therefore allowing 

for the maximum hydrogen bonding interactions to the oxygens of the CO2. This was 

supported by DFT calculations was well
4
 (see chapter 2). 

The trans-I isomer was found to be 100% planar geometry in aqueous solution 

whereas the trans-III has an equilibrium of 29% high-spin trans-diaqua and 71% 

diamagnetic planar complex.
5
 This difference between the two isomers arises because 

the trans-I cannot accommodate the longer Ni-N bonds present in the high-spin 

octahedral complex without the addition of significant strain as can be seen in Table 

5.1. Since the trans-I will not coordinate axial ligands like the trans-III complex, it can 

be isolated from the mixture of isomers. Addition of potassium thiocyanate to an 

aqueous solution of Ni(cyclam) will lead to the precipitation of the trans-III 

Ni(cyclam)(SCN)2 leaving the planar trans-I complex in solution.
6
 An adaptation of 

this method was used, using acetonitrile instead of KSCN, to purify the trans-I isomer 

in order to determine if this isomer was more active as a CO2 reduction electrocatalyst. 

Figure 5.2 shows the cyclic voltammogram of the trans-I and III isomer. There was no 

enhancement of catalytic current relative to the trans-III complex. [Ni(cyclam)](PF6)2 

is purified by recrystallization from water and the crystal structure observed is in the 

trans-III configuration and is therefore assumed to be isomerically pure trans-III. 

Though no crystal structure of the trans-I isomer was able to be obtained, it can be 

characterized by the disappearance of the broad paramagnetic NMR peaks associated 

with the trans-III complex and the appearance of the sharp peaks ascribed to the trans-
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I diamagnetic complex.
2
 If the trans-I isomer had significantly greater CO2 reduction 

activity one would expect to observe greater catalytic current densities in a CV. Since 

the catalytic currents are actually slightly lower that for the trans-III isomer, the trans-

I complex is not a superior CO2 reduction electrocatalyst relative to the more stable 

trans-III complex. This also suggests that the reason for increased activity observed on 

a mercury surface is not simply that the adsorbed catalyst is in the trans-I form.  

 

Figure 5.2 CV of 1 mM trans-I [Ni(cyclam)](PF6)2 in 20% water in acetonitrile, GC electrode, 100 

mV/sec.  

 

The CO2 adduct has never been directly observed so empirical evidence for its 

preferred structure is not available. However, the possibility of exchange of the amine 

protons on the cyclam ring can be probed. A deuterated version of the catalyst, 

Ni(cyclam-d4), was synthesized by heating [Ni(cyclam)](PF6)2 in D2O at 80°C for one 
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hour. The deuterium exchange was confirmed by 
1
H NMR with disappearance of the 

amine proton peak at 3.5 ppm (Figure 5.3). The exchange was also verified by IR in 

which the shift in the amine proton stretch can be observed from 3267 to 2420 cm
-1

 

(Figure 5.4).  

 It is known that large amounts of bicarbonate is produced during the 

electrocatalytic reduction of CO2 by Ni(cyclam).
7
 Figure 5.5 shows the IR spectra of 

Ni(cyclam-d4) before and after the addition of tetraethylammonium bicarbonate. It can 

be seen that there is significant exchange of amine deuteriums with the proton on the 

bicarbonate ion by the appearance of the N-H peak at 3267 cm
-1

. If even a moderate 

base like bicarbonate can deprotonate Ni(cyclam) then the CO2 adduct could accept a 

proton from the amine on the cyclam ring to form a hydroxyl carbonyl intermediate 

with a deprotonated amine, Ni(cyclam-N
-
)(COOH). A high concentration of other 

proton source may make this mechanism obsolete allowing the hydroxyl carbonyl 

species to form without deprotonation of the amine. Though the exact mechanism of 

the protonation step is still unclear these experiments clearly indicate that the amine 

protons are labile under electrocatalytic conditions with a moderate base such as 

bicarbonate. This means that the barriers to base catalyzed isomerization are rather 

low and the participation of other isomeric forms of Ni(cyclam) must be considered.  
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Figure 5.3 NMR of Ni(cyclam)(PF6)2 before (Fresh) and after heating to 80° C in D2O for 1 hour.  

 

Figure 5.4 IR of Ni(cyclam)(PF6)2 with and without deuterium labeling of the amine protons in 

acetonitrile.  

N-HFresh

80° C, 1h in D2O

N-H
3267

N-D
2420
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Figure 5.5  IR of 20 mM Ni(cyclam-d4)(PF6)2 before and after addition of 20 mM tetraethylammonium 

bicarbonate in acetonitrile. 

