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ABSTRACT 

 Three new Re(I) photocatalysts were prepared by synthesizing imidazole and imidazolium 

dyes based on carbazolyl dicyanobenzene derivatives and physically linking them to a Re metal 

centre for the photochemical reduction of CO2. The imidazolium dyes were of interest because 

they are precursors to free non-heterocyclic compounds which can be generated by deprotonation. 

All three photocatalysts, Re-2, Re-8, and Re-9, were successful in the reduction of CO2, yielding 

CO as a reduction product and methane as a side product. The CO2 reduction reactions with each 

catalyst began with an initial burst in activity followed by a decrease due to the precipitation of a 

solid in the reaction solution that reflected/blocked incident light. One of the Re-NHC 

photocatalysts, Re-8, resulted in the highest activity out of the three compounds, with an initial 

turnover frequency of 47 h–1. The source of the produced methane was identified as the cleavage 

of a methyl group from the electron donor, 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole, 

by a radical reaction chain unrelated to the reduction of CO2. These compounds show promising 

results as photocatalysts for the reduction of CO2 to CO and can be translated to heterogeneous 

systems via electro-polymerization of the carbazole moieties on to indium-tin oxide and carbon 

electrodes.  
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1. INTRODUCTION 

1.1 Environmental Impacts of Excess Atmospheric CO2 

In recent times, a major environmental concern is the progressive global warming of planet 

Earth. The increasing temperature of our planet is a serious rising issue as it can have severe 

consequences, such as the melting of ice at the Earth’s pole, rapid rising sea levels and increased 

precipitation across the globe.1 Carbon dioxide, CO2, is the main greenhouse gas present in the 

atmosphere leading to global climate change. Excessive CO2 emissions build up in the atmosphere 

and absorb and re-emit infrared light from the Earth which raises global temperatures, resulting in 

ocean acidification.1 The latest measurement of atmospheric CO2 by NASA was determined to be 

420 ppm, compared to 396 ppm in March 2013. Already, this shows an increase of 24 ppm in only 

10 years.2 According to NASA, human activities have increased the atmospheric CO2 level by 50% 

in less than 200 years, making it 150% of its value from 1750.2 The Intergovernmental Panel on 

Climate Change (IPCC) Special Report on the impacts of global warming predicts that the 

atmospheric CO2 content could reach 590 ppm by 2100, leading to a global mean temperature 

increase of 1.9 ˚C.3 A global mean temperature increase of this nature would lead to many 

devastating environmental impacts, as mentioned above.  

1.2 Utilization of CO2 

Fossil fuels represent the major conventional energy source across the world due to their 

stability, availability, and high energy density.4 The excessive use and burning of fossil fuels results 

in large volumes of CO2 emissions and, in turn, has raised atmospheric CO2 levels by 100 ppm 

over the previous century.4 As a result, the CO2 emissions from fossil fuel combustion is the single 

major cause of global warming and climate change.4 Additionally, the excessive use of fossil fuels 

will result in their inevitable depletion meaning we will be forced to find a substitute renewable 



 2 

energy to meet the increasing energy demand of the human population. There are several strategies 

that have been developed to mitigate the effect of global warming on our planet, with the direct 

reduction of CO2 emissions released into the atmosphere being the most efficient and direct route 

to change.1 The direct reduction of CO2 emission, carbon capture and sequestration (CCS) of CO2 

and utilization of atmospheric CO2 are three strategies that can be explored to decrease overall 

CO2 emissions.1 However, it would be incredibly challenging to lower CO2 emissions from human 

activities due to the increasing global population and the continuous demand for a high quality of 

life.1 Options to decrease emissions caused by humans involve drastic changes in behaviour and 

consumption, improving current agricultural processes and the development of efficient renewable 

energy sources.5 These strategies would take a long time period to successfully implement and 

have an effect on the current environmental status. Direct air capture and the capture of CO2 at the 

source, as well as underground or undersea storage of the gas, are technologies with high readiness 

levels and have begun being implemented in some facilities around Alberta.5 The Government of 

Alberta has invested $1.24 billion into the Quest and Alberta Carbon Trunk Line (ACTL), which 

have safely captured over 10.5 million tonnes of CO2 since 2015.6 The billions of dollars invested 

in CCS technology by the Government of Alberta not only serves as a strategy to mitigate the 

impact of CO2 on the climate, but also to help make CCS technologies more accessible and to 

share knowledge in order to help future CCS projects across the globe benefit from discoveries 

learned in Alberta.6 Although, the capacity of CCS technology does present some limitations, 

including a high energy requirement for the compression and transportation of the gas, as well as 

serious environmental risks of leakage.1 Despite this, scientists are beginning to consider 

atmospheric CO2 as a potential sustainable building block for an alternative source of energy.  
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A major challenge we are currently facing is the development of ways to use resources 

more efficiently and new ways to harvest carbon. In nature, plants convert CO2 into energy-rich 

carbohydrates using sunlight as the energy source and water as reductant in a photosynthetic 

process (scheme 1A, 1B).7  

 
Scheme 1A.  Overall reaction scheme of photosynthetic reduction of CO2 to CO. 

 
Scheme 1B. Half-reaction of the production of CO by photosynthesis. 

The direct use of solar energy to convert atmospheric CO2 into solar fuels and chemicals 

presents a potential opportunity to substitute fossil fuels and solution to the energy crisis.8 As a 

result, the development of systems with the ability to convert CO2 into energy-rich compounds 

with solar energy as the only energy input is extremely desirable. In theory, solar power is an 

infinite energy source that could be incredibly useful if harnessed efficiently given that it is cheap, 

abundant, and ecologically clean and safe.4,9 Despite this, certain technologies will always rely on 

fossil fuels as the main energy source, such as long-range transportation including commercial 

airplanes and jets. The reduction of captured CO2 into useful products promotes carbon-neutral 

processes and can be achieved in many ways, such as biological, thermal, electrochemical, and 

photochemical systems.4 Both the electrochemical and photochemical systems allow for the 

conversion of CO2 into C1 intermediates, such as formic acid (HCOOH) and carbon monoxide 

(CO), which can be further processed into valuable chemicals.8,10 This will be discussed in detail 

further on. The concept of solar-driven reduction of CO2 into valuable chemicals is gaining 

increasing attention as it presents a promising approach to address global warming and the energy 

CO2 Sunlight CO O2
Photosynthesis

+ + 1/2

CO2 2H+ 2e- CO H2O+ + +
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crisis we are currently facing. Both indirect and direct conversion technologies have been 

introduced recently. Indirect conversion technologies, such as conversion of biomass into biofuel 

or the hydrogenation of CO2 into energy-rich molecules, describes a system in which the reaction 

uses hydrogen from solar water splitting photocatalysts or the electrolysis of water.11,12 Direct 

conversion technologies describe the reduction of CO2 in the presence of a catalyst via 

electrochemical or photochemical reactions.13 These systems are advantageous over indirect 

conversion technologies as there is no requirement for an intermediate energy carrier.10 

CO2 is an extremely stable molecule to reduction that has a linear molecular geometry in 

its ground state and a net dipole moment of 0.5 The carbon-oxygen double bonds have a high 

dissociation energy around 750 kJ/mol, meaning high energy input is required for the molecule to 

undergo homolytic bond cleavage.9 Carbon is in its highest possible oxidation state in CO2 which 

results in limited opportunity for electron transfers and chemical transformations to occur.9 

However, this also means that reduction of CO2 can lead to many different products, varying from 

CO and methane (CH4) to higher hydrocarbons in the gaseous phase.9 Photocatalysis for the 

reduction of CO2 can provide an approach to encourage the molecule to bend its linear geometry 

to create dipole moments and generate chemical reactivity.5 The one-electron reduction of CO2 

generates a radical anion (CO2•) with thermodynamically unfavourable high reduction potential.10 

One the other hand, two-electron and greater-than-two-electron reduction of CO2 generates more 

stable, energy-rich products at low potentials (figure 1).10 The two-electron reduction generates 

carbon monoxide (CO) and formic acid (HCOOH), while the 4-, 6- and 8-electron reduction of 

CO2 produce formaldehyde (HCHO), methanol (CH3OH) and CH4, respectively.10 CO and 

HCOOH are both useful and desirable reduction products that can be used in further chemical 

processes. CO can be easily converted into liquid hydrocarbons using the Fischer-Tropsch 
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reaction.14 HCOOH is a useful liquid storage material for H2 as it can be easily converted to H2.15 

Both heterogeneous and homogeneous systems that absorb visible light and promote electron 

transfer have been developed for the reduction of CO2. Excitation of the system by one photon 

typically induces only one-electron transfer as opposed to a multi-electron transfer that is required 

to reduce CO2 into high-value products.16 For this reason, catalysts that can convert one-electron 

transfer into multi-electron transfer are necessary to generate products that are useful in further 

chemical and industrial processes from CO2.11 Additionally, the two-electron reduction of CO2 is 

thermally unfavourable compared to H2 formation in aqueous conditions.10 This means that the 

hydrogen evolution reaction (HER) competes with the reduction of CO2 in the presence of water.10 

Reported photocatalytic systems for the reduction of CO2 face low energy conversion efficiency, 

uncontrollable selectivity and instability, and competing HER in aqueous conditions.9 For the 

reasons mentioned above, there is a need to design and develop highly active photocatalytic 

systems that demonstrate high selectivity and conversion efficiency, that cannot readily reduce H+ 

to H2, and that drive multi-electron reduction processes.  

 
Figure 1. Potential products from reduction of CO2 in 2-, 4-, 6- and 8-electron reduction pathways. 
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1.3 Metal Complexes for Reduction of CO2 

Metal complexes provide many accessible redox states in the central metal and the ligands, 

making the multi-electron reduction process feasible and demonstrating potential use in 

photoactive systems for the reduction of CO2.9 The metal-complex-catalyzed reduction of CO2 is 

initiated by generating a low-valent unsaturated metal complex by reducing the catalyst which then 

allows it to interact with CO2.9,10 These systems can be divided into two main categories depending 

on how the electron is supplied to the catalyst: electrochemical and photochemical. In an 

electrochemical system, the electrons are injected into the catalyst from the electrode.10 This allows 

for relatively fast electron injection speeds that can be controlled by potentials applied to the 

electrode.10 In photochemical systems, the catalyst accepts an electron from an excited 

photosensitizer (PS) molecule to generate the reduced catalyst species.17 Photochemical CO2 

reduction systems will be discussed in detail in the following section.  

1.4 Metal Complex-Catalyzed Photochemical CO2 Reduction 

There are three main components in photochemical systems for the reduction of CO2: the 

photosensitizer (PS), the catalyst, and the electron donor (D).7 As mentioned previously, the 

catalyst must be reduced by the PS to generate a low valent metal complex that can interact with 

CO2. The first step in this process can involve the PS molecule absorbing a photon and getting 

promoted to its excited state (PS*) which then initiates an electron transfer to the catalyst via 

reductive or oxidative quenching (scheme 2).7,10 Reductive quenching is the process in which the 

excited PS* is reductively quenched by an electron donor D, generating the reduced PS•–.7,10 

Oxidative quenching is the process in which the excited state PS* directly gives an electron to the 

catalyst, generating the one-electron oxidized species (OEOS) PS•+.10 The oxidized PS•+ is reduced 

back to PS by the electron donor, D.7,10 This quenching process is rare, as the catalyst typically 
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requires the reduced PS to have a higher reduction potential than the corresponding excited PS*.10 

In addition, the concentration of the catalyst is limited and usually low whereas the electron donor 

concentration can be increased easily, making the oxidative quenching of the PS* by the catalyst 

unfavourable. The one-electron reduced species (OERS) of the catalyst is generated by the 

sequential processes of excitation of PS to PS*, quenching of PS* by an electron donor D to PS•- 

which then allows reduction of the catalyst by electron capture from OERS of PS.16 After the 

reduction of the catalyst, a CO ligand can dissociate from the metal centre permitting the 

coordination of a CO2 molecule to the open site.16 The absorption of one photon of the PS induces 

a one-electron transfer to the catalyst. As mentioned previously, multi-electron transfers are 

required for the reduction of CO2 meaning another electron source is required.17 Another cycle of 

excitation and quenching of the PS is necessary to provide a second electron to the catalyst, making 

the second electron injection slower. Again, this is the main limitation of photochemical systems 

compared to electrochemical systems where the electron injection rate can be controlled and is 

significantly faster.  

 
Scheme 2. Reductive and oxidative quenching mechanisms upon excitation of the photosensitizer 
(PS) by visible light. This electron-relay cycle from the PS to the catalyst generates the reduced 
catalyst that can then undergo the catalytic reaction cycle.  
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1.5 Factors that Affect Photochemical CO2 Reduction Reactions 

The photochemical CO2 reaction involves an electron relay cycle in which an electron is 

transferred to the catalyst from PS and a catalytic cycle in which the reduced catalyst reacts with 

CO2.18,19 As a result, the rate-determining step (RDS) of the process is dependent on the reaction 

conditions. If the RDS occurs in the catalytic cycle, then the CO2 reduction rate is proportional to 

the concentration of the catalyst.10 Increasing the concentration of the catalyst results in an increase 

in reaction rate until it becomes saturated and no longer has an impact.18,19 At this point, the RDS 

moves to the electron relay cycle where it depends on the formation rate of PS•-.18,19 This rate is 

heavily dependent on the nature of the electron donor D and the PS, making them important factors 

in the catalytic and electron relay cycle.10  

1.5.1 Electron Donor 

The purpose of the electron donor is to quench the excited PS* which initiates the electron 

transfer process. The electron donor is consumed during this reaction, making it a sacrificial 

electron donor.7  Most sacrificial electron donors that are utilized for the photochemical reduction 

of CO2 include different amines, NADH-model compounds, and ascorbate (figure 2).7 The most 

widely used electron donors are triethylamine (TEA) and triethanolamine (TEOA) in high 

amounts, as well as 1-benzyl-1,4-dihydronicotinamide (BNAH) and 1,3-dimethyl-2-phenyl-2,3-

dihydro-1H-benzimidazole (BIH).10  

 

Figure 2. Structure of common electron donors applied in CO2 reduction reactions. 
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These compounds are useful for CO2 reduction reactions because they release a proton in 

their one-electron oxidized species (OEOS) which is important for the suppression of back-

electron transfer from OERS of the PS to the OEOS of the electron donor D.10 For some electron 

donors, the deprotonation of the OEOS of the electron donor has strong reductive power that can 

be enough to reduce the PS, the catalyst or even an intermediate making them capable of working 

as two-electron donors.10 In natural photosynthesis, there are physically separate compartments 

responsible for the splitting of water and the reduction of CO2 with NADPH or NADH.7 BNAH is 

a model compound for NADH, which acts as a redox mediator in natural photosynthesis, and is 

known as both a one-electron and two-electron donor in photocatalytic CO2 reduction (scheme 

3A).20 The one-electron oxidation of BNAH induces deprotonation to BNA• which acts as a more 

powerful reductant.10 However, it has been found to dimerize to BNA2 following two-electron 

reduction.21 The accumulation of BNA2 in the reaction solution has been found to interfere with 

and deactivate the photocatalytic activity.21 BIH, another widely used electron donor, demonstrates 

even stronger reduction power than BNAH and shows no dimerization due to steric hindrance 

(scheme 3B).22,23 The one-electron oxidation of BIH induces deprotonation from BIH to BI• that 

can be further reduced to its fully oxidized form, BI.10 BIH presents many advantages over other 

electron donors as it can donate two electrons and one proton, has not been found to interfere with 

the photocatalytic reaction and demonstrates improved turnover numbers (TON)/quantum yield 

with rhenium (I) complexes.22,24  



 10 

 
Scheme 3. A) Dimerization of BNAH upon 2-electron oxidation and deprotonation in CO2 
reduction reactions. B) Formation of BI+ upon 2-electron oxidation and deprotonation of BIH in 
CO2 reduction reactions. 
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excited state.7 The triplet excited state T1 to ground state S0 is a spin-forbidden process, making 

the excited state lifetime of T1 orders of magnitude longer than the initially populated singlet 

excited state S1 (figure 3).26 Organic chromophores with high triplet quantum yields and long 

triplet lifetimes have wide applications in many areas of chemistry, including use as energy donors 

in photocatalysis, for solar energy harvesting, as low cost organic light-emitting diodes (OLEDs) 

and several others.27–34 Therefore, the past decade has seen the design and development of more 

powerful triplet sensitizers gain a lot of attention. Triplet states can be generated via intersystem 

crossing (ISC) of the lowest excited singlet state S1 and requires mixing between singlet and triplet 

wavefunctions.26 ISC is about 2–3 orders of magnitude slower than radiative or non-radiative 

decay of the singlet excited state S1 because energy and time is needed to flip the electron spin.26 

The population of triplet excited states is mostly dependent on the strength of SOC and the energy 

difference between S1 and T1 (∆EST).35 The main factor that influences the interaction between an 

electron’s spin and orbital motions (SOC) is the atom size, with SOC being enhanced in larger 

atoms.35 This is referred to as the “heavy atom effect”.35 The molecular structural engineering of 

organic chromophores, including manipulation of the energies of S1 and T1 to bring them closer to 

one another, can allow for the promotion of triplet excited states.36 The heavy atom effect, the 

design of molecules and complexes with small ∆EST, and the development of donor-acceptor dyads 

that generate triplet excited states following excitation and charge recombination are some of the 

strategies that have been applied to generate chromophores/PS with increased emission 

lifetimes.7,26 Phosphorescent metal complexes, organic molecules, and delayed-fluorescence 

complexes have been reported in the literature as PS for homogeneous photocatalytic CO2 

reduction systems.24,25,37 
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Figure 3. Depiction of the relationship between ground state (S0), the lowest excited singlet state 
(S1) and the lowest excited triplet state (T1) upon absorption of energy.  

 
The chromophores and photosensitizers reported in literature can be classified into several 

different groups (figure 4). The most widely used photosensitizers are Ru(II) polypyridine 

complexes because they have relatively long lifetimes that last several hundred nanoseconds and 

are photochemically stable except in aqueous solutions.25 Both [Ru(bpy)3]2+, where bpy is 2,2’-

bipyridine, and [Ru(dmb)3]2+, where dmb is 4,4’-dimethyl-2,2’-bipyridine, are well-known PS in 

photocatalyzed CO2 reduction reactions because of their strong absorption in the visible region 

and their ability to undergo rapid and efficient ISC to produce triplet metal-to-ligand charge 

transfer (3MLCT) excited states following photoexcitation.25,38–40 Os(II) polypyridine complexes 
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photochemical reduction of CO2. [OsII(N^N)3]2+-type compounds, where N^N is a diimine ligand, 
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result, stronger electron donors, such as benzimidazole derivatives, are required to reductively 

quench the PS*.25 Cyclometalated Ir(III) complexes, such as fac-[Ir(ppy)3] and [Ir(ppy)2(bpy)]+ 

where ppy is 2-phenylpyridine, have been used as PS for both CO2 reduction and hydrogen 

evolution reaction (HER).25,42–46 These compounds have been shown to demonstrate absorption at 

shorter wavelengths compared to the Ru(II) complexes, strong oxidation power of the excited 

states and high stability under photocatalytic reaction conditions.25 There are two general classes 

of these PS, including [Ir(C^N^C)2(N^N)]+ and fac-[Ir(C^N^C)3] where C^N^C is a cyclo-

metalated ring and N^N is a diimine ligand.25 Rhenium(I) complexes have gained a lot of attention 

as PS for CO2 reduction reactions47, with fac-[Re(N^N)(CO)3(PR3)]+, where N^N is a diimine 

ligand, being recently reported as a good PS for the conversion of CO2 to CO.48 The PAr3 ligand 

with Ar representing an aryl group also showed good PS properties, including high formation 

quantum yields of OERS, OERS durability and photostability.48 Metal porphyrins and chlorophylls 

have been found to show two strong absorption bands in the visible region.25 Porphyrin complexes 

with Pd(II) centres can generate triplet excited states with a long lifetime of several hundred 

microseconds via ISC.25 Many Pd-porphyrins and other derivatives show PS abilities similar to 

the Ru(II)-polypyridine complexes mentioned above.25 Porphyrins with Zn(II) centres have shorter 

excited state lifetimes, ranging from picoseconds to nanoseconds but can be applied as PS in 

supramolecular complexes in which they are attached to the catalyst.49,50  

Finally, organic compounds with long-lived excited lifetimes have been used as organic 

photosensitizers in CO2 reduction.25 The triplet excited state of phenazine, a metabolite produced 

by bacteria, can be made by excitation in good yield.51–53 Oligo(p-phenylenes) (OPPs) also 

demonstrate strong reduction power that is large enough to reduce CO2 by electron transfer and 

produce CO2 radical anions, but can only absorb within the UV region.52,54,55 The design of small 
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organic molecules as heavy-atom-free triplet PS is challenging. While some aromatic 

hydrocarbons, such as p-terphenyl and phenazine, show effective ISC, the modification of 

chemical structures can result in unpredictable changes in their photophysical properties.36 There 

is a need to develop more environmentally and economically friendly organic dye PS; however, 

small organic chromophores often show decreased efficiency for photoredox reactions.56 

Compared to metal-based PS, organic dyes can exhibit weak SOC and lower populations of the 

triplet excited state (T1).56 Other than introducing heavy atoms to increase SOC and the population 

of the T1 excited state, an alternative approach involves triplet generation via charge recombination 

of spatially separated donor-acceptor dyads.56 

 
Figure 4. Common photosensitizers used for CO2 reduction reactions. 
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photocatalytic CO2 reduction reactions is dimethylformamide (DMF) with dimethylacetamide 

(DMA) and N-methyl-2-pyrrolidone (NMP) used as alternatives due to their low coordinating 

ability and increased solubility of CO2.57,58 Acetonitrile (MeCN) is the most commonly used 

solvent for these reactions despite its lower activity compared to DMF.57 While the reason behind 

this remains unclear, it likely has to do with having an increased coordinating ability over DMF.10 

Finally, the CO2 concentration in the reaction mixture and the temperature have also been shown 

to have an impact on the ratio of products observed following the CO2 reduction reaction.10,59,60 A 

higher CO2 concentration has been found to favour CO production over HCOOH.60  

1.6 CO2 Reduction Catalysts 

The catalyst for the photochemical reduction of CO2 has a variety of roles ranging from 

accepting electrons from the PS* in oxidative quenching or PS•– in reductive quenching, the 

accumulation of multiple electrons and the activation of CO2.25 It is also important that the catalyst 

has very little or no ability to evolve H2 as it competes with CO2 reduction in aqueous 

conditions.7,25 In the past, noble metals, such as Ru, Re and Ir have been used as metal centres in 

CO2 reduction catalysts.8 These metals are impractical due to their low abundance and high cost, 

making their substitution with non-noble metals for both catalysts and PS of high interest.8 First 

row transition metals like Mn, Fe, Co and Ni are highly abundant, more sustainable and low cost, 

making them significantly more appealing for new efficient photocatalysts.7  

1.6.1 Classification of CO2 Reduction Catalysts 

To date, a majority of reported catalyst systems can be classified into six main categories: 

Re(I) complexes, Ru(II) complexes, Co(II) complexes, Mn(I) complexes, Ni(II) complexes, Ir(III) 

complexes and metal porphyrins (figure 5).25 Re(I) carbonyl diimine compounds of the fac-

[Re(N^N)(CO)3C]+-type (X = Cl–, Br–, MeCN, pyridine, PR3, etc.) have been shown to selectively 
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produce CO from reduction of CO2 and can also act as PS.25 Ru(II) complexes can be further 

divided into two types: cis–[Ru(N^N)2(CO)2]2+ and cis,trans-Ru(N^N)(CO)2Cl2.18,19,60–62 These 

compounds have been applied for CO2 reduction and have been shown to polymerize in 

photocatalytic conditions via dissociation of N^N or Cl– ligand from the OERS.18,19,61 Like Ru(II) 

complexes, Co(II) complexes can also be separated into two types: [Co(N^N)n]2+ and 

[Co(macrocycle)]2+ where macrocycle is a tetraaza-macrocycle, typically cyclam.63–67 These types 

of catalysts have been found to product CO from CO2 along with substantial H2, which is 

undesirable despite being an earth-abundant catalyst.25 A wide variety of Mn(I) complexes have 

been investigated in recent times as a more sustainable alternative to Re(I) complexes. Fac-

Mn(bpy)(CO)3Br has been shown to work as a catalyst for both electrochemical and photochemical 

CO2 reduction.68–70 Ni(II) tetraaza-macrocycle complexes with the general formula 

[Ni(macrocycle)]2+ have been shown to work as selective CO2 reduction catalysts with H2 

evolution suppression in electrochemical systems.71,72 However, both CO and H2 are observed in 

photochemical reaction conditions with these complexes as catalyst.71,72 Ir(III) complexes have 

also emerged recently as potential CO2 reduction catalysts with [Ir(tpy)(ppy)Cl]+, where tpy is 

2,2’:6’,2’’-terpyridine and ppy is 2-phenylpyridine, being recently reported as a CO2 reduction 

catalyst for the production of CO in the absence of a PS.73,74 Finally, metal porphyrins with Co or 

Fe have been successfully applied in CO2 reduction reactions in the absence and presence of a 

PS.75–78 The review “Photocatalytic reduction of CO2 using metal complexes” by Ishitani et al. 

provides a comprehensive list of all major photocatalysts employed in the reduction of CO2, as 

well as the reaction conditions and activity.25  
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Figure 5. Common groups of photocatalysts employed for the reduction of CO2 with a sacrificial 
electron donor and a photosensitizer.  
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fac-Re(bpy)(CO)3X as a homogeneous catalyst to produce CO from CO2.21 This development 

resulted in Re(I) compounds gaining substantially more attention as catalysts for the reduction of 

CO2 and lead to the development of many derivatives. A few years later, Ziessel, Lehn and 

Hawecker demonstrated the efficient use of fac-Re(bpy)(CO)3Cl as an efficient homogeneous 

catalyst for both the electrochemical and photochemical reduction of CO2 with the use of a tertiary 

amine to quench the excited state.82 A significant amount of research at this time was then aimed 

at researching the photophysical properties and light induced energy/electron transfer processes of 

many Re(I) complexes with varying diimine ligands such as 1,10-phenanthroline, phenanthroline 

derivatives, different a-diimine and bidentate ligands, in the absence of a bidentate ligand, along 

with changing the X ligand to Br–, Cl– and pyridine.83–89 Several groups also found that the use of 

phosphine ligands, such as P(OEt)3 and P(O-i-Pr)3, and varying pyridine derivatives in these 

complexes can lead to efficient photocatalytic reduction of CO2 as well.90–93 In 2006, Kurz et al. 

demonstrated that the [Re(bpy)(CO)3X] catalyst can be easily modified by replacing the X ligand 

with SCN–, Br–, CN– and H2O.94 The activity of the catalyst was retained and even enhanced with 

some ligands despite altering the spectroscopic and electrochemical properties.94 This work 

extensively illustrated the tunability of these types of complexes for CO2 reduction reactions. 

Takeda et al. used these same complexes ([Re(bpy)(CO)3X]+, X = SCN–, CN–, Cl–) to investigate 

the reaction mechanism by comparing the three systems.95 They found the most active catalyst was 

the X = SCN– complex, giving 30 TONCO after 25 hours, while the X = Cl– complex gave half this 

activity and X = CN– complex was inactive.95 In 2011, Chauvin et al. found a similar catalyst with 

improved catalytic activity, giving 30 TONCO after approximately 4.2 hours.96 The most efficient 

system up to this date was reported in 2013 by Ishitani et al.47 They synthesized a series of ring-

shaped Re(I) complexes with varying lengths of bridging ligands and varying Re(I) units that 
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functioned as efficient and durable photosensitizers.47 The combination of the Re-ring 

photosensitizer with a fac-[Re(bpy)(CO)3(MeCN)]+ catalyst was highly efficient for CO2 reduction 

to CO, giving 526 TONCO after 16 hours.47 The photophysical properties of the Re-rings were 

easily varied by changing the cavity size, with a smaller central cavity leading to intramolecular 

π-π interactions and longer excited state lifetimes.47 This combination of PS and catalyst resulted 

in a CO2 reduction reaction with a quantum yield of 82%, one of the highest quantum yields 

reported in literature.47 In the last few years, there has been a shift in focus towards the 

development of Ru-Re assembled photocatalysts, entrapment of the PS and photocatalyst in 

molecular-organic frameworks (MOFs), tethering these catalysts together in the form of covalent 

organic frameworks (COFs) and many more advanced applications of these photocatalytic 

systems.97–103 Some more recent works include the investigation of different promoters and their 

effects on Mn, Re and Ru catalysts, such as [Re(bpy)(CO)3Cl]104, and the study of fac-

[Re(N^N)(CO)3Cl] complexes where N^N is a 1,10-phenanthroline ligand with its 4,7 positions 

substituted with either carbazole, indole and pyrrole.105 The latter work found exceptionally high 

photocatalytic performance for all three substituted systems in comparison to 1,10-phenanthroline, 

with the pyrrole-substituted ligand showing the highest efficiency at 125 TONCO after 24 hours.105 

The majority of the CO2 photoreduction systems mentioned above utilized a light source, such as 

a mercury (Hg) lamp or a xenon (Xe) lamp, with a UV light cut-off filter. While the specific 

wavelength cut-off for each system varied slightly, the filters remained around 400 nm, such as 

436, 400, 380, 380 and 365 nm.47,93–95,98 The presence of the light filters prevented any high-energy 

UV light from reaching the reaction and assured that the systems were operating under purely 

visible light, which is a principal objective in most of this work.  
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1.7 Overview of Project Goals 

This project details the development, synthesis and evaluation of photocatalytic efficiency 

of the visible-light driven CO2 reduction catalyst [Re(bpy)(CO)3X]+ where X = carbazole 

dicyanobenzene (CDCB) derivatives synthesized within the group (figure 6). The carbazole 

dicyanobenzene derivatives, 3Cz-IPN imidazole (2), the benzyl imidazolium dye (3) and the 

isopropyl imidazolium dye (4) were synthesized based on the 4Cz-IPN compounds first 

synthesized by Uoyama et al.106 The three organic dye molecules were attached to a Re(I) metal 

centre through the imidazole moiety in an attempt to increase photocatalytic efficiency and TONCO 

from CO2 in order to develop more efficient atmospheric CO2 reduction photocatalytic systems.  

 
Scheme 4. Reaction scheme overview of the work developed throughout this project. 
Re(bpy)(CO)3X where X represents organic dyes synthesized within the group attached to the Re 
centre to act as both the photocatalyst and photosensitizer in the reduction of CO2.  
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2 – DESIGN AND SYNTHESIS OF ORGANIC DYES 

2.1 RATIONALE 

The research achieved throughout this project was based on the development and synthesis 

of novel organic carbazolyl dicyanobenzene (CDCB) derivatives (figure 6) that show potential as 

PS in photochemical CO2 reduction reaction systems.  

 
Figure 6. Overview of the CDCB-derivative dyes synthesized within our group.  
 

Uoyama et al. successfully applied a novel pathway to achieve high electroluminescence 

efficiency using simple aromatic compounds that demonstrate thermally activated delayed 

fluorescence (TADF).106 TADF is a process in which molecular species in the non-emitting excited 

state T1 utilize thermal energy from its surroundings to change states and undergo light emission 

(figure 7).107 The transition of an excited molecular species in the triplet state T1 to the ground state 

S0 is a theoretically forbidden process called phosphorescence.107 Instead, reverse ISC (RISC) 

from T1 to S1 generates the final emissive singlet excited state S1 which only then returns to S0 and 

emits light.107 The energy level of the S1 excited state is typically higher in energy than the T1 

excited state, requiring energy input to undergo RISC which renders this process thermally-

activated.107 They were able to successfully design organic molecules with a small energy gap 

between the S1 and T1 excited states (∆EST) to enhance the triplet excited state population as well 

as T1 to S1 reverse ISC. As mentioned previously, excited states are attainable by intramolecular 
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charge transfer between spatially separate donor and acceptor moieties within a system. The 

combination of a small ∆EST with a moderate radiative decay rate allows to overcome competitive 

non-radiative decay pathways and produces highly luminescent TADF materials.106 However, the 

two properties conflict so the overlap of the HOMO and the LUMO must be carefully balanced in 

the design of these compounds.106 In order to enhance photoluminescence, any change in 

molecular conformation between S0 and S1 excited states should be restrained to suppress non-

radiative decay pathways and limited orbital overlap results in almost no emission.106  

 
Figure 7. Schematic depiction of the energy transfer processes that 4CzIPN and other CDCB 
derivatives undergo following excitation. TADF involves RISC from T1 to S1, followed by light 
emission from S1 to S0, as indicated by the blue arrows.  
 

Uoyama et al. reported a series of highly efficient TADF emitters based on CDCBs 

involving carbazolyl groups as electron donors and a dicyanobenzene moiety as the electron 

acceptor.106 In the synthesized TADF emitters, the carbazolyl units are distorted from the 

dicyanobenzene plane due to steric hindrance. They also found that altering the number of 
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efficient TADF emitters with a wide range of emission colours can be easily achieved through 
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CDCB derivatives. Under nitrogen, the delayed fluorescence occurring via reverse ISC of 4CzIPN 

(1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene) was more than two orders of magnitude 

larger than the prompt fluorescence.106 As well, the steady-state photoluminescence spectrum of 

4CzIPN in toluene showed an intense green emission with a maximum at 507 nm and a very small 

Stokes shift of 47 nm.106 Emission produced by intramolecular charge transfer between donor and 

acceptor units typically shows a large Stokes shift. DFT calculations were also carried out to study 

the geometry of the S0 state of 4CzIPN. The highest occupied natural transition orbitals (NTOs) 

were delocalized over the four carbazole groups and the lowest occupied NTO was found on the 

dicyanobenzene moiety.106 The steric hindrance between the carbazolyl and dicyanobenzene 

moieties produces a large dihedral angle of 60˚ between the carbazolyl and dicyanobenzene 

planes.106 This makes the highest occupied and lowest unoccupied NTOs spatially separated, and 

it limits conformational lability, enhancing T1 to S1 reverse ISC. The Stokes shift of S1 in 4CzIPN 

is small compared to typical charge transfer systems.  

2.2 RESULTS 

To generate new CDCB derivatives, the fluorine atoms at the 2,4,6 positions of 

tetrafluoroisophthalonitrile were selectively replaced with carbazole groups in a low temperature 

reaction, yielding 5-fluoro-2,4,6-tris(carbazol-9-yl)benzene-1,3-dicarbonitrile (3CzFIPN, 1) in 

90% yield (scheme 5). The conjugation of the negative charge in the Meisenheimer intermediate 

with the nitrile groups is likely the driving force in the regioselectivity seen with the carbazole 

group placement.108 The novel CDCB-derivative dye 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-

dicarbonitrile)imidazole (3CzIPN imidazole, 2) was then synthesized from compound 1. The 

imidazole group was first deprotonated with excess cesium carbonate then reacted with 1 to replace 

the remaining fluorine (scheme 5). This yields 3CzIPN imidazole 2, our organic dye, in 95% yield 
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which can then be used for a wide range of reactions. The syntheses for compounds 1 and 2 are 

straightforward and use relatively inexpensive materials. Both reactions can be carried out in air 

and produce the compounds in high yield. The progress of the reaction from 1 to 2 can be easily 

monitored via 19F NMR through the disappearance of the singlet at –111 ppm seen for compound 

1 but not compound 2 (figure 8). Additionally, the successful attachment of the imidazole group to 

the dicyanobenzene ring can be confirmed by the appearance of three distinct singlet peaks 

correlating to the imidazole protons at 6.54, 6.15, and 5.87 ppm in the 1H NMR spectrum (figure 

8).  

 
Scheme 5. Reaction scheme for the synthesis of compound 1 and 2 from 
tetrafluoroisophthalonitrile. 
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Figure 8. 1H and 19F NMR spectra of compound 1 (top) and 2 (bottom) showing a successful 
replacement of the fluorine atom by the imidazole group. The characteristic imidazole peaks are 
indicated by black arrows. 
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presence of excess carbazole in the preparation of 1 resulted in a small amount of tetracarbazolyl 
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side-products are difficult to remove, making the product challenging to purify.  
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Scheme 6. Reaction scheme for the synthesis of compound 1 in the presence of insufficient and 
excess carbazole reagent. 
 

Different variations of column chromatography and crystallizations were attempted for the 

purification of 1 and 2, with crystallizations showing the most success. Flash chromatography in 

air using different solvent mixtures, such as hexane/ethyl acetate and hexane/DCM, and different 

stationary phase materials, such as silica and neutral alumina, was used to attempt to purify 1 and 

2 (table 1). While column chromatography was only attempted on compound 1 once, it showed 

promising results with a 98% recovery of pure compound. However, the purification of compound 

2 by chromatography was significantly less successful, with the highest percent recovery being 

only 56%. The results for flash chromatography using neutral alumina demonstrate some 

consistency (attempts 2, 3 and 4, table 1), except for the final attempt which resulted in a 0.3% 
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Table 1. Summary of attempts to purify compounds 1 and 2 by flash column chromatography.  
 Eluent Stationary Phase Loading Starting 

Weight 
Yield % 

Recovery 
(1) 3CzFIPN  
1 90% hexane/ethyl 

acetate 
Neutral alumina Dry 3.52 g 3.45 g 98% 

(2) 3Cz-IPN Imidazole  
1 50% hexane/ethyl 

acetate 
Silica DCM 1.0159 g 0.5648 g 56% 

2 50% hexane/ethyl 
acetate 

Neutral alumina Dry 0.5171 g 0.1129 g 22% 

3 90% hexane/ethyl 
acetate 

Neutral alumina Dry 1.5 g 0.3762 g 25% 

4 50% hexane/ethyl 
acetate 

Neutral alumina Dry 1.3 g 0.4600 g 35% 

5* 50% hexane/ethyl 
acetate 

Neutral alumina Dry 1.5 g 0.0046 g 0.3% 

 

The presence of tetracarbazole product in compound 1 is not a major issue as it has no 

impact on the synthesis of compound 2. However, the presence of difluoro product resulting from 

a lack of carbazole in the reaction does interfere with the following synthesis as any excess 

deprotonated imidazole can replace both fluorine groups resulting in a di-imidazole product. An 

excess of carbazole reagent can easily prevent the formation of this product, yielding the 

tetracarbazole product that can be either removed via purification methods or carried through the 

next synthesis. In addition, compound 1 can also be purified via crystallization with DCM/ether.  

This did lead to a decrease in yield but provided a much simpler pathway for purification. As 

column chromatography was not successful for the purification of 2, we were required to use a 

crystallization with acetone/ether to remove any tetracarbazole impurities. Crystallization of 2 by 

dissolving in minimal acetone followed by the slow addition of excess ether (1:5) resulted in 

successful purification of this compound.  

Following the synthesis of 2, photoluminescence data in 0.1 mM acetonitrile (MeCN) and 

dichloromethane (DCM) solutions was obtained to evaluate its potential role as a photosensitizer 
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(figure 9). The DCM solution demonstrated significantly higher excitation and emission intensity 

compared to the MeCN solution at the same concentration. Both solutions demonstrated an 

absorption maximum at 400 nm while the emission maxima were slightly different for each 

solvent. The DCM solution showed an emission maximum around 545 nm whereas the MeCN 

emission maximum was closer to 570 nm. In most cases, the energy of the absorbed photon is 

higher than the energy of the emitted photon, and this energy different is referred to as the Stokes 

shift. The Stokes shift is determined by calculating the difference between the excitation maximum 

and the emission maximum, making it 145 nm for the DCM solution and 170 nm for the MeCN 

solution (table 2).   

 
Figure 9. Excitation and emission spectrum of 0.1 mM 3CzIPN imidazole (2) in DCM and MeCN. 
The blue trace represents the DCM solution, and the red trace represents the MeCN solution. 
Excitation data is marked by a solid line. Emission data is represented by a dashed line. 
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imidazolium bromide that was then reacted with a slight excess of silver tetrafluoroborate in 

MeCN for 1 hour to obtain the benzyl imidazolium-tetrafluoroborate salt compound (3) (scheme 

7). The second derivative was synthesized in a similar reaction where compound 2 was treated 

with excess 2-iodopropane at 110 ˚C for 3.5 hours to generate the isopropyl imidazolium-iodide 

salt (scheme 7). This compound was then directly treated with a slight excess of silver 

tetrafluoroborate to generate the isopropyl imidazolium-tetrafluoroborate salt compound (4) 

(scheme 7).  

 

 
Scheme 7. Reaction scheme for the synthesis of 2 (top) and 3 (bottom) from compound 2. 

 Both syntheses produced the desired product in high yield and high purity, making them 

attractive synthetic procedures. The products were washed with ether to remove any remaining 

benzyl bromide or 2-iodopropane, removing the need for additional purification processes. These 

imidazolium dye compounds were prepared because they are precursors to free NHC complexes 

that will be used to generate new photocatalysts further in this project.  