 

 In order to further understand the relative stabilities of the different isomers of 

Ni(cyclam) of the major intermediate species found in the catalytic cycle, DFT 

calculation were done. Figure 5.6 shows the results of these calculations. The trans-III 

isomer has the lowest energy in the Ni(II), Ni(I) and CO2 adduct intermediates. The 

CO adduct, however, finds its most stable conformation with the trans-V isomer. This 

isomer is especially suited to a high degree of bending along one of the N-Ni-N 

angles. Ni(cyclam) can be converted to a cis-V geometry with the coordination of 

bidentate ligands such as ethylenediamine.
8
 The planar trans-V isomer is then 

generated by removal of the bidentate ligand upon acidification (Scheme 5.1). The 

N-H
3267

N-D
2420
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ability of the trans-V isomer to fold into the cis-V geometry is the most likely reason 

that it is the favored conformation for the CO adduct, [Ni(cyclam)(CO)]
+
. As 

discussed in chapter 4, the CO adduct is stabilized by the bending of the N-Ni-N angle 

to raise the energy of the dxz and/or dyz orbitals allowing for better mixing with the 

anti-bonding π* orbital on the CO. This promotes back-bonding from the Ni(I) center 

to the CO ligand which greatly enhances its stability. There is some level of this type 

of distortion seen in all of the isomers of the [Ni(cyclam(CO)]
+
 species but the folding 

into the cis conformation is the most favored with the trans-V orientation of the amine 

stereochemistry. Table 5.2 shows the critical angles and bond length for the trans-V 

[Ni(cyclam(CO)]
+ 

as well as the trans-I and trans-III for comparison. It is apparent by 

the most acute N-Ni-N angle of 102°, the shortest Ni-CO bond length of 1.785 Å, and 

the most favorable CO binding energy of 109 kJ/mol, that the trans-V would be the 

most favorable geometry for the [Ni(cyclam(CO)]
+
 species. This result suggests that 

the isomerization to an isomer that supports the more distorted geometry which 

stabilizes the CO poisoned complex is a possible degradation pathway for this 

catalytic system.   
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Figure 5.6 Normalized total bonding energy for four different isomers of the major intermediate species 

in the electrocatalytic reduction of CO2 by Ni(cyclam)]
+
 obtained from DFT calculations. The lowest 

energy isomer is normalized to 0.  

 

 

Scheme 5.1 Synthetic pathway to the trans-V isomer using the bidentate ligand ethylenediamine. 

 
Table 5.2 Critical angles and bond lengths for DFT of the different isomers of [Ni(cyclam)]

+
.
 a

∆ECO = 

CO binding energy. More negative values imply a more favorable bonding interaction. Only the relative 

difference between the isomers should be considered. 

Isomer 

N-Ni-N  

angles 

Avg. Ni-N 

(Å) 

Ni-CO 

(Å) 

ΔECO
a
 

(kJ/mol) 

trans-I 130°, 160° 2.213 1.808 -97 

trans-III 146°, 147° 2.175 1.821 -67 

Trans-V 102°,  165° 2.196 1.785 -109 

 

 

[Ni(cyclam)]2+ [Ni(cyclam)]+ [Ni(cyclam)(CO2)]+ [Ni(cyclam)(CO)]+

cis-V

ethylenediamine

trans-III trans-V

HBr
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5.2.2 Stoichiometric Reactions of [Ni(cyclam)]
+
 with CO2 

 The active catalyst in the Ni(I) oxidation state, [Ni(cyclam)]
+
, can be generated 

in solution using a chemical reducing agent. Potassium graphite (KC8) was chosen 

because of its ease of removal after the reduction by filtration. The generated 

[Ni(cyclam)]
+
 can then be treated with CO2 or CO gas and observed by IR as shown in 

Figure 5.7. When treated with CO a peak at 1955 cm
-1

 is observed in the IR spectrum. 

This is the same peak observed in the IR-SEC under CO and ascribed to 

[Ni(cyclam)(CO)]
+
 as discussed in chapter 3. However, when the Ni(I) complex is 

treated with CO2 a peak at 1977 cm
-1

 is observed. The 1977 cm
-1

 peak is shifted ≈ 

45cm
-1

 to lower energy when C-13 isotopically labeled 
13

CO2 is used indicating that it 

is due to a CO2 reaction product. It is interesting that the chemically reduced complex 

forms this new species with a IR stretch of 1977 cm
-1

 whereas only the 1955 cm
-1

 peak 

is observed by IR-SEC under both CO and CO2. CO2 is present in solution during the 

reduction of the catalyst in the IR-SEC experiments while in the chemical reduction 

experiments the Ni(I) is generated in solution, separated from the spent KC8, and then 

exposed to CO2. This means that the Ni(I) complex is sitting in solution for at least 

several minutes before being quenched by CO2. In another experiment the Ni(II) 

catalyst and CO2 was dissolved in acetonitrile and then treated with KC8 and in this 

case the peak 1955 cm
-1

 is observed by IR. As another control, to determine if the KC8 

reducing agent is a factor, the Ni(I) catalyst was generated electrochemically with a 

carbon electrode and then treated with CO2. This mimics the same reducing conditions 

as the IR-SEC experiment but allows the reduced catalyst to remain in solution for 
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some time before the interaction with CO2 and also results in a peak at 1977 cm
-1

 by 

IR. These two control experiments verify that the reduction conditions are not the 

cause of the 1977 cm
-1

 peak but rather it is due to some transformation of the Ni(I) in 

solution (Figure 5.8).  

 

 

Figure 5.7 IR of 20 mM [Ni(cyclam)](PF6)2 treated with KC8 and reacted with CO2 or CO in 

acetonitrile.  

1955

1977
3288

3274

3267
3264
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Figure 5.8 IR of  20 mM [Ni(cyclam)](PF6)2 and CO2 dissolved in acetonitrile and then treated with 

KC8 (blue line). [Ni(cyclam)](PF6)2, 0.1M TBAH, electrolyzed in acetonitrile and then treated with CO2 

(red line).  

 

 

 In addition to the new peak seen at 1977 cm
-1

, there were several other peaks 

observed in both the electrogenerated and chemically generated Ni(I) complex that 

was later treated with CO2. It was determined that these new peaks (1605, 1647, 2192, 

3377 and 3478 cm
-1

) matched the IR spectrum of 3-aminocrotononitrile (Figure 5.9). 

Cathodic formation of 3-aminocrotononitrile has been reported previously.
9
 The 

proposed mechanism for the formation of this compound can be seen in Scheme 5.2.  

The origin of the 1977 cm
-1

 peak is still unclear. As can be seen from Figure 5.7, this 

1977 cm
-1

 peak is also in the spectrum with added CO present as a shoulder peak. 

There is also a small peak observed at 1955 cm
-1

 in the spectrum with added CO2. It is 

1955

1977

2042

1666

1647
1605
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assumed to be a different form of a Ni(I) carbonyl complex and the two spectra in 

Figure 5.7 appear to contain the same two species in differing concentrations. Perhaps 

the 1955 cm
-1 

species, which has been established as [Ni(cyclam)(CO)]
+
, is converted 

to the 1977 cm
-1

 species which is tentatively assigned as another isomer of 

[Ni(cyclam)(CO)]
+
. As discussed in chapter 4, the reduction of CO2 to CO requires 

protons and therefore will lead to the production of basic species (the conjugate base 

of the proton source).  Since the isomerization of Ni(cyclam) is base catalyzed, these 

basic conditions will facilitate the any isomerization process which is why the 

concentrations of the 1955 and 1977 cm
-1

 species are different with CO2 and CO.  

 

Figure 5.9 IR of  [Ni(cyclam)](PF6)2, 0.1M TBAH, electrolyzed in acetonitrile and then treated with 

CO2 (red line). 3-aminocrotononitrile in acetonitrile (blue line). 

 

3478

3377

1645

1605

2192
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Scheme 5.2 Proposed mechanism for the formation of 3-aminocrotononitrile during the chemical 

reduction of [Ni(cyclam)]
2+

. 

 

 

 To determine if the 1955 and 1977 cm
-1 

peaks are different isomers of the same 

Ni(I) carbonyl species the Ni(I) carbonyl (1955 cm
-1

) was generated chemically and 

then subjected to 365 nm UV light. [Ni(cyclam)(CO)]
+
 has a reported electronic 

adsorption peak at 348 nm.
10

 The original intent of this experiment was to photo-

release the CO from the catalyst to regenerate the active catalyst. However, the 

unexpected result was that the 1955 cm
-1

 peak gradually converted to the 1977 cm
-1

 

peak upon exposure to the UV light. This transformation has a fairly clear isosbestic 

point suggesting it is the conversion of one species to another as shown in Figure 5.10. 

This conversion is ascribed as a photoinduced isomerization of the [Ni(cyclam)(CO)]
+
 

species. The SOMO of the 19 electron Ni(I) carbonyl complex is a dx2-y2 metal orbital 

which has antibonding character with respect to the cyclam ligand nitrogens. The 

photoexcitation of an electron into this orbital would weaken the Ni-N bonds. Another 

possible mechanism for isomerization is the cleavage of the Ni-N bond and inversion 

of the N on the cyclam ligand which is most relevant for mono-valent complexes.
11

 

Scheme 5.3 shows the isomerization possibilities that may originate from the trans-III 

3-aminocrotononitrile
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complex. The trans-II structure is an intermediate between the possible path to either 

the trans-I or trans-V complexes of [Ni(cyclam)(CO)]
+
. 