 Photoluminescence data was obtained for the imidazolium derivatives 3 and 4 in MeCN 
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excitation maximum for both compounds remained at 400 nm in the two solvents, however, the 

emission maximum was shifted depending on the compound and the solvent. For compound 3, the 

emission maximum was around 580 nm in DCM and 600 nm in MeCN. For the compound 4, the 

emission maximum was closer to 570 nm in DCM and 590 nm in MeCN. For all three compounds, 

the MeCN solutions induced higher wavelength emission maxima compared to the DCM solutions.  

 
Figure 10. Excitation and emission spectrum of 0.1 mM 3 in DCM and MeCN. The blue trace 
represents the DCM solution, and the red trace represents the MeCN solution. Excitation data is 
marked by a solid line. Emission data is represented by a dashed line. 
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Figure 11. Excitation and emission spectrum of 0.1 mM 4 in DCM and MeCN. The blue trace 
represents the DCM solution, and the red trace represents the MeCN solution. Excitation data is 
marked by a solid line. Emission data is represented by a dashed line. 
 
Table 2: Summary of photoluminescence data collected for compounds 2, 3 and 4, and their 
calculated Stokes shifts.  
 DCM MeCN 
 Excitation 

(nm) 
Emission 
(nm) 

Stokes Shift 
(nm) 

Excitation 
(nm) 

Emission 
(nm) 

Stokes Shift 
(nm) 

2 400 545 145 400 570 170 
3 400 580 180 400 600 200 
4 400 570 170 400 590 190 
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2.3 DISCUSSION 

 All three ligands were synthesized successfully based on the 4CzIPN TADF emitter 

developed by Uoyama et al. Compounds 3 and 4 were prepared as they are precursors to free NHC 

complexes that can be generated via deprotonation of the carbene carbon and can then undergo a 

variety of important chemical reactions. The fluorescence data obtained allowed for the evaluation 

of these compounds as potential photosensitizers in CO2 reduction reactions. All three compounds 

showed a larger Stokes shift in MeCN as expected due to its increased polarity (table 3). The 

solvent molecules that surround the chromophore in solution have dipole moments that can interact 

with the dipole moments of the chromophore.109 Upon excitation of the chromophore to its lowest 

excited singlet state S1, excess vibrational energy is released to the surrounding solvent molecules 

as it relaxes to the lowest vibrational energy level.109 The solvent molecules assist in stabilizing 

and lowering the excited state energy level in a process termed solvent relaxation in which the 

solvent molecules re-orient around the excited chromophore.109 The further stabilization of the 

excited state reduced the energy separation from the ground state which results in a red shift to 

higher emission wavelengths. For this reason, more polar solvents lead to an increased Stokes shift 

due to the larger reduction of the energy level of the excited state compared to less polar solvents. 

This trend was observed for all three compounds, with a decreased Stokes shift arising in the DCM 

solutions.  

Table 3: Polarity index of solvents used for photoluminescence data acquisition of the three 
photosensitizers synthesized.110 

Solvent Polarity Index 
Dichloromethane (DCM) 3.1 
Acetonitrile (MeCN) 5.8 
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2.4 CONCLUSION 

 Three new organic CDCB derivatives were developed and synthesized, 3CzIPN imidazole 

(2), the benzyl imidazolium-tetrafluoroborate salt derivative (3) and the isopropyl imidazolium-

tetrafluoroborate salt derivative (4), with compounds 3 and 4 being precursors to free NHC 

complexes. These compounds were all prepared through simple and efficient synthetic procedures, 

with relatively inexpensive and sustainable materials. Any challenges encountered for the 

purification of 3CzIPN imidazole were overcome, with the acetone/ether crystallization yielding 

the best results. Once 3CzIPN imidazole was purified, the following syntheses required no 

additional purification methods. Photoluminescence data of these dyes revealed important 

information regarding their potential activity as photosensitizers. While none of the new dyes had 

a smaller Stokes shift than the 4CzIPN parent dye, these compounds still showed promising 

characteristics for their application as photosensitizers in CO2 reduction systems.  

  



 34 

3 – DEVELOPMENT OF NOVEL RE(I) PHOTOCATALYSTS 

3.1 RATIONALE 

The parent dye, 4CzIPN, and its derivatives106 possess characteristics that are suitable for 

its use as photosensitizers in the photochemical reduction of CO2. More specifically, the excitation 

of 4CzIPN by visible light initiates an intramolecular charge transfer excitation process generating 

two singly occupied molecular orbitals (SOMO) with redox properties and lifetimes that allow for 

photoredox reactions (figure 12).106 The absorption of light in the visible region, ~ 460 nm for 

4CzIPN, promotes an electron from the highest occupied molecular orbital (HOMO), localized on 

the carbazole rings, to a p* acceptor orbital on the dicyanobenzene ring. This process is an 

intramolecular charge transfer from the relatively electron-rich donor moiety to the electron-

deficient acceptor moiety, the dicyanobenzene ring. This excitation leads to formation of the lowest 

energy S1 excited state. 4CzIPN is a conformationally rigid molecule and the dihedral angles 

between the carbazole groups and the dicyanobenzene ring prevent significant p-conjugation 

between them. As mentioned in the previous section, the molecular design of 4CzIPN results in a 

small energy difference between the excited singlet (S1) and triplet (T1) states (∆EST). This small 

energy gap is one factor that allows for rapid ISC from S1 to T1. The T1 excited state is a sufficiently 

long-lived excited state and the redox potentials of the SOMOs are appropriate to undergo a 

number of redox and energy transfer (e.g., Dexter energy transfer) reactions. This combination of 

features for 4CzIPN and its derivatives is ideal for chromophores and photosensitizers.  
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Figure 12. Overview of the charge transfer excitation process that occurs in 4CzIPN upon 
absorption of visible light. 
 

Compound 2 (3CzIPN imidazole) is of similar structure to 4CzIPN except that it possesses 

an imidazole group in the meta position to the cyano groups on the benzene ring (figure 13). The 

imidazole group is a well-known ligand. Two other derivatives were prepared for this study: the 

benzyl imidazolium-BF4– salt (3) and the isopropyl imidazolium-BF4– salt (4). These imidazolium 

compounds were prepared as they are pre-cursors to N-heterocyclic carbenes (NHCs) (figure 13). 

Benzyl and isopropyl groups are common functionalities in NHC ligands because their 

preparations tend to be straightforward. Also, these groups have sufficient steric bulk to prevent 

dimerization of the free NHC, but not bulky enough to prevent coordination to metal centres and 

subsequent catalysis. Finally, the steric forces within these bulky functionalized dyes will likely 

function in a manner like those discussed previously for 4CzIPN (figure 13). More specifically, 

the dihedral angles between the rings will presumably minimise  p-conjugation between them, and 

the geometries of the excited states will not be significantly different from the ground state. 

Experiments were carried out during the course of this study to prepare Re(I) complexes of these 

new imidazole- and NHC-dyes to investigate these predictions and to determine the photocatalytic 

activity of the compounds towards visible-light driven CO2 reduction.   
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Figure 13. Chemical structure of the three organic dyes: 3CzIPN imidazole (2), benzyl 
imidazolium-tetrafluoroborate salt (3) and isopropyl imidazolium-tetrafluoroborate salt (4). The 
steric hindrance of the carbazole rings locks the molecule into one conformation and forms a 60˚ 
dihedral angle between the carbazole moieties and the dicyanobenzene ring plane.  
 
3.2 RESULTS 

To develop novel Re(I) catalysts and study their activity towards CO2 photoreduction, the 
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benzimidazole) as the sacrificial electron donor (scheme 8). BIH is a common sacrificial electron 

donor for photocatalytic reactions, as mentioned previously. For this project, the catalyst and dyes 

were linked together to determine whether the photocatalytic activity would be increased.  

 
Scheme 8. Overview of the homogeneous photochemical CO2 reduction with fac-Re(bpy)(CO)3Cl 
catalyst, 3CzIPN imidazole PS and BIH in solution. This reaction details the use of separate 
catalyst and PS molecules and was achieved prior to covalently linking the two compounds 
together.  
 

Like similar reactions reported in the literature111–114, chloride abstraction from fac-

Re(bpy)(CO)3Cl by a slight excess of AgBF4 in acetone generates the cationic Re-acetone complex 

(5) and an AgCl precipitate (scheme 9). This reaction was first carried out on an NMR scale. The 

solubility of the Re precursor, fac-Re(bpy)(CO)3Cl, in acetone was low, but addition of the AgBF4 

acetone solution, sonication, and monitoring by 1H NMR spectroscopy showed the reaction was 

complete after 1.5 hours to form a yellow solution with an AgCl precipitate.  The identity of the 

Re-acetone complex 5 was confirmed by comparing its 1H and 13C NMR spectra to the MeCN 

solvent-cation reported in the literature.103 Acetone was used for this study because it is more labile 

than MeCN when bonded to d-electron rich metal centres. Figure 14 shows the 1H NMR of the 

soluble products in d6-acetone. There are two minor components in solution that are likely the BF4– 

compound 6, and the aquo compound 7 formed by trace water either in the solvent or in the AgBF4. 

No attempts were made to isolate these species or identify the minor components further, but it is 

noted that addition of excess water converts them all into the putative aquo compound 7 (scheme 
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to isolate it. The product solutions were utilized immediately upon preparation for reactions with 

the coordinating 3CzIPN derivatives.  

 
Scheme 9. Reaction scheme of the removal of the Cl- ligand in Re(bpy)(CO)3Cl by AgBF4 in d6-
acetone. 
 

 
Figure 14. 1H NMR spectrum of the Re(bpy)(CO)3(d6-acetone) complex 5 following chloride 
abstraction by AgBF4 in d6-acetone. The four large peaks correspond to a mixture of complexes 5 
and 7 that is entirely converted to 7 upon addition of D2O. The minor peaks, indicated by blue 
arrows, correspond to complex 6 that was also converted to 7 with D2O addition. The other minor 
peaks highlighted by a red asterisk is postulated to belong to a hydroxide complex that does not 
react upon addition of D2O or any organic dyes.  
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Scheme 10. Conversion of the various complexes formed during the reaction between 
Re(bpy)(CO)3Cl and AgBF4 to the aquo complex 7 upon addition of D2O. 

 
The reaction between the Re-acetone complex 5 and the 3CzIPN imidazole ligand 2 was 

incomplete and formed a mixture of starting materials and products (~ 60%, estimated) after 24 

hours at room temperature. Inspection of molecular models and the crystal structure of the free 

imidazole show there is significant crowding in these molecules. The displacement products form 

slowly at room temperature and exist as a kinetic mixture of rotamers. Indeed, heating the reaction 

at 60 ˚C for ~ 18 hours further drove it nearly to completion. As well, the heating converted the 

products into a mixture with a major rotamer, as evidence by the convergence of the imidazole 

peaks in the 1H NMR spectrum into three major peaks at 7.09, 6.37 and 6.15 ppm (scheme 11, 

figure 15). As expected, minor rotamers were still present after heating.   

 
Scheme 11. Reaction scheme of the synthesis of Re-2 by heating the mixture of Re-acetone and 
3CzIPN imidazole (2).  
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Figure 15. 1H NMR of Re-2 in d6-acetone after stirring for 15 minutes, 20 hours then after heating 
the solution at 60 ˚C for 1 hour and 18 hours. Peaks corresponding to the desired product are 
shown by green arrows as they increase as the reaction proceeds. Peaks corresponding to the Re-
acetone starting material are marked by red arrows as they react and disappear over time. The 
imidazole peak region is marked by a solid black line in the last two spectra, showing the 
convergence of rotamers into one major compound represented by the three large imidazole peaks.  
 

Precipitation by slow addition of diethyl ether formed a yellow solid (~ 82% yield) that 

exists as a mixture of rotamers of a slightly different composition as the parent solution. The 
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compound was characterized by 1H and 13C NMR spectroscopy, and HRMS. No further attempts 

were made to purify or characterize the rotamers. We note, however, that a control reaction 

between the acetone compound 5 and N-methyl imidazole went to completion and only formed 

one compound (figure S40). As expected, no rotamers were formed with N-methyl imidazole, 

suggesting that reactions between 5 and the 3CzIPN imidazole ligand 2 generally go to completion 

in high yields. Studies with 1H NMR spectroscopy showed that MeCN stock solutions of the Re-

dye rotamers were stable for weeks at room temperature.  

In addition to the Re-2 complex, two other Re(I)-NHC complexes were prepared by 

reactions between the cationic Re complex 5 and the free NHC-dye compounds 8 and 9. These 

preparations proceeded with better selectivity than the reaction with the 3CzIPN imidazole dye 2. 

The free NHC-dye ligands 8 and 9 were generated by deprotonation of the corresponding 

imidazolium compounds 3 and 4 by excess KH in d8-THF or THF over 3 hours at 0 ˚C (scheme 

12). KH is sufficiently basic to deprotonate the imidazolium, but not enough to react further with 

the free NHC, which would lead to decomposition. The reaction solution became a deep red/brown 

when the deprotonation was complete. Figure 16 shows the 1H NMR spectra of the free NHC-dye 

ligand 8 in d8-THF. The deprotonation of the isopropyl imidazolium 4 was not carried out in d8-

THF due to the national shortage, therefore the isopropyl free NHC 9 was not characterized.  



 42 

 
Scheme 12. Reaction scheme of the deprotonation of 8 and 9 by KH in THF. 
 

 
Figure 16. 1H NMR spectrum of the benzyl free NHC (8) in d8-THF. 

The deprotonation was always complete after 3 hours at 0 ˚C. It is noted that in some cases, 

the deprotonation was complete in less time, even after 30 minutes in one instance. It is likely that 

the rate of this heterogeneous deprotonation varies with factors including stir rate, KH particle 

size, and perhaps even the presence of KOH impurities on the KH surface. As a result, fresh and 

dry KH gave the best results for this reaction. The THF solution of the free NHC was decanted off 
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the excess KH via cannula filtration into a 0 ˚C solution of 5 (scheme 13). These free NHC 

compounds decompose slowly above 0 ˚C, requiring that the reaction with 5 be carried out at 0 ˚C. 

The colour of the solution quickly changed from dark red to a lighter red/orange upon mixing. 1H 

NMR spectroscopy confirmed that the reaction was complete and the NHC groups were 

coordinated to Re. The reactions between the NHC-dye ligands and 5 was much faster than that 

with the 3CzIPN imidazole 2, due to the higher donating ability of NHC groups over imides to 

metal centres. The shifts of the 1H NMR signals for the benzyl NHC group and the isopropyl proton 

signals are all consistent with coordination to the Re metal centre. The signal corresponding to the 

benzyl protons was shifted downfield from 4.66 ppm to 5.29 ppm upon deprotonation by KH and 

the appearance of new signals corresponding to bpy confirm coordination to the Re metal centre 

(figure 17).  The 1H NMR signals for the isopropyl -CH- (CH3)2 methine and methyl groups 

shifted downfield from 4.73 to 3.86 ppm and from 1.42 to 0.71, respectively, upon coordination to 

Re (figure 18).  

 
Scheme 13. Reaction scheme of the synthesis of the Re-NHC photocatalysts by mixing the Re-
acetone complex 5 with the benzyl free NHC 8 and the isopropyl free NHC 9.  
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Figure 17. 1H NMR spectra of the benzyl imidazolium 3 in CD3CN (top), the benzyl free NHC dye 
8 in d8-THF (middle) and the Re-8 complex in a d8-THF and (CD3)2CO mixture (bottom). The 
deprotonation of the imidazolium dye 3 dye was confirmed by the shift of the benzyl –CH2– protons 
from 4.66 ppm to 5.29 ppm marked in red and the disappearance of the carbene proton signal 
marked in green. The coordination of the benzyl free NHC to the Re complex was confirmed by the 
appearance of bpy proton signals indicated by asterisks and the disappearance of signals 
corresponding to complex 5.   
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Figure 18. 1H NMR spectra of the isopropyl imidazolium dye 4 in CD3CN and the Re-9 complex 
in (CD3)2CO. The coordination of the dye is confirmed by the shifting of the isopropyl –CH– (red) 
and –(CH3)2 (green) protons from 3.86 and 0.71 ppm to 4.73 and 1.42 ppm, respectively.  

 

The 1H NMR spectra indicate that fewer rotamers formed upon reaction between 5 and the 

free NHC-dyes 8 and 9 than formed upon reaction with the imide dye 2. This apparent greater 

kinetic selectivity may result from the reactions with the NHC-dyes being carried out at lower 

temperatures (0 ˚C) than the imide-dye, or perhaps fewer conformers exist within the NHC-dye 

ligands. The presence of added steric bulk in the NHC ligands hinders free rotation of the carbazole 

groups in the dye and forces the molecule into one specific conformation. The deprotonation of 3 

to generate the free benzyl NHC 8 was carried out in d8-THF, which allowed for characterization 

of the free NHC compound 8 as well as the Re-8 complex. However, due to the national d8-THF 
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shortage, the deprotonation of 4 to generate the free isopropyl NHC 9 was only achieved in regular 

THF. As a result, 1H NMR spectroscopy with solvent suppression was required to identify and 

characterize both the free isopropyl NHC product 9 and the Re-9 complex prepared upon mixing 

with complex 5. Despite this limitation, the suppression of one of the THF solvent signals was 

sufficient to confirm successful coordination of the compounds. The main concern in the 

preparation of both free NHC compounds and photocatalyst complexes was their thermal 

instability. Both free NHC compounds and the Re-NHC photocatalysts decomposed over time, 

even at 0 ˚C, and attempts to isolate them proved unsuccessful. The Re-NHC solutions were used 

for CO2 reduction reactions directly following preparation as they were not stable at 0 ˚C for long 

periods of time. Placing the solutions in the freezer for several hours resulted the formation of 

black solid, indicating decomposition and very low stability even at 0 ˚C. The use of the Re-NHC 

complexes as photocatalysts for CO2 reduction directly after synthesis proved to be successful and 

will be described in more detail in the following chapter.  
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3.4 DISCUSSION 

 All three organic dyes were successfully linked to the Re metal centre to covalently link 

the catalyst and PS to promote increased photocatalytic activity in CO2 reduction reactions. These 

complexes act as both the PS and the catalyst, so it is important that the ligand forms a strong bond 

with the metal centre to remain attached to the complex while promoting dissociation of the 

carbonyl ligands. The stronger bond with the Re catalyst results in a higher durability of the 

catalyst which allows for increased catalytic activity. A trans-labilizing ligand is ideal to promote 

the dissociation of the trans CO ligand, which then allows for the photocatalyst to interact with 

CO2. The imidazole ligand 2 and the NHC ligands 8 and 9 coordinate to the metal centre in 

different ways (figure 19), with the imidazole complex 2 coordinating to the Re centre through the 

second imidazole nitrogen atom, a less activating s-donor. In both NHC ligands, both imidazole 

nitrogen atoms are saturated due to the addition of the benzyl and isopropyl groups, so they 

coordinate to the Re centre through the lone pair on the carbene carbon. The carbene carbon acts 

as a trans-labilizing, stronger activating s-donor ligand that forms a stronger bond with the metal 

centre. In addition, the free NHC compounds have added steric hindrance compared to 2 which 

can assist in further stabilization of the excited state of the dye, as mentioned previously. Because 

of this, the NHC ligands demonstrate significant advantages over the imidazole dye 2, making 

them potential candidates for increased CO2 reduction activity.  

 
Figure 19. Comparison of the coordination of 3CzIPN imidazole 2 and the NHC dyes 8 and 9 to 
the Re catalyst metal centre. 
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 The halide-abstraction reaction between Re(bpy)(CO)3Cl and AgBF4 to generate the Re-

acetone complex 5 resulted in a mixture of products. The major product identities were proposed 

as the aquo complex, a Re-BF4 complex and the desired Re-acetone complex, which are all 

converted to the aquo complex upon addition of D2O. A small minor product can be seen (~ 6%) 

in all 1H NMR spectra and did not undergo reactions with additional AgBF4 or any of the dye 

ligands, including a test reaction with methyl imidazole. Due to the low reactivity of this unknown 

product, it is postulated to be a hydroxyl complex and does not interfere in any further reactions.  