 

Figure 5.10 IR of  [Ni(cyclam)(CO)]
+
 illuminated with 365 nm light at various time intervals. 

 

 

Scheme 5.3 Proposed path to the trans-I and trans-V [Ni(cyclam)(CO)]
+
 complex. 

 

 

1977 1955

trans-IItrans-III

trans-V cis-V

trans-I trans-I (bent)
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5.2.3 Electrochemistry on Mercury and Other Metals 

 There have been many reports of the electrochemistry of Ni(cyclam) on a 

mercury electrode in aqueous solution. It has also been shown that the high catalytic 

activity remains even on gold-mercury amalgam electrodes (Au-Hg).
12

 The Au-Hg 

electrode is convenient to use because it is solid with a defined surface area and can be 

simply prepared by dipping a gold electrode into a pool of mercury. A CV of 

Ni(cyclam) using an Au-Hg electrode can be seen in Figure 5.11. A current density of 

12 mA/cm
2
 and an icat/ip value of 34 was found. These high values are impressive 

especially considering that the solvent was acetonitrile without an added proton 

source.  

 The early onset and high catalytic currents possible using a mercury or Au-Hg 

electrode are impressive. However, the electrode is quickly fouled at more negative 

potentials leading to the peak shape of the current response and steep drop in current at 

potentials more negative than -1.1 V. The complete lack of catalytic current in the 2
nd

 

scan under CO2 in Figure 5.11 demonstrates that this process is not reversible on the 

timescale of CV. Figure 5.12 shows CVs under CO2 with an Au-Hg electrode with 

different switching potentials. Comparison of the catalytic current response of the 1
st
 

and 2
nd

 scans reveals that this irreversible degradation of catalysis occurs at potentials 

more negative than -1.0 V. A similar study utilizing a rotating disk Au-Hg electrode 

obtained also showed this behavior indicating that it was a degradation process at the 

electrode and not the catalyst in solution. The authors proposed this drop in catalytic 
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current was due to the electrode surface being coated with insoluble Ni(0) species 

which inhibits the adsorption of the active catalyst. 

 

Figure 5.11 CV of 1 mM [Ni(cyclam)](PF6)2 , 0.1 M TBAH, Au/Hg amalgam electrode, 100 mV/sec. 
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Figure 5.12 CV of 1 mM [Ni(cyclam)](PF6)2 , 0.1 M TBAH, Au/Hg amalgam electrode, 100 mV/sec. 

The CV was stopped at the indicated potential and a second scan was run (dashed line). 

 

The most obvious difference between mercury and other transition metals is 

that mercury is a liquid at room temperature. This could allow interactions between 

[Ni(cyclam)]
+
 and mercury which do not exist on other metal surfaces. In addition, the 

constant renewal of the liquid mercury electrode could refresh surface and eliminate 

the poisoning of electrode. In order to determine if the liquid state of mercury has an 

effect on catalysis, an experiment was done to determine if there is an abrupt change 

in the catalytic activity with temperature – specifically around the melting point of 

mercury (-39°C). The electrochemical cell containing an Au-Hg electrode in a 

methanol solution of [Ni(cyclam)](PF6)2 under CO2 was placed in a dry ice/acetone 



113 

 

 

bath and then allowed to slowly warm. The temperature was monitored by probe 

placed next to the Au-Hg electrode. CVs were taken at multiple temperatures and the 

peak catalytic current was charted with the temperature at which it was taken (see 

Figure 5.13). As expected, the catalytic current does increase with temperature due to 

increased kinetics of the electrochemical and electron transfer processes. However 

there is no abrupt increase observed as the temperature crosses the melting point of 

mercury. Even though an Au-Hg electrode was used, it is assumed that the top layers 

of mercury would freeze at the temperature of pure mercury (< -39°C) thereby 

negating any liquid effect that might be observed at room temperature. Since no abrupt 

change was observed at this temperature, it was conclude that the liquid state of 

mercury at room temperature is not the main reason for is special properties with 

regard to the electrocatalytic reduction CO2 by adsorbed [Ni(cyclam)]
+
 on a mercury 

surface. 