 Similar studies are underway in the group with manganese(I) (Mn) catalysts. The same 

reaction between fac-Mn(bpy)(CO)3Cl and AgBF4 has been found to proceed significantly faster, 

being complete after 5 minutes of agitation. Rhenium is known to have increased stability and 

form stronger bonds compared to manganese, which is likely why this reaction with Re proceeds 

much slower in comparison.115 Rhenium forms stronger bonds, which require more time break and 

react with AgBF4. However, the formation of stronger bonds between the Re metal centre and the 

organic dyes leads to increased catalyst durability, an important factor for CO2 reduction reactions.  

 The preparation of the Re(I) photocatalysts were relatively similar, with the Re-2 complex 

presenting the most complications. In mixing the imidazole dye 2 and the Re-acetone complex 5, 

the reaction proceeded slowly and required heating for up to 20 hours to reach completion. 

Additionally, many rotamers of the photocatalyst formed upon coordination of the dye, 

necessitating heat to convert all products into one major rotamer. Contrarily, the reaction between 

the free benzyl and isopropyl NHC complexes 8 and 9 and the Re-acetone complex 5 generated 

one major product in either case. Despite the issues with solvent suppression and inability to 

monitor the reactions thoroughly, the resulting photocatalyst complexes Re-8 and Re-9 were clean, 

high-yielding, and reproducible over many reactions. The synthesis of Re-8 in d8-THF allowed for 
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high quality NMR spectra to be collected of both the free benzyl NHC 8 and the photocatalyst, 

whereas the Re-9 photocatalyst was only prepared in regular THF with only 1H NMR spectra being 

collected via solvent suppression methods. The synthesis of Re-9 must be achieved in d8-THF to 

properly monitor the reaction and obtain high-quality characterization data, more specifically 1H 

and 13C spectra.  
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3.4 CONCLUSION 

 Overall, the three organic dyes were successfully coordinated to the Re catalyst in the 

attempt to generate more active photocatalysts for CO2 reduction by physically linking the catalyst 

and PS together. The synthesis of Re-8 and Re-9 was more straightforward than Re-2, with fewer 

rotamers forming upon coordination and no heating required to accelerate the reaction. The 

coordination of the dyes was confirmed by the shift of indicative protons downfield upon linking 

to the Re metal centre. This is anticipated as the Re metal centre draws electrons out of the dye 

ligands, deshielding them and shifting the proton peaks downfield. With the successful 

coordination of the Re catalyst to different organic dyes, three Re(I) photocatalysts were prepared 

to be evaluated for their use in the photochemical reduction of CO2 (figure 20).  

 
Figure 20. Three Re(I) photocatalysts synthesized by coordinating three dye ligands, 2, 8 and 9, 
to a Re(bpy)(CO)3Cl catalyst.  
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4 – PHOTOCHEMICAL CO2 REDUCTION 

4.1 RESULTS 

The three Re(I) photocatalysts were evaluated for the photochemical reduction of CO2. As 

discussed previously, photochemical CO2 reduction systems typically have three important 

components: the catalyst, the photosensitizer (PS) and the electron donor (D). Briefly, the excited 

PS initiates an electron transfer from the highest energy SOMO to the catalyst to generate a low-

valent unsaturated metal complex that can interact with CO2. The oxidized PS is then reduced by 

the sacrificial electron donor. Note the order of these steps may be reversed, depending upon the 

requirements of the reaction. Specifically, the lowest energy SOMO of the excited PS may be 

reduced by the sacrificial electron donor before the electron transfer from the highest energy 

SOMO to the catalyst. Note that the negatively charged, reduced excited state is a much stronger 

electron donor. In optimization studies conducted by Ellie Yao, a prior student in the group, CO2 

photoreductions were carried out with the catalyst and PS components separate in solution. 

Specifically, with fac-Re(bpy)(CO)3Cl as the catalyst, 2 as the PS and BIH as the sacrificial 

electron donor (scheme 14).  

 
Scheme 14. Reaction scheme for the reduction of CO2 with a fac-Re(bpy)(CO)3Cl catalyst, 3CzIPN 
imidazole as PS and BIH as the sacrificial electron donor. LED light source at ~ 450 nm. 
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safety concerns associated with DMF. These optimization studies were carried out with blue LEDs 

(450 nm, 6.55 mW) with no filter as the light source. The highest TONCO (233) were obtained with 

a 0.141 mM concentration of the catalyst, 0.127 mM for PS and a 0.1 M concentration of BIH with 

no additives (table 4, exp 10 and 13). Moving forward, the concentration of the PS was increased 

to 0.141 mM to match the concentration of the catalyst and promote the electron transfer process 

from the excited PS to the catalyst. Many reported CO2 reduction reaction systems catalyzed by 

similar complexes in literature report comparable optimized conditions. Specifically, the majority 

of systems in the literature utilize an AM 1.5G light source (calibrated to 100 mW/cm2), with some 

studies utilizing blue LEDs of known wavelength and intensity.116–118 The reported optimum 

catalyst/PS concentrations are typically around 0.1 mM and [BIH] is kept around 0.1 M.116–118  In 

addition to MeCN and BIH, DMF and TEOA are popular alternatives for solvent and sacrificial 

electron donors in literature.116–119  

Table 4. Summary of the optimization studies for the CO2 reduction system by a previous student 
in the group. All experiments were carried out in MeCN at room temperature with 0.1 M BIH. The 
concentration of the catalyst and PS are indicated, as well as any additives included in the reaction 
solution. The absence of any additives is indicated by a blank ‘Additives’ column. 
Exp [Re(bpy)(CO)3Cl] 

(mM) 
3CzIPN Imidazole 2 
(mM) 

Additives Irradiation Time 
(h) 

TONCO 

1 
2 

0.49  
0.49 

1.5 
1.5 

TEOA, TFE 
TEOA 

97 
43 

3 
12 

3 
4 

0.51 
0.51 

15 
15 

TEOA, TFE 
TEOA 

91 
92 

0 
0 

5 0.5 0.5 TFE 97 27 
6 
7 

0.5 
0.5 

0.52 
0.52 

 
H2O 

95 
120 

67 
21 

8 0.5 0.5  116 79 
9 0.26 0.25  115 153 
10 0.141 0.127  68 233 
11 0.141 0.242  67 83 
12 0.0704 0.0691  47 151 
13 0.141 0.127  48 116 
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TEOA proved to be a less effective sacrificial electron donor than BIH (table 1, exp 1–4). 

Trifluoroethanol (TFE) is reported to promote certain CO2 photoreductions by acting as a source 

of protic hydrogen atoms.95 Addition of TFE, however, did not promote the photoreductions 

carried out with the present system (table 4, exp 1, 3, 5), neither did addition of H2O as a putative 

proton source (table 4, exp 5). All CO2 reduction reactions carried out with the separate catalyst 

and PS complexes in solution with BIH produced CO as the only reduction product. The formation 

of a solid in the reaction solution was observed after 48–70 hours of irradiation for all reactions, 

which shut down the reaction by blocking light from entering the system.  

After optimizing the reaction conditions and setup, the Re-imidazole-dye complex, Re-2, 

and the Re-NHC-dye complexes, Re-8 and Re-9, were evaluated for the photocatalytic CO2 

reduction (scheme 15) with an AM 1.5G solar energy simulator (calibrated to 100 mW/cm2). Table 

5 shows the results of repeated photocatalytic reductions of CO2 catalyzed by the imidazole 

complex Re-2. The reactions proceeded quickly during the initial first stages of the photoreaction. 

The turnover frequencies (TOFCO, TONCO/h) over the initial stages of the reactions, before they 

slowed, were 8.5 and 9 h–1 (2 hrs). The reactions slowed over time, both giving ~ 60 TONCO after 

24 hours. In runs 1 and 3, small amounts of methane were also observed as a gaseous product. A 

white solid formed after the initial stages, and its formation coincided with the slowing of the 

reactions, perhaps because the incident light was reflected or blocked.  

 
Scheme 15. Reaction scheme for the reduction of CO2 with a Re(bpy)(CO)3X photocatalyst where 
X = 2 (3CzIPN imidazole), 8 (benzyl free NHC) and 9 (isopropyl free NHC) with BIH as the 
sacrificial electron donor. The Re-2, Re-8, and Re-9 photocatalysts were evaluated.  
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Table 5. Summary of CO2 reduction results for the Re-2 photocatalyst (0.14 mM) with BIH (0.1 M) 
in MeCN. The TONCO and TONCH4 was calculated with an ethane internal standard and the 
corresponding calibration curves.  
Run Photocatalyst Irradiation Time (h) TONCO TONCH4 
1 Re-2 1 

2 
4 
24 
48 
72 

7 
17 
31 
61 
65 
66 

0 
0 
0 
0 
0 
0 

2 Re-2 1 
2 
4 
24 
48 
72 

7 
18 
32 
59 
69 
69 

0 
0 
0 
1 
3 
6 

 

 The Re-NHC photocatalysts were evaluated for the photocatalytic reduction of CO2 in the 

same conditions (scheme 15). All reactions were repeated, and the results were consistent between 

each attempt (table 6). Figure 21 shows plots of TON vs time for the different catalysts. As before, 

the reactions proceeded quickly over the first 5–10 hours then began to slow. The initial activity 

of the benzyl-NHC photocatalyst, Re-8, was the highest by far. The TOFCO during the initial stages 

of the reaction before any evidence of slowing was 46 and 47 h–1. The TONCO after 20 hours was 

~ 50. Note that methane was used as the internal standard for these reactions. The activities of the 

Re-imidazole-dye (Re-2) and Re-isopropyl-NHC-dye (Re-9) complexes were similar during the 

initial stages of the reaction. The average initial TOFCO was 12.5 h–1 for Re-9 and 8.75 h–1 for Re-

2, ~ 1/4 and 1/5 that of the benzyl-NHC complex Re-8, respectively. NHC ligands are strong s-

donors, and catalysts that incorporate them are often more active than the same catalyst with, for 

example, phosphines or related ligands.120–122 It is likely a similar effect that results in the relatively 

high activity of the Re-8 compound. Specifically, the strong s-donation by the NHC ligand appears 

to increase the rate of the turnover-limiting step in the photocatalytic CO2 reduction. The 
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corresponding isopropyl-NHC complex Re-9 was less active, suggesting that steric crowding 

prevented the catalyst-dye complex from adopting optimum geometry for CO2 photocatalysis. The 

imide-dye ligand is a weaker s-donor than the corresponding NHC compounds, apparently 

resulting in activity that is lower than the benzyl-NHC ligand, but similar to the crowded isopropyl-

NHC ligand. These proposed explanations must be confirmed by a detailed mechanistic analysis, 

which is beyond the scope of the present discovery-based study. Use of ethane as internal standard 

revealed that methane is formed during the photocatalytic CO2 reductions with the isopropyl-NHC 

Re-9 complex, an observation similar to the imidazole complex Re-2. It is rare for homogeneous 

photocatalysts to produce methane as a CO2 reduction product.  For this reason, the Re-9 

photocatalyst was the focus of additional experiments to investigate the origins of the methane.  

Table 6. Summary of CO2 reduction results for the Re-8 and Re-9 photocatalysts (0.14 mM) with 
BIH (0.1 M) in MeCN. The TON for CO was calculated with either a methane or ethane internal 
standard and the corresponding calibration curve. The TON for CH4 was calculated with an 
ethane internal standard and calibration curve. The quantification of methane produced was only 
achieved for reactions with an ethane internal standard.  
Run Photocatalyst Irradiation Time (h) TONCO TONCH4 
1 Re-8 1 

1.75 
19.5 
21.5 

47 
62 
53* 
54* 

N/A 

2 Re-8 1 
1.75 
19.5 
22.5 

46 
47 
50* 
51* 

N/A 

1 Re-9 1 
1.75 
19.5 
44 

12 
24 
42 
43 

0 
0 
3 
9 

2 Re-9 0.75 
2.5 
24 
43 
96 

10 
27 
46 
49 
51 

0 
0 
0 
0 
0 

3 Re-9 1.75 
22.5 
26 

30 
40 
40 

0 
2 
2 
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45 
96 

41 
52 

4 
4 

4 Re-9 2.5 
24 
48 
66.5 
93 

21 
36 
49 
57 
60 

0 
0 
0 
0 
0 

*Projected TONCO values based on the CH4 peak area in the most recent chromatogram prior to 
the formation of methane. The formation of methane interferes with the internal standard and 
quantification. In both reactions, the CH4 peak area of the chromatogram obtained at T=1.75 h 
was used for quantification of TONCO.  
 

 
Figure 21. TONCO produced from the reduction of CO2 with the Re-2 (run 2, table 5), Re-8 (run 2, 
table 6), and Re-9 (run 4, table 6) photocatalysts.  
 
 Figure 22 shows the plots of the TONs for formation of CO and CH4 for repeated CO2 

photoreductions carried out with the isopropyl-NHC catalyst Re-9 with ethane as internal standard 

(scheme 16). The reaction profiles are typical: an initial burst followed by a slowing. A white solid 

formed during all the reactions that slowed them by reflecting or blocking the incident light. The 

TOFCO during the initial burst, before any evidence of slowing, were 13.7 and 17.1 h–1 for these 
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repeated runs. The methane formed after the reaction slowed, reaching 9 and 4 TONCH4 after 45 

hours.  

 
Scheme 16. CO2 reduction reaction with the Re-9 photocatalyst in the presence of 0.1 M BIH in 
MeCN using an AM1.5G light source. Results of this reaction are plotted in figure 21.  
 

 
Figure 22. TONCO and TONCH4 of two repeat CO2 reduction reactions, run 1 and 3 in table 6, with 
the Re-9 photocatalyst. 
 

A white solid precipitated from all these photocatalytic CO2 reductions, usually after ~ 40–

60 TONCO, but the time and TONCO before precipitate formation varied among the reactions. The 

formation of the solid blocks and reflects much of the incident light, effectively shutting down the 

reactions slowed dramatically after the solid forms. The solid was characterized as a mixture of 

the oxidized and deprotonated BIH (BI+), specifically 1,3-dimethyl-2-phenylbenzimidazolium 
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bicarbonate [BI+] [HCO3–], via 1H NMR spectroscopy and HRMS, and a substantial number of 

unidentified species. The BI+ was identified by comparing the 1H NMR and mass spectra (m/z 

223.1235, figure S41) to those reported in literature. The anion was qualitatively identified as 

bicarbonate, HCO3–, via an acid test.123 Specifically, bubbling was observed upon addition of dilute 

HCl (1.2 M), confirming the presence of HCO3– (or CO32-) in solution (scheme 17). The resulting 

[BI+] [Cl–] complex was treated with silver nitrate (AgNO3), resulting in the formation of an AgCl 

precipitate in the solution that turned grey upon exposure to light (scheme 17). The identities of 

the unknown aromatic compounds were not determined, but they are presumably the products of 

unknown reactions undergone by the BIH or BI+. The 1H NMR spectrum was also recorded of the 

reaction solvent diluted in d6-acetone. Solvent suppression was required to reduce interference 

from the MeCN reaction solvent. The reaction mixture mainly contained BIH, some BI+, and small 

unidentified signals in the aromatic region. Notably, the peak at 5.45 ppm, assigned to the hydrogen 

at C2 of the remaining BIH, in the 1H NMR spectrum is absent in the spectrum of BI+ (figure 23). 

There were no definitive peaks in the solution 1H NMR spectrum from MeOH, formic acid, or 

other soluble products from CO2 reduction.  

 
Scheme 17. Scheme of the two reactions that were used to confirm the identity of the bicarbonate 
anion in the [BI+] [HCO3–] complex. The precipitate was first treated with a dilute acid to release 
CO2 and form the chloride anion. The [BI+] [Cl–] complex was then mixed with silver nitrate 
which resulted in the formation of an AgCl precipitate.  
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Figure 23. 1H NMR spectrum of the [BI+] [HCO3–] precipitate in CDCl3/d6-acetone (top) and the 
reaction solvent in d6-acetone (bottom) following CO2 reduction with Re-2. The oxidation and 
deprotonation of BIH to BI+ is seen by the disappearance of the peak at 5.45 ppm indicated by the 
red box. All identifiable peaks were labelled, and unknown product signals are indicated. 
  

The gaseous CO2 reduction products were identified and quantified by GC-TCD. The gases 

were identified in the chromatograms based on comparison of retention times to authentic samples. 

In some cases, the identities were confirmed with GC-MS, vide infra. Table 7 summarizes all 

gaseous compounds and products present along with their corresponding retention times. Out of 

these compounds, only CO and CH4 make up the reaction products with the remaining compounds 

being part of the reagents or reaction conditions, such as O2, N2, CO2, C2H6 and MeCN. The gas 

ppm3.54.04.55.05.56.06.57.07.58.0

 
 
1
.
8
3

 
 
1
.
8
9

 
 
3
.
0
4

 
 
2
.
0
3

 
 
0
.
1
5

 
 
0
.
0
8

 
 
0
.
4
9

 
 
1
.
4
0

 
 
0
.
1
4

 
 
0
.
7
3

 
 
1
.
3
0

 
 
0
.
7
0

 
 
1
.
0
5

 
 
0
.
6
6

 
 
1
.
0
2

 
 
0
.
1
1

 
 
0
.
1
8

 
 
0
.
1
6

 
 
6
.
0
0

 
 
0
.
1
6

 
 
0
.
0
9

 
 
1
.
8
0

 
 
1
.
7
8

Exp 92 - Solid 
599.929 MHz H1 1D in acetone (ref. to acetone @ 2.04 ppm) 
temp 26.2 C -> actual temp = 27.0 C, autoxid probe 

Department of Chemistry, University of Alberta 

Recorded on: i600, May 23 2023 Sweep Width(Hz): 7183.91 Acquisiton Time(s): 5 Relaxation Delay(s): 0.1 
Pulse Sequence: PRESAT Digital Res.(Hz/pt): 0.11 Hz per mm(Hz/mm): 13.51 Completed Scans 8 

File: /mnt/d600/home2/sbnmr/Elizabeth/2023.05/2023.05.23.i6_Exp_92_-_Solid_H1_PRESAT

  

ppm3.54.04.55.05.56.06.57.07.58.0

 
 
0
.
8
0

 
 
0
.
3
5

 
 
1
.
7
1

 
 
0
.
8
0

 
 
0
.
1
7

 
 
2
.
1
1

 
 
2
.
9
9

 
 
0
.
3
9

 
 
0
.
2
4

 
 
2
.
0
0

 
 
0
.
1
1

 
 
2
.
2
1

 
 
0
.
1
0

 
 
0
.
1
9

 
 
1
.
7
5

 
 
0
.
2
3

 
 
1
.
0
3

 
 
0
.
1
6

 
 
0
.
4
5

 
 
2
.
4
7

 
 
5
.
6
4

 
 
0
.
3
2

Exp 92 - Solvent, 1,3,5-TMB added as standard 
599.929 MHz H1 1D in acetone (ref. to acetone @ 2.04 ppm) 
temp 26.2 C -> actual temp = 27.0 C, autoxid probe 

Department of Chemistry, University of Alberta 

Recorded on: i600, May 23 2023 Sweep Width(Hz): 7183.91 Acquisiton Time(s): 3 Relaxation Delay(s): 2 
Pulse Sequence: PRESAT Digital Res.(Hz/pt): 0.11 Hz per mm(Hz/mm): 13.53 Completed Scans 4 

File: /mnt/d600/home2/sbnmr/Elizabeth/2023.05/2023.05.23.i6_Exp_92_-_Solvent__1_3_5-TMB_added_as_standard_H1_PRESAT

  

CDCl3 

BIH BIH 
BIH 

BIH 

BI+ BI+ 

BI+ 

BI+ TMB BIH 

TMB 

DCM 

BI+ 
BI+ 

BI+ 

BI+ 

? 

? 

? 

? 

? 

? 

? ? 

? ? ? 

? 

DCM 

BI+ 

? ? N

N
Ph

HCO3

N

N

Ph
H

Trace solvents 

Trace solvents ? ? ? ? ? 



 60 

products were quantified with the internal standard and corresponding calibration curves made 

with authentic samples.  

Table 7. Compounds identified on a standard GC-TCD chromatogram used to monitor the 
progress of a photochemical CO2 reduction reaction and their corresponding retention times. The 
retention times can vary by several seconds based on injection technique. No complications were 
encountered in identifying the peaks on chromatograms.  
Compound Retention Time (min) Source  
N2 2.77 Injection 
O2 3.02 Injection 
CO* 3.87 Reaction product 
CH4* 6.51 Reaction product/Internal standard 
CO2 8.64 Reagent 
C2H6 12.98 Internal standard 
MeCN 22.45 Reaction solvent 
*Compounds that are produced throughout the reaction. All other compounds are present in the 
T=0 chromatograms obtained prior to start of the CO2 reduction reactions.  
 