 

Figure 5.13 Peak catalytic current from a CV at various temperatures of 1 mM [Ni(cyclam)](PF6)2 , 0.1 

M TBAH, in methanol. Au/Hg amalgam electrode, 100 mV/sec. The red line represents the temperature 

at which Hg freezes. 
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In an effort to determine if other metals near mercury on the periodic table 

have similar effects on the reduction of CO2 by Ni(cyclam), indium, tin and lead were 

used as electrodes. Figures 5.14, 5.15 and 5.16 show the CV of In, Sn, and Pb 

electrodes respectively. Out of these, Pb looks the most promising due to its relatively 

negative solvent window in aqueous solution. Though not as high as a mercury 

electrode, Pb has impressive catalytic current densities under CO2. 

 

 

Figure 5.14 CV of 1 mM [Ni(cyclam)](Cl)2 , 0.1 M KCl, Indium electrode (1x5 mm wire), 100 

mV/sec. 

Indium
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Figure 5.15 CV of 1 mM [Ni(cyclam)](Cl)2 , 0.1 M KCl, Tin electrode (1x5 mm wire), 100 mV/sec. 

 

Figure 5.16 CV of 1 mM [Ni(cyclam)](Cl)2 , 0.1 M KCl, Lead electrode (1x5 mm wire), 100 mV/sec. 

 

Tin

Lead
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5.3 Conclusion 

The reduction of CO2 by [Ni(cyclam)]
+
 has been demonstrated to be an 

efficient and fast reaction. However, the active catalyst in the Ni(I) state, 

unfortunately, has proven to react with the product of catalysis, CO, with an even 

greater thermodynamic and kinetic driving force. This type of balance between the 

stability of the intermediates in a catalytic cycle has been well studied in the 

heterogeneous catalysis community.
13

 The catalyst must have sufficient 

thermodynamic driving force to bind key intermediates to initiate the reaction; 

however, these bound intermediates cannot be so stable that final disassociation of the 

product and regeneration of the catalyst is met by thermodynamic and kinetic energy 

barriers (i.e. catalyst poisoning).  

Interestingly, mercury may serve to circumvent this relationship by helping to 

prevent catalytic poisoning but not inhibit the initial binding of CO2. This appears to 

only be the case at moderate potentials because more negative potentials lead to the 

irreversible “poisoning” of the electrode surface. In the end, low valent Ni complexes 

have high affinity for CO as a ligand and CO poisoning is inevitable as long as it is the 

product of catalysis. The high stability of the CO adduct is no doubt part of the reason 

for the strong driving force for its creation. However, understanding the isomeric 

forms, geometries, and conditions that favor the stability of the CO bound species 

could help mitigate the poisoning effect and bring the catalysis back into a more 

reasonable balance. 
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5.4 Experimental 

NMR. NMRs were taken on a Varian Mercury 400 MHz spectrometer. 

 

DFT. See the experimental section in chapter 2 for DFT details. 

 

Chemical reductions with KC8. The chemical reductions were conducted in a 

nitrogen filled glove box. Several mL of a 20mM [Ni(cyclam)]
+
 solution in 

acetonitrile was allowed to react with a slight excess of KC8. The graphite was then 

filtered off, resulting in an olive green [Ni(cyclam)]
+
 solution (Note: the solution 

would slowly turn dark, red wine color over several hours.). The olive green 

[Ni(cyclam)]
+
 was then immediately sparged with 5 mL of CO2 which led to an 

immediate color change to very pale yellow. Sparging with CO resulted in an 

immediate color change to emerald green. An alternative preparation was sparging the 

solution with CO2 before the addition of KC8 as in Figure 5.8. The solution of interest 

was then placed into an airtight IR cell with a CaF2 window and taken out of the box 

for IR analysis. The IR used was a Thermo Scientific Nicolet 6700 FT-IR. 
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5.5 Appendix 

Table 5.3 Geometry optimized xyz coordinates for trans-V [Ni(cyclam)(CO)]
+
 from DFT calculations. 