In addition to the gaseous products, the amounts of [BI+] [HCO3–] formed and of BIH 

consumed were quantified by the addition of the NMR standard, 1,3,5-trimethoxybenzene (TMB), 

after the reaction was complete. The peaks in the 1H NMR spectrum of TMB do not interfere with 

those of BI+ or BIH (figure 24). Table 8 summarizes the amount of BI+ formed and BIH consumed 

in different CO2 reduction reactions with different photocatalysts compared to the quantity of 

methane produced. As mentioned previously, the Re-9 photocatalyst was carried forward over the 

Re-8 photocatalyst for additional experiments so the amounts of BI+ and BIH were only quantified 

for reactions with the Re-2 and Re-9 photocatalysts.  



 61 

 
Figure 24. 1H NMR spectrum of the CO2 reduction products in the solvent following experiment 1 
in table 4 (4-1). The reaction solvent was cannulated to a test tube containing the internal standard, 
TMB, and the NMR spectrum was obtained in d6-acetone via solvent suppression of the MeCN 
solvent peak. Peaks corresponding to the standard and the reaction solvent are labelled. The 
standard peak used for quantification is indicated by a red asterisk. The peak used for 
quantification of BIH is indicated by a green asterisk and the peak used for BI+ is indicated by a 
blue asterisk.  
 
Table 8. Quantification of BIH and BI+ following CO2 reduction by the addition of 1,3,5-
trimethoxybene as an internal standard for 1H NMR. Amounts were calculated based on the peak 
integration ratios of BIH and BI+ protons compared to that of the standard added.  
Exp TMB Added 

(mmol) 
BIH 
(mmol) 

BI+ 
(mmol) 

BIH Consumed 
(mmol) 

CO Produced 
(mmol) 

CH4 Produced 
(mmol) 

4-1 0.0654 0.112 0.144*  0.188 0.016 (189h) 0.007 
4-2 0.316 0.121 0.154¨ 0.179 0.030 (144h) 0 
*Amounts of [BI+] [HCO3–] were measured by removing the solvent via cannula filtration, then 
washing with MeCN, drying under vacuum, and obtaining the weight. 
¨Amounts of [BI+] [HCO3–] were obtained by transferring the reaction solvent to flask containing 
the TMB standard then removing the solvent under vacuum. Resulting dried products were 
dissolved in d6-acetone and quantified via 1H NMR.  
 

As of today, no Re(I) photocatalysts have been reported to produce methane as a CO2 

reduction product in photochemical reactions in literature. A detailed analysis showed that the 

methane formed largely after the reaction had slowed, presumably due to the build-up of solid 

[BI+] [HCO3–] in the reaction mixture. Several control experiments were carried out to determine 

whether the methane produced throughout the reactions originated from CO2 or from a side 

reaction involving BIH. The production of methane from the cleavage of one of the methyl groups 
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on BIH is plausible in these reaction conditions. BIH deuterated at the C2 position, 1,3-dimethyl-

2-phenyl-2,3-dihydro-2-2H-benzo[d]imidazole (10, D-BIH), was prepared from 2-

phenylbenzimidazole as outlined in scheme 18 and was used as an isotopically labelled electron 

donor in a CO2 reduction reaction. 

 
Scheme 18. Reaction scheme for the synthesis of the deuterated form of D-BIH 10 from 2-
phenylbenzimidazole for isotopic labelling experiments.  
 
Table 9. Results from CO2 reduction reactions with 0.14 mM Re-9 photocatalyst and 0.1 M BIH or 
D-BIH in MeCN. Both reactions were quantified with an ethane internal standard and produced 
CO and CH4 as reduction products.  
Run Photocatalyst BIH/D-BIH Irradiation Time (h) TONCO TONCH4 
3-i Re-9 BIH 1.75 

22.5 
26 
45 
96 

30 
40 
40 
41 
52 

0 
2 
2 
4 
4 

3-i-D Re-9 D-BIH 1.75 
22.5 
26 
45 
96 

22 
28 
28 
29 
36 

0 
5 
5 
6 
6 

 

Table 9 summarizes the results from the photocatalytic CO2 reduction with D-BIH utilizing 

the isopropyl-NHC catalyst Re-9. GC-MS was utilized to determine the extent of deuterium 

substitution in the dn-methane product. In theory, if the methane production originated from the 

reduction of CO2, it would mostly consist of CD4 with the deuterium being supplied by the de-

deuteronation of the C2 position of D-BIH (10). However, if the methane results from the cleavage 

of a methyl group on BIH, then CH3D would be the major form of methane produced. Two 
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identical CO2 reduction reactions were run at the same time, one with BIH and another with the 

D-BIH at the same concentrations. GC-TCD was used to monitor the progress of the reaction and 

quantify the reduction products. Both CO and methane were obtained, and GC-MS was used to 

analyze the methane produced (figure 25). The EI-MS spectrum of the methane produced by the 

CO2 photoreduction with BIH shows that, as expected, CH4 is the major isotopomer, as confirmed 

by injecting an authentic sample. In comparison, the CO2 reduction reaction with D-BIH yielded 

an array of CHnD4–n isotopomers, with the major being CH3D. Very little CD4, if any, was detected 

in the product methane. The exact ratios of the isotopomers were not determined because control 

mixtures of the isotopomers were unavailable. The lack of higher isotopomers in the methane 

product during the photocatalytic CO2 reduction with D-BIH is a strong indicator that the methane 

is not produced by reduction of CO2. 

 
Figure 25. Comparison of the GC-MS spectrum of the CH4 gas produced by the CO2 reduction 
reaction with the Re-9 photocatalyst with BIH (left) and D-BIH (right). The y-axis units are mega 
counts per second (MCps) for both spectra. The GC-MS of CH4 was confirmed by comparison to 
an authentic sample. 
 
 13CO2 labelling experiments are applied often in literature to confirm the origin of CO2 

reduction products. A major downside of these isotope experiments is the very high cost associated 

with 13CO2. At Sigma Aldrich, a lecture cylinder of 99% 13CO2 containing 1 litre of gas costs $460 

CAD at the time of this writing. A photocatalytic 13CO2 reduction was carried out with the Re-9 

photocatalyst by first flushing the reaction solution with CO2 as usual then with 13CO2 for 10 

minutes (table 10). The reaction was monitored with GC-TCD to observe the distribution of 
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reaction products. This reaction produced a surprisingly small amount of CO and a relatively large 

amount of methane, a result that differed from all identical reactions carried out under the same 

conditions with 12CO2. The reasons for the difference in behaviour were not determined, but likely 

involve catalyst decomposition by adventitious water, air, or some other contaminant in the 13CO2. 

It is noteworthy, however, that GC-MS analysis showed that little, if any, 13CH4 was formed by the 

reaction (figure 26), demonstrating that there is another pathway to methane formation.  

Table 10. Results from the 13CO2 reduction reaction with 0.14 mM Re-9 photocatalyst and 0.1 M 
BIH in MeCN. The TONCO and TONCH4 were quantified with an ethane internal standard. 
Exp Photocatalyst Irradiation Time (h) TONCO TONCH4 
8-3 Re-9 1 

2 
27 
43 

0 
0 
0 
22 

0 
0 
31 
35 

 

 
Figure 26. GC-MS spectrum of the CH4 gas produced by the 13CO2 reduction reaction with the 
Re-9 photocatalyst and BIH as sacrificial electron donor.  
 

In a final attempt to confirm that the methane is produced from the cleavage of a methyl 

group on BIH, the demethylated form of BI+ was synthesized. 1-Methyl-2-benzimidazole (12) was 

prepared and analyzed via NMR to potentially identify the same compound in the CO2 reduction 

solvent following a reaction that produces methane (figure 27). While the product was synthesized 
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successfully, its purification was challenging due to the presence of starting material, 2-

phenylbenzimidazole. The starting material peaks were easy to identify and disregard so the 

purification of the desired product was not prioritized. A major drawback in attempting to identify 

1-methyl-2-phenylbenzimidazole in the NMR spectrum of the reaction solvent is that it is present 

in very minor quantities. The de-methylated BI+ would be present in the solution in amounts 

proportional to the quantity of methane produced, compared to BIH which is present is 

significantly larger quantities. For example, the largest volume of methane produced in a CO2 

reduction reaction with Re-9 was 3.88 × 10–6 mol of CH4, giving 9 TONCH4. If the methane is 

originating from the cleavage of a methyl group on BIH, then the resulting 1-methyl-2-

phenylbenzimidazole product would also be in the solution in the same amount, 3.88 × 10–6 mol. 

Compared to the much higher quantities of BI+ and BIH in solution, it was extremely challenging 

to identify protons peaks associated with this compound in solution. While there were extremely 

minor peaks that could potentially be attributed to this compound in solution, the results from this 

analysis remain inconclusive. Combined, the results from the D-BIH experiments and the 13CO2 

reduction are coherent and, taken together, indicate somewhat conclusively that the methane 

produced from these reaction does not result from the reduction of CO2.  
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Figure 27. 1H NMR spectrum of the reaction solvent following CO2 reduction reaction containing 
the TMB internal standard alone (top) and with 1-methyl-2-phenylbenzimidazole added (bottom) 
in d6-acetone. Potential peaks corresponding to the de-methylated BI+ product in the CO2 
reduction solvent are indicated by red boxes. 
 
 

Photoluminescence data were collected to gain insight into the photochemical properties 

of Re-2 and Re-9. Stern-Volmer (SV) plots were constructed by measuring the maximum emission 

intensity for the photocatalysts in the presence of varying BIH concentrations. Figure 28A and 

figure 28B show the SV plots for Re-2 and Re-9, respectively. In these systems, BIH acts as the 

sacrificial electron donor that quenches the T1 excited state of the organic dye that is physically 

linked to the catalyst. Identical trends were observed for both photocatalysts, with higher [BIH] 

resulting in increased quenching of the excited state represented by the decrease in intensity. Both 

Stern-Volmer plots demonstrated a linear relationship between [BIH] and I0/I of the emission 

spectrum, where I0 is the emission intensity in the absence of BIH, and I is the emission intensity 

of the sample (figure 29). Both photocatalysts showed linear relationships as [BIH] increased with 

the Re-2 plot having a slope approximately 5x larger than the Re-9 photocatalyst (0.1758 vs 

0.0354).  

The Stokes shifts for Re-2 and Re-9 were measured by comparing the excitation and 

emission spectra in MeCN and DCM (table 11). The Stokes shift for the imidazole-dye complex 

Re-2 complex was 170 nm in MeCN and 110 nm in DCM (figure 30A). The increase in Stokes 

shift is interpreted as the stability of the charge-separated excited state being high in more solvent, 
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such as MeCN. The difference in Stokes shift of the isopropyl-NHC-dye complex Re-9 behaved 

similarly, being 190 nm in MeCN and 170 nm in DCM (figure 30B).  

Table 11. Summary of the photoluminescence data collected for the Re-2 and Re-9 photocatalysts, 
and their calculated Stokes shifts compared to the corresponding free dyes.  
 DCM MeCN 
 Excitation 

(nm) 
Emission 
(nm) 

Stokes shift 
(nm) 

Excitation 
(nm) 

Emission 
(nm) 

Stokes shift 
(nm) 

Re-2 440 550 110 400 570 170 
2 400 545 145 400 570 170 
Re-9 400 570 170 400 590 190 
4 400 570 170 400 590 190 
 

 
Figure 28A. Excitation and emission spectrum of Re-2 with varying amounts of BIH. Excitation 
data is marked by solid lines on the left and emission data is indicated by dashed lines on the right. 
The concentrations of BIH are: 0 mM (red), 25 mM (blue), 50 mM (orange), 75 mM (green) and 
100 mM (purple).  
 

N

N Cz

CN

CzNC

Cz

BF4

Re
N CO

CO

CON



 68 

 
Figure 28B. Excitation and emission spectrum of Re-9 with varying amounts of BIH. Excitation 
data is marked by solid lines on the left and emission data is indicated by dashed lines on the right. 
The concentrations of BIH are: 0 mM (red), 25 mM (blue), 75 mM (green) and 100 mM (purple).  
 

 
Figure 29. Stern-Volmer plot depicting I0/I of Re-2 (blue) and Re-9 (red) with varying [BIH] (mM). 
The y-values were calculated by dividing the emission intensity at 574 and 460 nm, respectively, 
of all five samples by the emission intensity of the 0 mM [BIH] sample. The concentrations of BIH 
included are: 0, 25, 50, 75 and 100 mM. The resulting SV plots demonstrate a linear relationship 
marked by the dotted trendlines.  
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Figure 30A. Excitation and emission spectra of the Re-2 photocatalyst in MeCN (red) and DCM 
(blue) depicting the Stokes shift of the complex. Excitation data is marked by solid lines on the left 
and emission data is indicated by dashed lines on the right. 
 

 
Figure 30B. Excitation and emission spectra of the Re-9 photocatalyst with 0.1 M BIH in MeCN 
(red) and DCM (blue) depicting the Stokes shift of the complex. Excitation data is marked by solid 
lines on the left and emission data is indicated by dashed lines on the right. 
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4.2 DISCUSSION 

 The principal objective of this project was to covalently link various organic dyes to a Re(I) 

catalyst and evaluate the resulting photocatalysts in the photochemical reduction of CO2. 

Physically linking the organic dye PS to the fac-Re(bpy)(CO)3Cl catalyst allows intramolecular 

electron transfer that reduces the catalyst upon excitation of the PS. Intramolecular electron 

transfer can occur through the bridging imidazole group or perhaps through non-bonding 

interactions between the dicyanobenzene-carbazole ring and the Re moiety.  Solar energy is an 

ecologically clean and abundant energy source that is approximately 40% visible light in 

composition.124 For this reason, the development of CO2 photoreduction systems that are driven 

by entirely visible light is desirable and one of the main objectives of this work. Accordingly, an 

AM 1.5G solar light simulator with both UV and IR light filters was utilized for the CO2 reduction 

reactions with the Re(I) photocatalysts in this study.  

 As mentioned previously, all three photocatalysts reproducibly carried out the 

photocatalytic reduction of CO2 with BIH as sacrificial electron donor. All the CO2 photoreduction 

reactions proceeded with an initial burst of reaction followed by a slowdown. A white solid formed 

that consisted of a mixture containing [BI+] [HCO3–] and unknown aromatic compounds. It appears 

that the solid slowed the reaction by blocking or reflecting the incident light. The average TOFCO 

during the initial burst stage of the photoreduction, before any appreciable slowdown, were 8.75 

h–1 for the imidazole-dye complex Re-2, 46.5 h–1 for the benzyl-NHC-dye complex Re-8, and 14 

h–1 for the isopropyl-NHC-dye complex Re-9. The benzyl-NHC complex Re-9 was by far the most 

active, likely because of the strong s-donating ability of the NHC ligand moiety, and steric 

hindrance that matched the requirements of the photocatalytic CO2 photoreduction. The initial 
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TOFCO of the imidazole-dye photocatalyst Re-2 and the isopropyl-NHC-dye photocatalyst Re-9 

were similar.  

 In addition to CO, small amounts of methane formed after the CO2 photoreduction slowed. 

The production of methane was unexpected as no Re(I) photocatalysts have been reported to 

produce methane from the reduction of CO2. Methane was also not observed in any 

photoreductions carried out with the catalyst and PS separate in solution in early screening 

reactions, suggesting that covalently bonding the catalyst and dye changed their activities.   

 While the gaseous CO2 reduction products were quantified and monitored throughout the 

reaction, the solution-phase and solid products were quantified by 1H NMR spectroscopy with an 

added internal standard after the photoreduction was complete. These experiments were carried 

out with the isopropyl-NHC-dye complex Re-9. Surprisingly, the amount of BIH consumed should 

be, in theory, stoichiometrically equivalent to the amount of CO produced, indicating the presence 

of additional reactions in the system (scheme 19). The amounts of BI+ formed were less (~ 76%) 

than the amount of BIH consumed. Further, there were substantial amounts of unidentified 

aromatic molecules present in the solid that precipitated out of the reaction. Finally, definitive 

peaks for soluble CO2 reduction products including methanol, formaldehyde (paraformaldehyde), 

methyl formate and formic acid could not be found in the 1H NMR spectra of the reaction mixture 

recorded with solvent suppression after the photocatalytic reduction of CO2 was complete. 

Although small amounts of methane formed after the CO2 photoreduction slowed, the amounts 

were too small to account for the large excess of BIH consumed and BI+ formed. Taken together, 

these results show that BIH, BI+ or perhaps some intermediate undergoes substantive amounts of 

unidentified reactions to form new aromatic species. While these species were not identified, it is 

quite evident that BIH is not simply acting as a 2-electron, 1-proton sacrificial donor. The system 
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is more complex than this simplistic assertation. There are no reports of the quantification of 

BIH/BI+ in literature at the time of this writing. The presence of additional side reactions involving 

BIH shows that the amount of CO produced is the lower limit of the Re(I) photocatalysts, as there 

was competition with the side reactions of BIH. No further effort was expanded on determining 

the nature of the side reactions of the sacrificial electron donor because ultimately it is a dead-end. 

The ultimate source of electrons for CO2 photoreduction must come from the oxygen evolution 

reaction (scheme 20) that will be discussed further in the future direction section.   

 
Scheme 19. Reaction scheme for the reduction of CO2 to CO by the Re(bpy)(CO)3X photocatalysts. 
The quantity of BIH consumed, BI+ formed and CO formed are all stoichiometrically equivalent.  
 

 
Scheme 20. Water oxidation half-reaction.  

Several experiments were carried out to investigate the origin(s) of methane in these 

reactions. The utilization of 13CO2 in a trial reaction did not generate appreciable amounts of CO, 

likely because of adventitious O2, H2O, or some other contaminant. The reaction did, however, 

produce significant amounts of methane (35 TONCH4). GC-MS showed little, if any, 13C was 

present in the methane, indicating that a pathway besides CO2 reduction can generate methane in 

this system. This observation strongly suggests that the production of CO is unrelated to the 

production of methane under these conditions. Another labelling experiment utilizing D-BIH 

produced CH3D and CH2D2 as major methane isotopomers with little, if any, CD4.  Any formation 
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of methane from reduction of CO2 would involve protons from BIH (scheme 21). The absence of 

higher D-labelled isotopomers of methane is strong evidence that the methane is generated as a 

side reaction of BIH chemistry.  

A recent paper by Wang et al.125 that studied fluorosulfonylating methods via radical 

reaction pathways of sulfonyl fluoride imidazolium salts supports the proposed mechanism for the 

production of methane via cleavage of a methyl group originally in BIH in a radical-chain process 

outlined in scheme 21. Oxidation with deprotonation of BIH generates BI+, which accumulates in 

solution as the reduction of CO2 to CO proceeds. Once a certain [BI+] is reached, BI+ begins to 

compete with CO2 for electrons from the excited PS on the photocatalyst. A one-electron reduction 

of BI+ forms the neutral radical 11 that then undergoes homolytic cleavage of a N-methyl bond to 

generate the methyl radical and 1-methyl-2-phenylbenzimidazole (12). Abstraction of a hydrogen 

atom from another molecule of BIH in solution forms methane and regenerates the neutral radical 

11, and so on. With this mechanism, the formation of methane and de-methylation of BI+ molecules 

depend initially on the formation of CO until BI+ accumulates in solution. This explains the delay 

in methane production until at least 20 hours following the start of the reaction when CO has been 

produced sufficiently. This side reaction is likely completely unrelated to the CO2 reduction and 

commences after enough BI+ is formed. As a result, the TONCO and TONCH4 are unrelated in this 

process which was observed in a majority of the CO2 reduction reactions carried out. The radical 

chain nature of the proposed mechanism predicts that only a few events of electron transfer from 

the excited PS to BI+ are required to initiate the chain reactions.  
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Scheme 21. Overview of the radical reaction process that yields CH4 under CO2 reduction reaction 
by cleavage of a methyl group on BIH. BI+ first accepts an electron from the excited PS to generate 
a radical BI• species 11 that can undergo a radical reaction to generate 1-methyl-2-
phenylbenzimidazole 12 and a methyl radical. The reaction between the methyl radical and 
another BIH molecule in solution generates a new BI• species 11 that can continue the reaction 
chain (shown by the blue arrow).  
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overlapping peaks was not sufficient to conclusively identify 12 as a side product of methane 
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imidazole-, and especially the NHC-derivatives have lower redox potentials (are more reducing) 

than the other systems. Further investigations regarding the nature of this process and the electron-

donating ability of these complexes must be carried out to investigate these propositions.  

The construction of Stern-Volmer (SV) plots for both the Re-2 and Re-9 photocatalysts 

revealed information regarding the quenching process that occurs throughout the CO2 reduction 

reaction. Both photocatalysts demonstrated a linear relationship between I0/I and [BIH], indicating 

that collisional quenching is likely occurring. A linear SV plot is indicative of a collisional 

quenching in which the quencher, BIH, diffuses to the photocatalyst during the lifetime of the 

excited state and returns the photocatalyst to ground state without emission of a photon upon 

contact.126 The linear SV plot could also indicate static quenching between BIH and the 

photocatalyst in which a non-fluorescent ground state complex is formed between the 

photocatalyst and the quencher.126 However, due to the mechanism and nature of these complexes, 

it is likely collisional quenching that is occurring. The SV equation (equation 1) was used to 

determine the SV constant KSV for both photocatalysts from their respective SV plot. In this case, 

KSV is equivalent to the slope of the linear trendline which is 0.1758 and 0.0354 mol–1 L for Re-2 

and Re-9, respectively. The value of KSV is indicative of the availability of the quencher to the 

excited molecule/fluorophore, therefore an increase in value corresponds to a reduction of the 

distance between the two components.127 The KSV of the Re-2 photocatalyst is about 5x higher 

than the KSV of Re-9, meaning BIH is closer in location to Re-2.   

!!
∘

!!
= 1 + 𝐾"𝜏#[𝑄]  where  𝐾"𝜏# = 𝐾$% 

!!
∘

!!
= 1 + 𝐾$%[𝑄] (Equation 1) 

The rate of diffusion in the two systems should be similar as both SV plots were derived 

under similar conditions, with the same quencher and solvent mixture. The large difference in KSV 
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between the photocatalysts indicates that the quenching process may be unrelated to the rate of 

diffusion and linked with intrinsic electron transfer processes between the compounds. Many 

calculations would be required for a thorough analysis of these processes; however, we can 

conclude that the quenching mechanism is not diffusion limited for these systems.  

Both the Re-2 and Re-9 complexes demonstrated a larger Stokes shift in MeCN compared 

to DCM. As mentioned previously, polar solvents result in increased Stokes shifts due to solvent 

stabilization and relaxation, explaining these observations. Additionally, the Stokes shift of the 

photocatalysts were similar to that of the corresponding free dyes, with only the Re-2 in DCM 

solution (110 nm) demonstrating a smaller value compared to the DCM solution of compound 2 

(145 nm). The other values were identical in the free dye and the photocatalyst.   

The mechanism of the reduction of CO2 with Re(I) catalysts has been debated in literature. 

The Re(I) photocatalyst is first exposed to visible light where an electron transfer excitation 

process is initiated (scheme 22). The PS moiety absorbs a photon and gets promoted to its excited 

state where an electron is transferred from the nitrogen atom on a carbazole group into the 

dicyanobenzene ring. The presence of the dicyano groups on the benzene ring help to stabilize the 

excited state, allowing for electron transfer reactions to occur. The electron is then transferred to 

the Re metal centre, generating a Re(0) species. The excited PS moiety then receives an electron 

from BIH, the electron donor, in the reductive quenching process (scheme 23), returning it back to 

ground state. This process is repeated once again to transfer a second electron to the Re metal 

centre, generating a Re(–1) species. Both electrons transferred to the catalyst are placed in the 

antibonding orbitals which contribute to weakening the Re-CO bond and promote the dissociation 

of the CO ligand. The dissociation of CO generates a low-valent, unsaturated metal complex that 

can interact with CO2 in the reaction atmosphere and reduce it to CO. The order of the steps are 
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heavily debated in literature with some arguing that the Re(0) complex first interacts with CO2 

then accepts a second electron from BIH to then reduce it to CO.  

 
Scheme 22. Postulated mechanism for the CO2 reduction to CO catalyzed by the Re-2 
photocatalyst. The same mechanism applies to the Re-NHC photocatalysts. The Re(I) 
photocatalyst is regenerated in the final step and can re-enter the catalytic cycle, as indicated by 
the red arrow. 
 

 
Scheme 23. Reductive quenching of the excited photocatalyst by BIH following the electron 
transfer to the Re metal centre.  
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4.3 CONCLUSION 

In sum, all three photocatalysts were successful for the reduction of CO2 to CO driven by 

visible light. The unexpected presence of methane in these reactions was studied and found to 

originate from the cleavage of a methyl group on BIH via isotopic labelling studies. The SV plots 

for the Re-2 and Re-9 were obtained and revealed information regarding the quenching mechanism 

throughout the reaction. Finally, the mechanism through which these photocatalysts catalyze the 

reduction of CO2 was hypothesized. Additional experiments with the Re-8 photocatalyst should be 

carried out, specifically photoluminescence experiments, and the synthesis of Re-9 in d8-THF to 

obtain high-quality characterization data such as 1H and 13C NMR spectra should also be achieved. 

The radical reaction pathway that generates methane should also be explored in further detail, 

including the amount of BI+ required to initiate the reaction chain, the competition between BI+ 

and the photocatalyst for accepting electrons from the excited PS moiety and the impact of this 

process on the catalytic cycle of the reduction of CO2 to CO.  
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5 – FUTURE DIRECTIONS 

 Over the course of this project, three novel CDCB-based organic dyes were successfully 

prepared and linked to a fac-Re(bpy)(CO)3Cl catalyst to generate Re(I) photocatalysts for the 

photochemical reduction of CO2 to CO. These photocatalysts operated under purely visible light 

with BIH as the sacrificial electron donor in solution. The development of these photochemical 

systems remains relatively incomplete and there are several experiments that must be completed. 

The Re-9 photocatalyst should be prepared in d8-THF to obtain high quality 1H and 13C NMR 

spectra and photoluminescence data must be collected for Re-8. Both Re-NHC photocatalysts have 

yet to be isolated and require further characterization, such as MS and NMR correlation 

experiments. Improvements to the preparation of the Re-NHC photocatalysts must also be 

achieved to successfully isolate these complexes. The 13CO2 reduction experiment should be 

repeated with the each photocatalyst to successfully identify 13CO and 12CH4 in the reaction and 

undeniably confirm the theories proposed in this dissertation. Additionally, the CO2 reduction 

reactions should be attempted with a different sacrificial electron donor. The absence of BIH would 

likely prevent the radical side reaction that leads to methane production, as well as the 

accumulation of BI+ in solution that contributes to shutting the reaction down. Without these 

elements present in the reaction, a higher production of CO could occur and the effect on the 

TONCO could be examined. Finally, the oxidizing potential of both the Re photocatalysts and BI+ 

under these conditions should be investigated to evaluate whether BI+ accepts electrons from the 

excited PS over the Re metal centre which leads to the radical cleavage of a methyl group.  

 Long-term objectives for this work include the development of Mn(I) photocatalysts based 

on these Re(I) photocatalysts and the application of these systems towards heterogeneous 

electrochemical CO2 reduction with visible light. The Mn analogs of these photocatalysts, Mn-2, 
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Mn-8, and Mn-9, have begun developing within the group and show similar activity towards the 

photochemical reduction of CO2 to CO. Manganese is an earth-abundant metal and is significantly 

less costly than rhenium. Rhenium is one of the rarest elements on Earth, with an abundance of 

less than 1 part-per-billion (ppb) in the continental crust according to the United States Geological 

Survey (USGS).128 On the contrary, manganese is the 5th most abundant metal in the Earth’s crust 

making it significantly cheaper.129 On Sigma Aldrich, 5 g of Re powder (99.995% trace metals 

basis) is available for $546 CAD compared to 25 g of Mn powder (99.9% trace metals basis) 

available for $124 CAD. As a result, the conversion of Re-based systems to Mn-based systems is 

extremely desirable due to the economic and sustainability advantages. Exploratory 

electrochemical experiments have begun within the group to directly translate the homogeneous 

results to heterogeneous systems. The organic dyes have been shown to easily polymerize on ITO 

and carbon via electropolymerization of the carbazole groups on the dicyanobenzene ring. The 

polymerization of both the Re(I) and Mn(I) photocatalysts on ITO and carbon via this process 

would allow for the direct translation of these systems to heterogeneous applications. A new project 

within the group involves the direct electropolymerization of the analogous Mn(I) photocatalysts 

onto carbon and ITO electrodes for the electrochemical reduction of CO2 with visible light (scheme 

23). In electrochemical CO2 reduction systems, the electrons are supplied to the catalyst by the 

electrodes which results in a faster electron injection rate. As well, this allows for the complete 

elimination of the sacrificial electron donor, BIH, and its perplexing nature. The elimination of 

BIH could potentially lead to increased activity due to the absence of any side reactions or the 

formation of products that decrease activity and the faster injection speed.  
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Scheme 23. Electropolymerization of 3CzIPN imidazole (2) in air. This figure was taken from a 
recently published paper by another member of the group.130 
  

The ultimate goal of this work is to develop a fuel cell that reduces CO2 and oxidizes H2 to 

produce energy in a closed system (figure 31). H2-CO2 fuel cells are promising technologies that 

help promote the use of CCS strategies to reduce atmospheric CO2 levels on the planet. In these 

technologies, H2 produced by HER is oxidized to H+ ions that can reduce CO2 to CH4. This work 

has focused specifically on the reduction of CO2 while other areas within the group are focused on 

H2 evolution catalysts. Some groups have successfully used this technology for the development 

of CO2/H2 fuel cells that can reduce CO2 while also generating electricity.131,132 Technologies that 

are capable of reduction of atmospheric CO2 while also producing useable electricity present 

numerous attractive features that could help solve the current global environmental crisis resulting 

from the excess build-up of CO2 in the Earth’s atmosphere.  

 
Figure 31. Schematic depiction of the photocatalytic/electrocatalytic cell involving the reduction 
of CO2 and oxidation of water. The absence of an applied voltage renders the system photocatalytic 
whereas the presence of an applied voltage renders it electrocatalytic. 
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6 – EXPERIMENTAL 

6.1 MATERIALS.  

Chemicals were used without any further treatment unless mentioned otherwise. All 

solvents were distilled for air and moisture sensitive reactions. The following chemicals were 

obtained from Sigma Aldrich: carbazole (≥ 95 %), sodium hydride (60 % oil suspension, THF 

washed, dried), potassium tert-butoxide (95 %), potassium hydride (from 60% oil suspension, THF 

washed, dried), silver tetrafluoroborate (99 %), sodium borodeuteride (98% atom D, 90% CP), 

cesium carbonate (99 %), 2-phenylbenzimidazole (97 %), 2-iodopropane (with copper stabilizer, 

99 %), 1,3,5-trimethoxybenzene (99 %), benzyl bromide (98 %), iodomethane (with copper 

stabilizer, 99 %), 13CO2 (99 %), pentacarbonylchlororhenium(I) (98%). The following chemicals 

were obtained from Fischer Chemical: anhydrous ethyl ether (ACS reagent), sodium chloride 

(ACS reagent, crystalline), ammonium chloride (ACS reagent, crystalline), hexanes (ACS 

reagent), acetonitrile (HPLC grade, ≥ 99.9 %), dichloromethane (ACS reagent, ≥ 99.5 %), ethyl 

acetate (ACS reagent), methanol (ACS reagent), toluene (ACS reagent), acetone (HPLC grade), 

tetrahydrofuran (ACS reagent, ≥ 99.0 %), potassium dichromate (ACS reagent, crystalline), 

anhydrous magnesium sulfate. Tetrafluoroisophthalonitrile (> 98.0%) was purchased from TCI 

Chemicals. Imidazole was purchased from Baker. 2,2’-Dipyridyl was obtained from Terochem 

Laboratories. 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole (97%) was purchased from 

Ambeed. The following compressed gases were purchased from Linde Canada: CO2, ethane 

(99%), methane. Acetone-d6 was obtained from Cambridge Isotope Laboratories (D 99.9%).  
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6.2 INSTRUMENTATION.  

1H NMR spectra were collected using 400, 500, 600 and 700 MHz Agilent Inova 

spectrometers. 13C NMR spectra were collected using 500 and 700 MHz Agilent Inova 

spectrometers. Photoluminescence spectra were collected using a Horiba-PTI QM-8075-11 

Fluorescence System. Gas chromatography was carried out with an HP 6890 series GC system 

equipped with a thermal conductivity detector (TCD) and a Restek micropacked shincarbon 

column (st, 2m x 1mm, 1/16’ OD,100/120 mesh, RK19809). HRMS data were collected on Agilent 

Technologies 6220 orthogonal acceleration TOF (oaTOF) instrument. FTIR data were collected 

on a Thermo Nicolet 8700 FTIR spectrometer. Isotopic labelling studies were carried out on a 

Bruker Scion 456-GC-TQ GC-MS instrument equipped with an Agilent fused silica capillary 

column (HP-Plot/Q, 30 m x 0.32 mm i.d., 0.2 µm film thickness). The MS spectrometer was 

operated in electron-impact (EI) mode.  
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6.3 CALIBRATION CURVES 

Methane-CO calibration curve. Acetonitrile (3.000 mL, 57.44 mmol) was transferred to small 

test tube (15 x 125 mm) equipped with a stir bar and rubber septum with a 5 mL syringe and needle. 

The solution was bubbled with CO2 for 10 minutes with an ice bath followed by 5 minutes at room 

temperature. Methane gas (20 μL) was added to the test tube with a 50 μL syringe after purging 

the syringe 4 times. Carbon monoxide gas was added to the test tube in varying amounts (0-500 

μL) with a 50 μL syringe after purging the syringe 4 times. Gases were allowed to equilibrate for 

15 minutes prior to injecting 100 μL of the test tube headspace into the GC-TCD. The peak area 

ratios were calculated by manual integration to develop a calibration curve. Duplicate injections 

were carried out for each volume of CO and the average peak area ratio was used for the curve. 

The average peak area ratio was plotted as a function of CO volume in Excel and the equation of 

the resulting linear trendline was determined.  
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Ethane-CO calibration curve. The ethane-CO calibration curve was developed by another 

member in the research group using the same method described in the methane-CO calibration 

curve procedure.  

 

Ethane-methane calibration curve. Acetonitrile (3.000 mL, 57.44 mmol) was transferred to 

small test tube equipped with a stir bar and rubber septum with a 5 mL syringe and needle. The 

solution was bubbled with CO2 for 10 minutes with an ice bath followed 5 minutes at room 

temperature. Ethane gas (20 μL) was added to the test tube with a 50 μL syringe after purging the 

syringe 4 times. Methane gas was added to the test tube in varying amounts (0-200 μL) with a 50 

μL syringe after purging the syringe 4 times. Gases were allowed to equilibrate for 15 minutes 

prior to injecting 100 μL of the test tube headspace into the GC-TCD. The peak area ratios were 

determined to develop a calibration curve. Duplicate injections were carried out for each volume 

of methane and the average peak area ratio was used for the curve. The average peak area ratio 

was plotted as a function of methane volume in Excel and the equation of the resulting linear 

trendline was determined.   
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6.4 SYNTHETIC AND EXPERIMENTAL PROCEDURES 

Synthesis of 5-fluoro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (1, 3CzFIPN). 

Tetrafluoroisophthalonitrile (1.104 g, 5.516 mmol) was 

weighed into a Schlenk flask equipped with a stir bar and 

rubber septum then purged under nitrogen. Distilled THF 

(30.00 mL) was cannula transferred to the Schlenk flask to 

dissolve the compound. Sodium hydride (60% oil 

suspension, 0.883 g, 36.79 mmol) was weighed into a separate Schlenk flask equipped with a stir 

bar and rubber septum. The NaH oil suspension was washed with distilled THF (2 x 15.00 mL) 

then suspended in 30.00 mL THF. Carbazole (1.845 g, 11.03 mmol) was weighed into a third 

Schlenk flask and dissolved in THF (50.00 mL) under inert atmosphere. The carbazole solution 

was slowly cannulated to the NaH solution while stirring at 0 ˚C, releasing gas and forming a 

slightly yellow solution. The ice bath was removed once the solution stopped bubbling and the 

reaction mixture was stirred for 1 hour at room temperature. The dissolved 

tetrafluoroisophthalonitrile was cooled to -196 ˚C in a N2(l) bath and the deprotonated carbazole 

solution was cooled to -78 ˚C in a dry ice bath. The carbazole solution was cannulated dropwise 

to tetrafluoroisophthalonitrile solution over 10 minutes, resulting in a yellow precipitate forming 

on the side of the flask. The reaction solution was then stirred for 3 hours at -78 ˚C then allowed 

to warm up to room temperature. The solution was quenched by dropwise addition of a saturated 

NH4Cl(aq) solution (approximately 2.00 mL). The reaction mixture was filtered in air and washed 

with excess THF. The solvent was removed under vacuum, dissolved in 250.0 mL DCM then 

extracted with water (2 x 30.00 mL) then brine (1 x 30.00 mL). The organic layer was dried over 

MgSO4 for 40 minutes then filtered. The solvent was removed under vacuum, yielding a yellow 
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solid (2.837 g, 4.421 mmol, 80%). 1H NMR (CDCl3, 600 MHz, 27.0 ˚C): δ 8.19 (2 H, d, J = 7.8 

Hz), 8.15 (4 H, d, J = 7.8 Hz), 7.61 (2 H, td, J = 7.8, 1.2 Hz), 7.56 (4 H, td, J = 8.4, 1.2 Hz), 

7.46-7.39 (8 H, m), 7.35 (4 H, d, J = 7.8 Hz).  13C{1H} NMR (180 MHz, CDCl3, 27.0 ̊ C): δ 142.6, 

140.2, 139.4, 135.3 (d, J = 13.8 Hz), 127.1, 127.0, 125.0, 124.9, 123.7, 122.7, 122.5, 121.5, 121.3, 

115.5, 113.9, 111.0, 110.0, 109.3. 19F NMR (CDCl3, 380 MHz, ambient temp): δ -111.0 (1 F, s). 

HRMS (ESI-TOF): m/z [M+Na]+ calc for C44H24FN5 641.2016, found 641.2017. 
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Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)imidazole (2, 3CzIPN 

Imidazole).  

Imidazole (0.0800 g, 1.18 mmol) and cesium carbonate (1.14 g, 

3.51 mmol) were weighed into a Schlenk flask equipped with a stir 

bar and rubber septum. The flask was purged with argon for 5 

minutes. Distilled acetonitrile (30.00 mL) was transferred to the 

flask while stirring under inert atmosphere via cannula. The 

reaction mixture was equipped with a condenser and heated at 50 ˚C while stirring under argon for 

30 minutes. The reaction flask was removed from the oil bath and allowed to cool to room 

temperature. 1 (0.750 g, 1.17 mmol) was weighed into a second Schlenk flask equipped with a stir 

bar and rubber septum and flushed with argon for 15 minutes. Distilled acetonitrile (10.00 mL) 

was transferred to the Schlenk flask containing 3CzF-IPN via cannula while stirring. The dissolved 

3CzF-IPN was cannula transferred to the Schlenk flask containing the cesium carbonate and 

imidazole mixture while stirring and rinsed with excess acetonitrile. The resulting mixture was 

heated at 65 ˚C while stirring under argon for 3 hours, yielding a dark red/brown solution. The 

flask was removed from heat and allowed to cool to room temperature. The reaction solution was 

filtered in air and the solvent was removed under vacuum, resulting in a dark red product. The 

product was dissolved in 100 mL of DCM and extracted with water (3 x 40 mL) and brine (3 x 10 

mL). The organic layer was dried over MgSO4 while stirring for 30 minutes and filtered. The 

solution was removed under vacuum to yield the crude product (0.750 g, 92.6%) that was 

recrystallized in acetone/ether (1:5), yielding pure 3Cz-IPN imidazole (0.338 g, 41.7%). 1H NMR 

(CDCl3, 600 MHz, 27.0 ˚C): δ 8.19 (2 H, d, J = 7.6 Hz), 8.07 (4 H, d, J = 7.2 Hz), 7.64 (2 H, td, J 

= 7.2, 1.2 Hz), 7.50-4.41 (8 H, m), 7.35 (4 H, td, J = 6.4, 1.2 Hz), 7.15 (4 H, d, J = 8.4 Hz), 6.54 
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(1 H, s), 6.15 (1 H, s), 5.87 (1 H, dd, J = 1.2, 1.2 Hz). 13C{1H} NMR (CDCl3, 180 MHz, 27.0 ˚C): 

δ 144.9, 142.3, 139.6, 139.0, 135.9, 135.0, 130.3, 127.0, 127.0, 125.0, 124.6, 122.6, 122.6, 121.4, 

121.4, 117.7, 117.1, 110.8, 109.4, 108.5. HRMS (ESI-TOF): m/z [M+H]+ calc for C47H28N7 

689.2328, found 690.2401.  
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Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl imidazolium 

bromide.  