Atom X Y Z 

Ni 3.012693 0.769827 2.196017 

N 1.792788 -0.55768 3.468943 

N 4.576504 0.056835 3.548195 

N 4.563955 1.617657 0.880661 

N 3.017862 -0.76428 0.639075 

C 2.713804 -1.31676 4.345571 

C 3.871929 -0.41768 4.760652 

C 5.642415 1.049977 3.830462 

C 6.451492 1.38328 2.575226 

C 5.745612 2.249267 1.5267 

C 4.879083 0.610482 -0.15845 

C 3.601961 -0.11811 -0.55812 

C 1.695702 -1.39077 0.390323 

C 1.212917 -2.19085 1.601963 

C 0.737988 -1.37076 2.805942 

H 1.315025 0.132085 4.052728 

H 2.200235 -1.71655 5.235952 

H 3.097839 -2.17975 3.781763 

H 3.493346 0.466402 5.293122 

H 4.544409 -0.95616 5.449592 

H 5.037764 -0.75948 3.130697 

H 5.156942 1.953279 4.226714 

H 6.324952 0.67023 4.611448 

H 6.831679 0.452188 2.122476 

H 7.349164 1.934799 2.890108 

H 5.384259 3.168799 2.007262 

H 6.479732 2.5501 0.758984 

H 4.034694 2.366294 0.428712 

H 5.354624 1.065584 -1.04333 

H 5.599766 -0.10721 0.260571 

H 3.812406 -0.84325 -1.36228 

H 2.862167 0.597303 -0.94461 

H 3.655318 -1.52113 0.911779 

H 0.986575 -0.58464 0.153798 

H 1.745282 -2.05765 -0.48869 

H 1.991332 -2.91222 1.90232 

H 0.360709 -2.80725 1.281368 

H 0.268661 -2.05031 3.538424 

H         0.036976 -0.66593 2.474752 

C 1.994869 2.229799 2.331514 

O 1.335568 3.179415 2.417164 
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Chapter 6 

 

Outlook of Electrocatalytic CO2 Reduction Toward Fuel 

Production 

 

6.1 Practical Considerations 

 Liquid fuel such as gasoline, jet fuel and diesel have incredible energy 

densities compared to alternative energy storage solutions like batteries. Though there 

has been significant market penetration of electric vehicles in the past years and will 

likely grow in the consumer automobile market, sectors like air travel, oceanic 

shipping, and many military applications will continue to depend on liquid fuel in the 

foreseeable future. Therefore, making a synthetic liquid fuel from renewable sources, 

such as water and CO2, at an economically competitive cost should be a major effort 

of energy research. In order to utilize CO2 as a substitute feed stock to fossil fuels for 

production of liquid fuels there are significant practical economic and environmental 

considerations. First, if CO2 is to be electrocatalytically converted to syngas (CO + H2) 

or directly converted to liquid fuel, then the electricity used must come from a 
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renewable source if there is any environmental or economic gain (burning fossil fuels 

to make the electricity makes no sense). This means that to make this technology 

feasible on a large scale the renewable energy sector would have to grow significantly. 

Figure 6.1 shows the sources of U.S. electricity production from 2013. In 2013 the 

U.S. only got 13.1% of its electricity from renewable sources with coal and natural gas 

accounting for 66% of the total.  

 

 

Figure 6.1 U.S. electric net generation (2013): 4,074 TWh.
1
  

 

 

Figure 6.2 U.S. Renewable Electricity Nameplate Capacity by Source
1
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While renewable sources of electricity such as wind and solar have increased 

dramatically in the last decade (see Figure 6.2) and will undoubtedly increase in the 

future, the transportation industry relies very heavily on petroleum products. Figure 

6.3 shows the breakdown of energy sources for the transportation sector and petroleum 

accounts for 92.2% of the energy. This supports the argument that the transportation 

sector will be much slower to adapt to non-liquid based fuels (currently derived from 

petroleum) than other energy consuming sectors of the economy. To summarize this 

section, see Figure 6.4.  

 

 

Figure 6.3 U.S. transportation energy consumption (2013): 27.0 quadrillion BTU
1
 

 

 

 

 

Figure 6.4 Example of a technology hurdle for the battery industry. 

Battery + wings X
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6.2 Production of Syngas by Electrochemical methods 

As seen in chapter 1, syngas (CO + H2) can be used as the feedstock to make 

numerous products (including liquid fuel by Fischer Tropsch) and can be produced by 

electrochemical methods by the electrolysis of CO2 and H2O. However, even if 

renewable sources of energy begin to supplant the fossil fuels we currently depend on 

for electricity production, the electricity will still come with a cost. Therefore the 

balance of cost of fossil fuels and renewable electricity must reach a tipping point to 

make the electrocatalytic generation of syngas an economic reality. Currently syngas 

is obtained from gasification of coal or by steam reformation of natural gas (methane) 

(E6.1). The ratio of CO to H2 can then be interconverted to the ideal ratio of around 

1:2 for the production of hydrocarbons by the water-gas shift reaction (E6.2). A very 

rough cost analysis for the production of syngas was done to compare the cost via 

steam reformation of natural gas and via the electrochemical reduction of water to 

make H2 and reduction of CO2 to make CO. The comparison can be seen in Figure 6.5. 