Compound 2 (400 mg, 0.58 mmol) was weighed into a side-arm 

flask then evacuated and purged with argon 3 times. Distilled benzyl 

bromide (2.88 g, 16.84 mmol) was added with a syringe and the flask 

was heated at 120 ˚C under argon for 2 hours. The solid dissolved 

upon heating and a yellow precipitate formed. The solvent was 

removed by cannula filtration and the resulting yellow solid was 

washed with ether (2 x 25.0 mL) to give the imidazolium bromide in 95% yield. 1H NMR (700 

MHz, CDCl3, 27.0 ˚C): δ 8.90 (1 H, s), 8.16 (2 H, d, J = 7.7 Hz), 8.01 (4 H, d, J = 7.7 Hz), 7.66 (2 

H, dd, J = 7.7, 7.0 Hz), 7.62 (2 H, d, J = 8.4 Hz), 7.51 (4 H, br s), 7.46 (2 H, td, J = 7.0, 0.7 Hz), 

7.37 (4 H, t, J = 7.7 Hz), 7.19 (2 H, t, J = 7.7 Hz), 6.45 (2 H, d, J = 7.0 Hz), 6.19 (1 H, dd, J = 2.1, 

1.4 Hz), 6.19 (1 H, dd, J = 2.1, 1.4 Hz), 4.64 (2 H, s). 13C{1H} NMR (130 MHz, DMSO, 27.0 ˚C): 

δ 154.2, 152.1, 147.5, 143.7, 139.3, 138.7, 138.5, 135.1, 133.3, 128.7, 128.4, 126.9, 126.6, 123.8, 

123.6, 123.3, 122.4, 121.3, 121.1, 120.8, 116.8, 111.4, 110.7, 107.8, 65.9. HRMS (ESI-TOF): m/z 

[M+] calc for C54H34N7 780.2876, found 780.2870.    
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Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-imidazolium 

tetrafluoroborate (3). 

The imidazolium bromide salt (0.4000 g, 0.4647 mmol) was 

weighed into a side-arm flask that was evacuated and filled with 

argon 3 times. Distilled acetonitrile (10.00 mL) was transferred to 

the flask via syringe to suspend the dye. Silver tetrafluoroborate 

(0.1099 g, 0.5645 mmol) was weighed into a Schlenk flask in the 

glovebox. Distilled acetonitrile (3.000 mL) was transferred to the 

AgBF4 via syringe under inert atmosphere. The dissolved AgBF4 was transferred to the flask 

containing the imidazolium bromide and extra acetonitrile (2.000 mL) was used to rinse the flask. 

The reaction mixture was stirred at room temperature for 1 hour. The solution was filtered through 

a celite plug and the solvent was removed under vacuum. The resulting yellow solid was washed 

with ether (2 x 25.00 mL) to yield the imidazolium tetrafluoroborate (0.4029 g, 99.93%). 1H NMR 

(700 MHz, CD3CN, 27.0 ˚C): δ 10.50 (1 H, s), 8.15 (2 H, d, J = 7.7 Hz), 8.01 (4 H, d, J = 7.7 Hz), 

7.83 (4 H, br s), 7.63 (2 H, t, J = 7.7 Hz), 7.55 (4 H, t, J = 7.7 Hz), 7.43 (2 H, dd, J = 7.7, 7.0 Hz), 

7.35 (4 H, t, J = 7.7 Hz), 7.29 (1 H, dd, J = 7.7, 7.0 Hz), 7.18 (2 H, dd, J = 8.4, 7.7 Hz), 6.44 (2 H, 

d, J = 7 Hz), 6.26 (1 H, s), 6.10 (1 H, s), 4.77 (2 H, s). 13C{1H} NMR (180 MHz, CD3CN, 27.0 

˚C): δ 149.2, 144.9, 140.4, 139.8, 136.4, 133.4, 132.9, 130.2, 128.6, 128.3, 128.2, 125.5, 125.3, 

124.4, 124.1, 123.9, 123.8, 122.2, 122.2, 118.6, 112.3, 111.7, 111.3, 53.8, 16.2. HRMS (ESI-TOF): 

m/z [M*+] calc for C54H34N7 780.2876. Found: 780.2862.  
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 Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-isopropyl-

imidazolium tetrafluoroborate (4).  

Excess iodopropane (1.50 mL, 15.9 mmol) was added to a flask 

containing 3Cz-IPN imidazole (0.125 g, 0.182 mmol) with a 

micropipette. The Schlenk flask was equipped with a condenser 

and the reaction mixture was heated at 110 ˚C in an oil bath while 

stirring under inert atmosphere for 3.5 hours. A yellow solid was 

formed, and NMR indicated the reaction was complete. The 

yellow product was washed with distilled ether (5 x 10.0 mL, 3 x 20.0 mL). The reaction flask was 

heated to 60 ˚C under reduced pressure to remove any remaining iodopropane or ether, yielding a 

bright yellow solid. Acetonitrile (10.0 mL) was transferred to the flask containing the yellow 

product then the flask was heated to 60 ˚C under inert atmosphere. AgBF4 (0.0390 g, 0.200 mmol) 

was dissolved in distilled MeCN (1.00 mL) then transferred to flask containing the isopropyl NHC 

product while stirring. The flask was equipped with a condenser and the reaction mixture was 

stirred for 45 minutes under inert atmosphere. The oil bath was removed, and the solution was 

cooled to room temperature, revealing a yellow solution with a white AgI precipitate. The reaction 

mixture was passed through a celite column via cannula filtration into a new Schlenk flask under 

inert atmosphere. The solvent was evaporated under reduced pressure, yielding the final product, 

a yellow powder (0.120 g, 0.147 mmol, 80.0%). 1H NMR (CD3CN, 400 MHz, 27.0 ˚C): δ 8.32 (2 

H, d, J = 8.0 Hz), 8.19 ppm (4 H, d, J = 7.6 Hz), 7.90 (2 H, d, J = 8.4 Hz), 7.79-7.75 (3 H, comp 

m), 7.60-7.53 (10 H, m), 7.43 (4 H, td, J = 8.0, 1.2 Hz), 6.66 (1 H, t, J = 2.0 Hz), 6.56 (1 H, t, J = 

2.0 Hz), 3.86 (1 H, septet, J = 6.4 Hz), 0.72 (6 H, d, J = 6.4 Hz). 13C{1H} NMR (CD3CN, 130 

MHz, 27.0 ̊ C): δ 145.6, 144.8, 140.5, 139.7, 137.9, 134.7, 128.4, 128.3, 125.5, 125.3, 124.0, 123.9, 
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123.7, 122.5, 122.2, 122.1, 120.4, 112.6, 111.7, 111.5, 55.2, 22.0.  HRMS (ESI-TOF): m/z [M+] 

calc for C50H34N7 732.2876, found 732.2869. 
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Synthesis of fac-Re(bpy)(CO)3Cl.  

Pentacarbonylchlororhenium(I) (0.3011 g, 0.8324 mmol) and 2,2’-

bipyridine (0.1296 g, 0.8297 mmol) were dissolved in toluene (30.00 mL) 

under inert atmosphere in a Schlenk flask equipped with a condenser. The 

solution was heated to 115 ˚C in an oil bath with stirring under inert 

atmosphere. After 2.5 hours, a yellow solid was observed in the flask and the solution was removed 

from the oil bath to cool to room temperature. The toluene was removed from the flask via cannula 

filtration and the yellow precipitate was washed with hexanes (3 x 20.00 mL) followed by ether (3 

x 20.00 mL). Any remaining solvent was removed under vacuum overnight to yield a bright yellow 

solid (0.3572 g, 0.7734 mmol, 92.95%). 1H NMR (CD3CN, 600 MHz, 27.0 ˚C): δ 9.02 (2 H, d, J 

= 5.4 Hz), 8.42 (2 H, d, J = 7.8 Hz), 8.20 (2 H, dt, J = 7.8, 1.8 Hz), 7.63 (2 H, dt, J = 6, 1.2 Hz). 

13C{1H} NMR (CD3C(O)CD3, 180 MHz, 27.0 ˚C): δ 156.7, 153.9, 140.8, 128.5, 124.9. HRMS 

(ESI-TOF): m/z [M*+] calc for C14H8N2O4[Re] 455.0042, found 455.0036. 
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Synthesis of fac-Re(bpy)(CO)3(acetone) (5).  

Distilled d6-acetone (0.3 mL) was transferred to an NMR tube 

equipped with a rubber septum containing Re(CO)3(bpy)Cl (0.0100 

g, 0.021 mmol) and a second NMR tube equipped with a rubber 

septum containing AgBF4 (0.0051 g, 0.026 mmol) both under inert 

atmosphere. The AgBF4 solution was transferred to the Re(CO)3(bpy)Cl solution via cannula and 

the reaction mixture was sonicated for 1.5 hrs. The AgCl precipitate formed at the bottom of the 

test tube and NMR revealed complete replacement of the Cl ligand by the solvent. The solution 

was used further for other experiments. 1H NMR (CD3COCD3, 400 MHz, 27.0 ˚C): δ 9.23 (2 H, 

dd, J = 5.6, 4.8 Hz), 8.84 ppm (2 H, d, J = 8.0 Hz), 8.49 (2 H, td, J = 8.0, 1.6 Hz), 7.92 (2 H, ddd, 

J = 7.6, 5.6, 1.2 Hz). 13C{1H} NMR (180 MHz, CD3COCD3, 27.0 ˚C): δ 157.2, 155.0, 155.0, 

142.5, 129.3, 129.3, 125.5, 125.5.   
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Synthesis of Re(bpy)(CO)3(3CzIPN Imidazole) (Re-2).  

Re(bpy)(CO)3Cl (0.0500 g, 0.108 mmol) and AgBF4 (0.0300 g, 0.154 

mmol), were weighed into a small Schlenk tube equipped with a greased 

stopcock, stir bar and rubber septum in the glovebox. Distilled acetone 

(5.00 mL) was transferred to the Schlenk flask while stirring under inert 

atmosphere. The solution was sonicated for 1.5 hrs. The AgCl precipitate 

formed at the bottom of the test tube and NMR revealed complete 

replacement of the Cl ligand by the solvent. The Re(bpy)(CO)3(acetone) 

solution was filtered through a celite plug via cannula transfer under inert atmosphere into a flask 

containing 3Cz-IPN imidazole (0.0749 g, 0.109 mmol). The celite plug was rinsed with an 

additional 5.00 mL of distilled acetone to remove any remaining compound. The reaction flask 

containing both compounds was equipped with a condenser and the solution was heated at 50 ˚C 

in an oil bath under inert atmosphere overnight. The solution was removed from heat and allowed 

to cool to room temperature. NMR revealed the complete reaction of the Re-acetone complex. 

Excess ether was bubbled with nitrogen for 10 minutes. Ether was slowly cannulated into reaction 

mixture, adding 5 drops at a time, while stirring under inert atmosphere until a brown solid began 

to precipitate out of solution. The flask was placed in the freezer overnight to allow more 

precipitate to form. The solvent was removed via cannula filtration to yield a yellow powder 

(0.0999 g, 0.0887 mmol, 82.1 %) and NMR was obtained. A 0.840 mM stock solution in distilled 

MeCN (20.0 mL) was prepared to use in future reactions. 1H NMR ((CD3)2CO, 600 MHz, 27.0 

˚C): δ 8.68 (2 H, d, J = 4.8 Hz), 8.46 (2 H, d, J = 7.8 Hz), 8.38 (2 H, dd, J = 7.8, 7.2 Hz), 8.28 (2 

H, d, J = 7.8 Hz), 8.20 (4 H, d, J = 7.8 Hz), 7.72 (2 H, d, J = 8.4 Hz), 7.68 (2 H, dd, J = 13.2, 8.4 

Hz), 7.59 (2 H, t, J = 7.8 Hz), 7.53 (2 H, d, J = 7.8 Hz), 7.47-7.38 (8 H, comp m), 7.34 (2 H, t, J = 

Re

N

CO
CO

CO

N

N

N

NC N
CN

N
N
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7.8 Hz), 7.09 (1 H, s), 6.37 (1 H, s), 6.14 (1 H, s). 13C{1H} NMR (CD3C(O)CD3, 180 MHz, 27.0 

˚C): δ 156.7, 153.9, 140.8, 128.5, 124.9. HRMS (ESI-TOF): m/z [M*+] calc for C60H35N9O3[Re] 

1116.242, found 1116.2415. 
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Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-1,3-dihydro-

2H-imidazol-2-ylidene (8).  

Compound 3 (30 mg, 0.035 mmol) and KH (13.9 mg, 0.035 mmol, 10 equiv.) 

were weighed into a Schlenk flask and sealed with septa inside a glove box. The 

Schlenk flask was then moved to a Schlenk line and placed into an ice-water bath. 

Freshly distilled d8-THF (~ 1 mL) was added into the Schlenk flask under inert 

atmosphere. The suspension was stirred for 3 hours at 0 ºC, under bubbler pressure. The original 

yellow suspension became a brown solution, indicating a complete reaction. The 1H NMR 

spectrum showed that the carbene was the only product present. 1H NMR (600 MHz, d8-THF, 27.0 

°C): δ 8.13 (2 H, d, J = 7.8 Hz), 8.07 (2 H, J = 7.8 Hz), 7.48 (4 H, dd, J = 15.0, 7.8 Hz), 7.39–7.37 

(8 H, m), 7.30–7.22 (5 H, comp m), 7.20–7.17 (2 H, m), 7.04 (2 H, d, J = 7.2 Hz), 6.94 (2 H, s, J 

= 4.2 Hz), 5.29 (2 H, s), 5.17 (1 H, s), 4.99 (1 H, s). 13C NMR (180 MHz, d8-THF, 27.0 °C): δ 

138.4, 137.3, 136.2, 134.0, 131.4, 130.5, 125.2, 124.4, 124.1, 123.0, 122.7, 122.3, 120.1, 118.2, 

116.8, 116.7, 116.6, 116.2, 114.0, 113.1, 109.5, 107.0, 106.0, 46.1, 18.6.   

Cz
NC
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CN

Cz
N

N
Ph

H
H
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Synthesis of Re(bpy)(CO)3(8) (Re-8).  

3Cz-IPN benzyl NHC (0.018 g, 0.022 mmol) and KH 

(0.0043 g, 0.11 mmol) were weighed into a Schlenk flask 

under inert atmosphere and cooled to 0 ˚C in an ice bath. 

Cold distilled THF (4.0 mL) was transferred to the flask 

containing the reagents via cannula while stirring under 

inert atmosphere. The yellow solution was stirred for 3 hours at 0 ˚C and became dark red after 

2.5 hours indicating the deprotonation of the NHC was complete. The Re(bpy)(CO)3(d6-acetone) 

solution was cooled to 0 ˚C and transferred to the flask containing the deprotonated NHC solution 

while stirring without disturbing the layer of settled AgCl precipitate. The resulting solution was 

cannula filtered to a new Schlenk flask under inert atmosphere to remove any excess KH or solid 

particles and an NMR spectrum was obtained with solvent suppression. 1H NMR (d8-THF, 500 

MHz, 27.0 ˚C): δ 8.34 (2 H, br s), 8.17 (2 H, d, J = 8.0 Hz), 8.03 (4 H, d, J = 8.0 Hz), 7.56–7.41 

(14 H, comp m), 7.36 (2 H, dd, J = 7.5, 7.0 Hz), 7.29–7.28 (3 H, m), 7.20–7.14 (6 H, comp m), 

7.09 (2 H, d, J = 7.0 Hz), 7.06 (1 H, s), 6.81 (1 H, s), 5.29 (1 H, s), 5.28 (2 H, d, J = 8.0 Hz), 5.06 

(1 H, s). 13C NMR (d8-THF, 180 MHz, 27.0 ˚C): δ 140.1, 139.4, 138.4, 137.2, 136.2, 134.0, 132.9, 

131.4, 130.5, 125.2, 124.7, 124.4, 124.1, 123.1, 133.7, 122.3, 120.1, 118.1, 116.8, 116.7, 116.6, 

116.2, 114.0, 113.1, 112.7, 111.2, 109.5, 108.1, 107.0, 106.0, 56.9, 46.7.   
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Synthesis of Re(bpy)(CO)3(9) (Re-9).  

3Cz-IPN isopropyl NHC (0.018 g, 0.022 mmol) and KH 

(0.0043 g, 0.11 mmol) were weighed into a Schlenk flask 

under inert atmosphere and cooled to 0 ˚C in an ice bath. 

Cold distilled THF (4.0 mL) was transferred to the flask 

containing the reagents via cannula while stirring under 

inert atmosphere. The bright solution was stirred for 3 

hours at 0 ˚C and became dark orange-brown after 1.5 hours indicating the deprotonation of the 

NHC was complete. The Re(bpy)(CO)3(d6-acetone) solution was cooled to 0 ˚C and transferred to 

the flask containing the deprotonated NHC solution while stirring without disturbing the layer of 

settled AgCl precipitate. The resulting solution was cannula filtered to a new Schlenk flask under 

inert atmosphere to remove any excess KH or solid particles and an NMR spectrum was obtained 

with solvent suppression. 1H NMR ((CD3)2CO, 600 MHz, 27.0 ˚C): δ 8.98 (2 H, d, J = 4.8 Hz), 

8.53 (2 H, d, J = 8.4 Hz), 8.20 (2 H, td, J = 8.4, 1.8 Hz), 8.17 (2 H, d, J = 7.8 Hz), 8.00 (4 H, d, J 

= 7.8 Hz), 7.64 (2 H, dd, J = 6.6, 6.0 Hz), 7.56 (2 H, d, J = 7.8 Hz), 7.53 (2 H, t, J = 8.4 Hz), 7.50 

(2 H, d, J = 8.4 Hz), 7.41 (4 H, t, J = 7.8 Hz), 7.29 (2 H, t, J = 7.8 Hz), 7.16 (4 H, t, J = 7.2 Hz), 

6.90 (1 H, s), 5.34 (1 H, s), 5.07 (1 H, s), 4.73 (1 H, septet, J = 6.6 Hz), 1.42 (6 H, d, J = 6.6 Hz). 

FTIR (cast film, THF): 3517, 3050, 2972, 2928, 2859, 2225, 2018, 2000, 1887, 1689, 1601, 1559, 

1491, 1470, 1455, 1394, 1334, 1314, 1226, 1153, 1120, 1054, 1030, 816, 751, 723 cm-1. 
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Preparation of CO2 reduction solution with Re-8 and Re-9 complexes. 

The Re-NHC complexes were prepared in a solution of THF and d6-acetone in known amounts. 

The desired catalyst concentration was achieved by calculating the amount of the Re-NHC 

photocatalyst in solution then determining the volume to add to the reaction flask. This volume 

was typically around 100 μL and was added to 2.9 mL MeCN for a total volume of 3 mL to achieve 

the desired 0.14 mM catalyst concentration (sample calculation 1). BIH was maintained at 0.1 M 

in this solution.  

Sample Calculation 1. Calculating the volume of Re-NHC solution to add to the CO2 reduction 

flask to achieve the desired 0.14 mM concentration.  

 

  

n!"#	%&	'()*#%(& = 0.00002165	mol 
 

n!"#	+,'%-,+ = 0.000141
mol
L
× 0.003	L = 0.00000042	mol 

 

ratio =
0.00002165	mol
0.00000042	mol

= 51.55	eq	in	solution 
 

V-,"!#%(&	#(#") = 4	mL	THF + 1.31	mL	d.acetone = 5.31	mL 
 

V/01	-,"!#%(& =
5.31	mL
51.55

= 0.103	mL = 103	µL 
 

V/01	-,"!#%(&	#(#") = 3	mL − 0.103	mL = 2.897	mL = 2.90	mL	MeCN 
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Photochemical reduction of CO2.  

1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole (0.0673 g, 0.300 mmol) was weighed into 

a small test tube equipped with a stir bar and a rubber septum under inert atmosphere. Distilled 

acetonitrile (3.00 mL) was transferred to the test tube with a 5 mL syringe while stirring. The 

catalyst (0.0004200 mmol) was added to the reaction mixture via syringe (amount varied 

depending on catalyst). The resulting solution was bubbled with CO2 or 13CO2 for 10 minutes with 

an ice bath followed by 5 minutes at room temperature. The internal standard, methane (20.0 μL) 

or ethane gas (20.0 μL) was added to the test tube with a 50 μL syringe. A T=0 GC injection was 

done prior to starting the reaction to ensure the internal standard was successfully added to the 

reaction test tube. An AM1.5G solar light simulator was calibrated to 100 mW/cm2 and a UV filter 

or K2CrO7 solution was applied to exclude UV light. The test tube was placed in the solar light 

simulator with stirring and a fan to prevent any heating from the light source. The extent of CO2 

reduction was monitored in the gas phase by periodic samplings and injections into GC-TCD 

utilizing methane (CH4) or ethane (C2H6) gas as internal standard. All GC quantifications were 

determined from control calibration curves. A precipitate formed and was analyzed via NMR.  
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Synthesis of 1,3-Dimethyl-2-phenylbenzimidazolium iodide.  

2-Phenylbenzimidazole (5.000 g, 25.74 mmol) was dissolved in 

distilled THF (70.00 mL, 861.6 mmol) in a Schlenk flask while 

stirring under inert atmosphere. NaH (1.235 g, 51.48 mmol) was 

washed with THF (3 x 10.00 mL) under inert atmosphere and suspended in THF (30.00 mL). The 

NaH solution was slowly transferred to the flask containing the 2-phenylbenzimidazole solution 

via cannula while stirring at 0 ˚C under inert atmosphere. The ice bath was removed and warmed 

to room temperature, then allowed to stir for 1 hour. Iodomethane (4.258 g, 30.00 mmol) was 

added to the flask with a syringe and needle while stirring. The reaction mixture was stirred for 4 

hours under inert atmosphere then the solvent was removed under reduced pressure. Excess 

iodomethane (10.96 g, 77.22 mmol) was added to the flask with a needle and syringe while stirring. 

The flask was equipped with a condenser and was heated at reflux for 6 hours under inert 

atmosphere, yielding a pink solid. The product was washed with excess acetone, vacuum filtered 

in air and recrystallized in hot ethanol to yield pink needle crystals (. 1H NMR (CD3CN, 400 MHz, 

27.0 ˚C): δ 7.91 (2 H, m), 7.85 (1 H, tt, J = 7.0, 1.4 Hz), 7.79-7.73 (6 H, comp m), 6.44 (2 H, m), 

3.86 (6 H, s). 13C{1H} NMR (180 MHz, CD3CN, 27.0 ˚C): δ 134.2, 133.0, 131.5, 130.7, 128.0, 

121.9, 114.1, 110.8, 109.4, 33.8. HRMS (ESI-TOF): m/z [M*+] calc for C15H15N2 223.1235, found 

223.1229.   

N

N

I
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Synthesis of 1,3-Dimethyl-2-phenyl-2,3-dihydro-1D-benzimidazole (10).  

1,3-Dimethyl-2-phenylbenzimidazolium iodide (0.8002 g, 2.285 mmol) 

was dissolved in distilled methanol (5.000 mL, 123.6 mmol) in a Schlenk 

flask under inert atmosphere. NaBD4 (0.2869 g, 6.855 mmol) was 

dissolved in distilled methanol (5.000 mL, 123.6 mmol) in a second Schlenk flask under inert 

atmosphere. The NaBD4 solution was slowly transferred to other flask via cannula transfer and 

rinsed with approximately 1.000 mL of methanol. The reaction mixture was stirred for 30 minutes 

under bubbler pressure then the solvent was removed under reduced pressure, yielding a pink solid. 

The product was recrystallized in ethanol and vacuum filtered, resulting in pink needle crystals 

(0.2315 g, 1.024 mmol, 44.80%). 1H NMR (CD3CN, 600 MHz, 27.0 C): δ 7.57-7.55 (2 H, comp 

m), 7.46-7.43 (3 H, comp m), 6.67-6.65 (2 H, m), 6.45-6.43 (2 H, m), 2.51 (6 H, s). 13C{1H} 

NMR (CD3CN, 180 MHz, 27.0 ˚C): δ 143.3, 140.2, 130.3, 129.7, 129.4, 120.2, 109.3, 106.7, 94.7, 

33.6. HRMS (ESI-TOF): m/z [M+H]+ calc for C15H15DN2 225.1376, found 226.1453. Tentative, 

to be repeated/examined further.  

N

N D
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Synthesis of 1-Methyl-2-phenylbenzimidazole (12).  

2-Phenylbenzimidazole (0.7004 g, 3.606 mmol) and potassium tert-

butoxide (0.4207 g, 3.749 mmol) were weighed into a Schlenk flask 

equipped with a stir bar and a rubber septum in the glovebox. Distilled THF (40.00 mL) was 

cannula transferred to the reaction flask while stirring under inert atmosphere. Iodomethane 

(0.5700 g, 4.016 mmol) was added the solution with a micropipette. The rubber septum was 

replaced, and the solution was stirred overnight under argon. The solvent was removed under 

vacuum, yielding a light pink crude product. The crude product was dissolved in DCM and 

extracted with water (3 x 10.00 mL), then dried over MgSO4 and gravity filtered into a round-

bottom flask. The solvent was removed under vacuum, yielding a pink solid. (0.4828 g, 2.318 

mmol, 64.21%). 1H NMR (CD3CN, 700 MHz, 27.0 ˚C): δ 7.87 (2 H, dd, J = 8.4, 1.5 Hz), 7.68 (1 

H, d, J = 7.8 Hz), 7.58-7.51 (4 H, m), 7.29 (1 H, td, J = 7.2, 1.2 Hz), 7.24 (1 H, td, J = 7.8, 1.2 

Hz), 3.92 (3 H, s). 13C{1H} NMR (CD3CN, 180 MHz, 27.5 ˚C): δ 154.7, 144.0, 137.9, 131.7, 

130.5, 130.4, 129.6, 123.4, 122.9, 120.1, 119.2, 111.2, 32.4.  HRMS (ESI-TOF): m/z [M+H]+ calc 

for C14H13N2 208.0997, found 209.1073. Tentative, to be repeated/examined further.  

N

N
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Construction of a Stern-Volmer plot.  

Re(CO)3(bpy)(3Cz-IPN isopropyl NHC) catalyst was synthesized by procedures previously stated. 

Five varying quantities of 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole (BIH) were 

weighed into separate small test tubes equipped with rubber septa to achieve different 

concentrations. The five concentrations were: 100 mM (0.0673 g, 0.300 mmol), 75 mM (0.0505 

g, 0.225 mmol), 50 mM (0.0336 g, 0.150 mmol), 25 mM (0.0168 g, 0.0749 mmol) and 0 mM. 

Distilled acetonitrile (2.900 mL) was added to each test tube via syringe to dissolve the BIH. 

Re(CO)3(bpy)(3Cz-IPN isopropyl NHC) in THF (0.100 mL, 0.000420 mmol) was added to each 

test tube via 100 μL syringe. A cuvette equipped with a rubber septum secured by copper wire was 

flushed under argon and filled with each solution via cannula transfer. The excitation spectrum of 

each solution was measured from 250 nm to 450 nm with a fixed emission wavelength of 460 nm. 

The emission spectrum of each solution was measured from 430 nm to 700 nm with a fixed 

excitation wavelength of 420 nm. The Stern-Volmer plot was derived by plotting I0/I as a function 

of [BIH] where I0 is the fluorescence intensity of the excitation spectrum at 420 nm of the 0 mM 

BIH solution, and I is the fluorescence intensity of the excitation spectrum at 420 nm of the other 

solutions. The resulting plot demonstrated a linear relationship. 
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6.5 CALCULATIONS 

Blue LED wavelength and intensity. 

Figure S5 in a previous publication86 outlines the measurement of the wavelength (λmax) and light 

intensity of the blue LED light source. The average intensity was 5.96 × 10–1 mW cm–2. The height 

of the exposed reaction solution was 2.50 cm. The radius of the exposed reaction solution was 0.70 

cm. The intensity of incident light was calculated by multiplying the surface area of the reaction 

solution (2πrl = 2 × 3.14 × 2.50 × 0.70 = 10.996 cm2 = 11 cm2) by the average power density (5.96 

× 10–1 mW cm–2) to give 6.55 mW.  

 

Calculation of TOF for the photocatalysts. 

The TOFCO of the photocatalysts were calculated with the TONCO values summarized in the 

following table. Initial activities of the photocatalysts within the first 3 hours of the reaction were 

used for this calculation with the following equation.  

𝑇𝑂𝐹&' =
𝑇𝑂𝑁&'
𝑡𝑖𝑚𝑒	(ℎ) 

Table S1. Calculated average TOFCO for each Re(I) photocatalyst.  
Photocatalyst Run TONCO Time (h) TOFCO (h–1) Average TOFCO (h–1) 
Re-2 1 17 2 8.5 8.75 
 2 18 2 9  
Re-8 1 47 1 47 46.5 
 2 46 1 46  
Re-9 1 24 1.75 13.7 12.5 
 2 27 2.5 10.8  
 3 30 1.75 17.1  
 4 21 2.5 8.4  
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Quantification of BIH and BI+.  

A known amount of TMB was added to the reaction solution following the CO2 reduction reaction. 

Using the integration values of peaks belonging to BIH, BI+ and the standard, the amount of moles 

of BIH and BI+ in solution were calculated according to sample calculation 2 below.  

Sample calculation 2. Quantification of BIH remaining in a reaction with a 1,3,5-

trimethoxybenzene (TMB) internal standard (exp 6–1). The same process was used for the 

quantification of BI+.  

 

 

 

  

𝑇𝑀𝐵 =
1.75
3𝐻

= 0.583 

𝐵𝐼𝐻 =
2.00
2𝐻

= 1 

𝑟𝑎𝑡𝑖𝑜 =
1

0.583
= 1.714 

𝑛234 = 𝑟𝑎𝑡𝑖𝑜 × 𝑛562	78898 = 1.714 × 0.0654	𝑚𝑚𝑜𝑙 = 0.112	𝑚𝑚𝑜𝑙	𝐵𝐼𝐻	𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 
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7 – SUPPLEMENTARY FIGURES 

Figure S1. 1H NMR spectrum of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (1, 
3CzFIPN) in CDCl3. 

 
 

Figure S2. 13C{1H} NMR spectrum of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile (1, 3CzFIPN) in CDCl3. 
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Figure S3. 19F NMR spectrum of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (1, 
3CzFIPN) in CDCl3. 

 
 
Figure S4. HRMS-ESI spectrum of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile 
(1, 3CzFIPN).  
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Figure S5. 1H NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile)imidazole (2, 3CzIPN imidazole) in CDCl3. 

 
 

Figure S6. 13C{1H} NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile)imidazole (2, 3CzIPN imidazole) in CDCl3. 

 
 
Figure S7. HRMS-ESI spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile)imidazole (2, 3CzIPN imidazole). 
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Figure S8. 1H NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-
benzyl imidazolium bromide in CDCl3. 

 
 

 
Figure S9. 13C{1H} NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-
3-benzyl imidazolium bromide in DMSO. 
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Figure S10. HRMS-ESI spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-
benzyl imidazolium bromide.  

 
 
Figure S11. 1H NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-
benzyl imidazolium tetrafluoroborate (3) in CDCl3. 

 
 
  

Qualitative Analysis Report

User Spectra

Fragmentor Voltage
200

Collision Energy
0

Ionization Mode
Esi

Instrument Name oaTOF6220 Operator ami
Acq Method DA Method ami_da.m

Data Filename 23060214.d Name E. Murphy, Bergens
Sample Name em benzyl iodide Position -1

Mass Spectrometry Facility, Dept. Of Chemistry
University of Alberta, 1-780-492-5577 Printed at: 11:41 AM on: 6/9/2023

Ion Species
M*+

Score
97.72

--- End Of Report ---

Diff (mDa)
0.03

Diff (ppm)
0.04

DBE
41.5

Calc Mass
780.2876

m/z
780.287

Calc. m/z
780.287

Formula Calculator Results
Formula
C54 H34 N7

Ion Formula
C54 H34 N7

Mass
780.2878

Mass Spectrometry Facility, Dept. Of Chemistry
University of Alberta, 1-780-492-5577 Page 1 of 1 Printed at: 11:41 AM on: 6/9/2023

ppm23456789

 
 
0
.
9
5

 
 
2
.
0
9

 
 
4
.
1
7

 
 
1
.
9
3

 
 
2
.
1
1

 
 
4
.
3
3

 
 
3
.
2
2

 
 
2
.
5
5

 
 
4
.
2
0

 
 
1
.
1
1

 
 
2
.
4
5

 
 
0
.
4
0

 
 
2
.
0
0

 
 
1
.
0
0

 
 
1
.
0
8

 
 
2
.
0
4

Elizabeth, NHC_benzyl_BF4 
699.762 MHz H1 1D in cdcl3 (ref. to CDCl3 @ 7.26 ppm) 
temp 27.5 C -> actual temp = 27.0 C, coldid probe 

Department of Chemistry, University of Alberta 

Recorded on: v700, Jun  2 2023 Sweep Width(Hz): 8389.26 Acquisiton Time(s): 5 Relaxation Delay(s): 0.1 
Pulse Sequence: PRESAT Digital Res.(Hz/pt): 0.13 Hz per mm(Hz/mm): 23.95 Completed Scans 8 

File: /mnt/d600/home2/sbnmr/DATA_FROM_NMRSERVICE/Elizabeth/2023.06/2023.06.02.v7_NHC_benzyl_BF4_loc64_12.01_H1_1D

  

N
CNNC

NN
N

N
Br

N
CNNC

NN
N

N
BF4



 115 

Figure S12. 13C{1H} NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile)-3-benzyl imidazolium tetrafluoroborate (3) in CDCl3. 

 
 
Figure S13. HRMS-ESI spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-
benzyl imidazolium tetrafluoroborate (3). 
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Figure S14. 1H NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-
isopropyl-imidazolium tetrafluoroborate (4) in CDCl3. 

 
 
Figure S15. 13C{1H} NMR spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile)-3-isopropyl-imidazolium tetrafluoroborate (4) in CD3CN. 

 
 
Figure S16. HRMS-ESI spectrum of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-
isopropyl-imidazolium tetrafluoroborate (4). 

  

ppm012345678910

 
 
0
.
9
6

 
 
2
.
0
0

 
 
3
.
8
2

 
 
4
.
6
0

 
 
2
.
0
3

 
 
4
.
2
1

 
 
2
.
1
7

 
 
4
.
0
7

 
 
0
.
1
9

 
 
0
.
8
4

 
 
0
.
8
4

 
 
0
.
8
4

 
 
0
.
6
1

 
 
3
.
2
6

 
 
1
.
6
2

 
 
7
.
0
9

 
 
0
.
5
3

Exp 71 - isopropyl NHC - dried on vacuum at 60 
399.978 MHz H1 1D in cdcl3 (ref. to CDCl3 @ 7.26 ppm) 
temp 25.9 C -> actual temp = 27.0 C, onenmr probe 

Department of Chemistry, University of Alberta 

Recorded on: mr400, Feb 25 2023 Sweep Width(Hz): 4807.69 Acquisiton Time(s): 5 Relaxation Delay(s): 0.1 
Pulse Sequence: PRESAT Digital Res.(Hz/pt): 0.07 Hz per mm(Hz/mm): 20.03 Completed Scans 16 

File: /mnt/d600/home2/sbnmr/Elizabeth/2023.02/2023.02.25.mr4_Exp_71_-_isopropyl_NHC_-_dried_on_vacuum_at_60_H1_PRESAT

  

ppm2030405060708090100110120130140

Octavio, Exp0460_3CzIPN_Imidazolium_isopropyl_BF4_Celite_filtrate 
125.685 MHz C13{H1} 1D in cd3cn 
temp 27.7 C -> actual temp = 27.0 C, colddual probe 

Department of Chemistry, University of Alberta 

Recorded on: u500, Jul 20 2022 Sweep Width(Hz): 33783.8 Acquisiton Time(s): 1 Relaxation Delay(s): 1 
Pulse Sequence: s2pul Digital Res.(Hz/pt): 0.26 Hz per mm(Hz/mm): 73.38 Completed Scans 128 

File: /mnt/d600/home2/sbnmr/DATA_FROM_NMRSERVICE/Octavio/2022.07/2022.07.20.u5_Exp0460_3CzIPN_Imidazolium_isopropyl_BF4_Celite_filtrate_loc3_13.53_C13_1D

  

Qualitative Analysis Report

User Spectra

Fragmentor Voltage
200

Collision Energy
0

Ionization Mode
Esi

Instrument Name oaTOF6220 Operator ami
Acq Method DA Method ami_da.m

Data Filename 23060502.d Name E. Murphy, Bergens
Sample Name em isopropyl nhc Position -1

Mass Spectrometry Facility, Dept. Of Chemistry
University of Alberta, 1-780-492-5577 Printed at: 11:35 AM on: 6/9/2023

Ion Species
M*+

Score
99.72

--- End Of Report ---

Diff (mDa)
0.16

Diff (ppm)
0.22

DBE
37.5

Calc Mass
732.2876

m/z
732.2869

Calc. m/z
732.287

Formula Calculator Results
Formula
C50 H34 N7

Ion Formula
C50 H34 N7

Mass
732.2875

Mass Spectrometry Facility, Dept. Of Chemistry
University of Alberta, 1-780-492-5577 Page 1 of 1 Printed at: 11:35 AM on: 6/9/2023

N
CNNC

NN

N

N BF4

N
CNNC

NN

N

N BF4

N
CNNC

NN

N

N BF4



 117 

Figure S17. 1H NMR spectrum of Re(bpy)(CO)3Cl in (CD3)2CO. 

 
 

Figure S18. 13C{1H} NMR spectrum of Re(bpy)(CO)3Cl in (CD3)2CO. 

 
 
Figure S19. HRMS-ESI spectrum of Re(bpy)(CO)3Cl. 
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Figure S20. 1H NMR spectrum of Re(bpy)(CO)3(acetone) in (CD3)2CO (5).  

 
 

Figure S21. 13C{1H} NMR spectrum of Re(bpy)(CO)3(acetone) in (CD3)2CO (5). 
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Figure S22. 1H NMR spectrum of Re(bpy)(CO)3(2) in (CD3)2CO. 

 
 

Figure S23. 13C{1H} NMR spectrum of Re(bpy)(CO)3(2) in (CD3)2CO. 
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Figure S24. HRMS-ESI spectrum of Re(bpy)(CO)3(2). 

 
 
Figure S25. 1H NMR spectrum of benzyl free NHC (8) in d8-THF. 

 
 
 
Figure S26. 1H NMR spectrum of Re(bpy)(CO)3(8) in d8-THF. 
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Figure S27. 13C NMR spectrum of Re(bpy)(CO)3(8) in d8-THF. 

 
 
 
Figure S28. 1H NMR spectrum of Re(bpy)(CO)3(9) in (CD3)2CO. 
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Figure S29. FTIR spectrum of Re(bpy)(CO)3(9) in (CD3)2CO/THF. 
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Figure S30. 1H NMR spectrum of 1,3-dimethyl-2-phenylbenzimidazolium iodide in CD3CN. 

 
 

Figure S31. 13C{1H} NMR spectrum of 1,3-dimethyl-2-phenylbenzimidazolium iodide in 
CD3CN. 

 
  
Figure S32. HRMS-ESI spectrum of 1,3-dimethyl-2-phenyl-benzimidazolium iodide.  
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Figure S33. 1H NMR spectrum of 1,3-dimethyl-2-phenyl-2,3-dihydro-1D-benzimidazole in 
CD3CN (10). 

 
 

Figure S34. 13C{1H} NMR spectrum of 1,3-dimethyl-2-phenyl-2,3-dihydro-1D-benzimidazole in 
CD3CN (10). 

 
 
Figure S35. HRMS-ESI spectrum of 1,3-dimethyl-2-phenyl-2,3-dihydro-1D-benzimidazole (10).  
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Figure S36. 1H NMR spectrum of 1-methyl-2-phenylbenzimidazole in CD3CN (12). 

 
 

Figure S37. 13C{1H} NMR spectrum of 1-methyl-2-phenylbenzimidazole in CD3CN (12). 
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Figure S38. HRMS-ESI spectrum of 1-methyl-2-phenylbenzimidazole (12).  

 
 
Figure S39. 1H NMR spectrum of complex 5 after addition of D2O in (CD3)2CO. 

 
 
Figure S40. 1H NMR spectrum of complex 5 after reaction with N-methyl imidazole in (CD3)2CO. 
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Figure S41. HRMS-ESI spectrum of [BI+] [HCO3–] precipitate.  
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