It can be seen that even if hydrogen evolution and CO2 reduction catalysts were found 

that operate at the thermodynamic potential for H2 and CO production, that the cost is 

significantly higher for the electrochemical production of syngas. The cost of syngas 

from steam reformation is mainly dependant on the cost of natural gas which is 

currently fairly cheap due to its availability. In fact, in the oil fields of North Dakoda, 

natural gas is a byproduct of oil production and is burned in a process called flaring to 

get rid of it (see Figure 6.6). The current value of natural gas can be qualitatively 

assumed from this practice of flaring and therefore explains why steam reformation 
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will be the economic choice for the production of syngas for now. However, market 

cost of the raw feedstock is not the only factor that controls the end cost of a gallon of 

fuel. Transportation costs must be factored in as well. For example, it was estimated 

that the end cost of a gallon of fuel during the war in Afghanistan was as much as 

$400 per gallon.
2
 This is because much of it had to be air dropped from a C-130 cargo 

plane. Local generation by solar could have reduced this cost of transportation if the 

technology was in place. If the military is willing to pay $400/gal then the 

electrochemical generation of liquid fuel by CO2 reduction does not seem to be that far 

from reality if it can be done locally to avoid such tremendous additional 

transportation costs. 

  

Steam-methane reforming reaction 

CH4 + H2O  CO + 3H2 ΔH= 206 kJ/mol    E6.1 

 

Water-gas shift reaction 

CO + H2O  CO2 + H2 ΔH= -41 kJ/mol    E6.2 
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Figure 6.5 Estimated cost is USD for the production of 1 mol CO + 2 mol H2 by steam reformation 

from natural gas
3
 and by the electrochemical method. Natural gas price assumed to be $3/1000 ft

3
. 

Electrochemical method assumes 100% current efficiency and only includes electricity cost which is 

assumed to be 10.5 cents/kWh.  

 

 

Figure 6.6 Satellite image at night of the natural gas flaring in the Bakken oil fields in North Dakota 

(credit: NASA earth observatory 2012)  
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6.3 Future research: electrochemical reduction of CO2 

There are many global economic factors that are not in the control of the 

people guiding the research of CO2 reduction. The cost of the electricity, the cost of 

the competitive feedstocks (fossil fuels), government regulations on CO2 emissions, 

and overall drive to mitigate climate change will all determine if CO2 reduction will be 

a serious source of production of higher value products in the future. Once the public 

and economy is properly motivated, one other technical challenge must be overcome 

before we even start the process of converting CO2: where do we get the CO2 from? 

Improving CO2 sequestration technology to provide a pure CO2 stream will be 

paramount to industrial incorporation. The origin of the CO2 stream must be near a 

cheap source of electricity. Assuming we won’t be burning hydrocarbons for 

electricity and won’t have CO2 capture devices on our jets and cargo ships, pulling the 

CO2 out of the atmosphere makes the most sense. There have been non-biological 

catalyst systems reported that can reduce CO2 in the presence of oxygen but suffered 

from slow rates.
4
 There is over 750 billion tons of carbon in the atmosphere but it is 

only in a concentration of around 0.04% CO2.
5
 The sequestration technology must be 

fast enough to keep up with feedstock demands and efficient enough to not add much 

cost to the overall process of CO2 reduction. One estimation for the cost of 

sequestration from the atmosphere is between $15 and $50 per ton of CO2.
6
 The three 

factors that must be improved in the field of electrocatalytic reduction CO2 reduction 

are thermodynamic efficiency,  production rate, and catalytic stability. The 

thermodynamic efficiency is maximized when the overpotential of the catalyst is 
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minimized. The thermodynamic potential for the given product formation would be 

the hard limit for this value, however some overpotential would be needed to push the 

reaction forward. In the current state of research, overpotentials < 0.5 V are considered 

very good but this must be improved. The overpotential is converted to waste heat and 

would only be acceptable if the heat was recycled or if the electricity used was very 

cheap.  

The production rate is either diffusion limited or kinetically limited. Diffusion 

limitations is an engineering problem and the chemists job is done if this is the case. If 

the production rate is kinetically limited then it is directly proportional to the kinetics 

of the electrochemical and chemical steps in the conversion process and this is the 

domain of the chemist. The rate limiting step must be found and sped up. In either 

case, the production rate will be proportional to the current densities observed during 

electrocatalysis. Currently, current densities of a few mA/cm
2
 are typical for the 

electrocatalytic reduction of CO2. However, the industrial water electrolyzers operate 

at up to 2 A/cm
2
.
7
 Slower rates could be overcome by using very high surface area 

electrodes but this would only be feasible if the electrode material was inexpensive 

and space was not an issue.  

Lastly, the catalytic stability must be considered. This can be quantified by 

turnover number (TON) for homogeneous catalysts or the number of catalytic cycles 

that can be achieved before the catalyst degrades. Currently a TON of >1000 is 

considered good in the literature; however, numbers in the millions or billions would 

be necessary to be financially viable depending on the cost of the catalyst. For 
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heterogeneous catalysis a sustained current density along with sustained product 

selectivity is the measure of stability. For both homogeneous and heterogeneous 

systems the amount of CO2 reduction product produced per electrode area before 

significant loss of either current density or product selectivity is observed would be a 

more appropriate measure of stability. Of course the acceptable levels of stability 

would be highly dependent on the cost of the catalyst replacement once degraded. 

 

6.4 Future research: Ni(cyclam) system 

 Dear reader, since you have read this far into this dissertation you will be 

rewarded with all the secrets to Ni(cyclam). Hopefully you have been convinced that 

[Ni(cyclam)]
+
 is an excellent CO2 reduction catalyst as far as selectivity for CO 

production, low overpotential, and ability to operate in aqueous solutions. However, it 

suffers from CO poisoning which limits the prolonged rates of product formation. If 

you are interested in working to improve Ni(cyclam) as a CO2 reduction catalyst and 

are looking here for answers then you are probably a graduate student and are very 

desperate for ideas. But not to worry, here are some avenues of future research. 

 

Substitute for Mercury 

 Ni(cyclam) has been shown to have a greatly increased catalytic rate for CO2 

reduction to CO when adsorbed on a mercury electrode.
8
 The hypothesis presented in 

chapter 4 is that the increased rate is due to suppression of CO poisoning of the 

adsorbed catalyst. This could be due to preservation of a more planar geometry and 
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increased barrier to the bent geometry of the CO adduct found in DFT calculations.
9
 

One way to test this hypothesis and hopefully avoid using such a toxic substance as 

mercury is to design a ligand or substrate that has the same effect as mercury. This 

new ligand would have to interact with the Ni center of the reduced catalyst to not 

allow it to pull out of the cyclam plane (and hey, maybe even throw a proton donor on 

the ligand why you’re at it). The isomeric conformation of Ni(cyclam) when adsorbed 

on mercury is not known nor is the true interaction between the Ni center and mercury 

surface. Investigating these unknowns would be a good place to start when looking for 

a replacement for mercury.  

 

A Better Sponge Bob 

Typically the CO scavenger from Ch. 4 was refered to as a CO sponge and 

depicted as the character Sponge Bob in presentations. If you run with this avenue of 

research I ask that you continue this tradition. The CO sponge from this work utilized 

[Ni(TMC)]
+
 which served to bind the CO produced from catalysis thereby preventing 

[Ni(cyclam)]
+ 

from being poisoned. This effect is demonstrated by the catalytic 

current increasing with increasing Sponge Bob concentration. This was only a proof of 

principle because the product we want, CO, is tied up in the complex 

[Ni(TMC)(CO)]
+
. The question is: how do you ring out the sponge? This can be done 

via oxidation or ligand substitution (i.e. add a ligand with a larger binding constant 

than CO to displace the CO from the sponge). The problem with oxidation is that it’s a 

waste of electrons and ligand substitution is just adding another catalyst poison. A non 
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destructive method and waste free method of freeing the CO is necessary. Thermolysis 

or  photolysis could be options. An alternative is to use a Sponge Bob that doesn’t just 

bind CO but further catalytically converts it to another higher value product.  

 

Crystal Structures 

The true geometry of the poisoned catalyst [Ni(cyclam)(CO)]
+
 would be good 

to know. As of now I just have DFT which shows significant out of plane distortion. 

Getting the crystal structure of [Ni(cyclam)(CO)]
+
 would be of great importance. 

Ni(cyclam) likes to form a lot polycrystalline crap so be patient and crystallize slowly. 

The crystal structure of the Ni(I) complex, [Ni(cyclam)]
+
, is not known either and 

would also be important. Either one of these would be a paper.  

 

Structure of [Ni(cyclam)]
+
 and [Ni(cyclam)(CO)]

+
 Adsorbed on mercury 

 Knowing more about the structure of the adsorbed catalyst would be extremely 

helpful in determining the true “mercury effect.” Does the adsorbed catalyst prefer a 

different isomer than in solution? What is the Ni-Hg distance? How are the d orbitals 

perturbed?  This is extremely challenging since mercury is a liquid at room 

temperature. Spectroscopically, [Ni(cyclam)(CO)]
+
 would be a good candidate 

because the CO is a good handle for IR. [Ni(cyclam)(CO)]
+ 

in solution displays an IR 

peak at 1955 cm
-1

 for the CO stretch. If the interaction of CO with the adsorbed 

catalyst is weakened then one would expect a significant increase in the CO stretch 

due to less back-bonding. Empirical evidence of this increase in CO vibrational energy 
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would be important.  
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